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Summary 

Soil organic carbon (SOC) is the largest terrestrial carbon pool, holding a manifold of 
atmospheric carbon. The agricultural management of soils exerts a strong influence on 
this pool and thereby also on carbon fluxes between biosphere and atmosphere. 
Historically, land-use changes have caused large CO2 emissions from soils, which 
significantly contributed to global warming. The latter is expected to cause strong fluxes 
of CO2 from soils, due to enhanced microbial activity – the climate-carbon cycle feedback 
loop. This cumulative habilitation thesis focuses on the two major anthropogenic 
impacts on soil organic carbon as the largest terrestrial carbon pool: land use and global 
warming due to greenhouse gas emissions. Both have been steadily increasing with the 
expansion of human population and activity on the planet and are thus considered specific for the ‘Anthropocene’ as a synonym for the period in world history in which 
human activity leaves irreversible traces.  This work does not focus on legacy or historic 
losses of SOC, but rather on agricultural management options as well as projecting 
climate change effects. In this context, it is thus not important to clearly define a starting 
point of this period, which is still debated. 

Due to the importance of SOC and its management for climate change, but also for soil 
fertility and ecosystem resilience, it is crucial to understand i) which management 
options can maintain and increase SOC, ii) what are the mechanisms leading to SOC 
losses and stabilization, iii) how shall global net primary production (NPP) as a resource 
be used in a climate-smart and sustainable way, iv) how will global warming affect SOC 
dynamics. Together with several methodological aspects related to measuring, 
calculating and modelling SOC, the research presented in this thesis focuses on those 
four key questions.  

The thesis is divided into three main chapters, focusing on i) agricultural management 
effects on SOC (Chapter 2; ten original publications), ii) climate change effects on SOC 
(Chapter 3; two original publications) and iii) a technical section which shall contribute 
to a more harmonized and unbiased way to measure, calculate and model SOC (Chapter 
4; five original publications).     

In Chapter 2 the effects of cover crop green manuring and cereal straw incorporation on 
SOC stocks are investigated using literature data (Chapter 2.1) and Swedish (Chapter 
2.2, 2.3 and 2.5) as well as Italian long-term field trials (Chapter 2.3 and 2.4). As derived 
from a global dataset, the effect of cover crop green manuring on SOC stocks was found 
to be highly significant (0.32 Mg ha-1 yr-1), which was confirmed by Swedish long-term 
trials with an equal average sequestration rate of 0.32 Mg ha-1 yr-1 (Chapter 2.2) for 
ryegrass. In contrast to that, incorporating straw had very little effect on SOC stocks 
(Chapter 2.3). Accumulation of straw-derived carbon was found to increase with clay content. The ‘humification coefficient’, as evaluated with the model ICBM for cereal 
straw ranged from 0-0.19, while the average humification coefficient for cover crops was 
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0.33. Thus, besides other beneficial effects of cover crops such as nutrient retention and 
erosion control, the use of cover crops is highly efficient for SOC sequestration. The 
lower carbon to nitrogen (C:N) ratio as compared to cereal straw as well as the presence 
of roots were hypothesized to be the major reasons for the higher stabilization of cover 
crop-derived carbon. In Chapter 2.5, the fate of C4 roots and C3 shoots has been 
followed by making use of their distinct nautral abundance of the stable isotope 13C, 
which confirmed the higher stabilization of roots as compared to straw as well as the 
higher stabilization of straw when amended with additional nitrogen fertilizer. It was 
concluded that a removal of cash crop straw for bioenergy production in combination 
with an elongation of the vegetation period by cover crops which are subsequently 
incorporated, is most likely a more climate-smart management option than mazimizing 
crop residue incorporation with subsequent bare fallow.  

Two further chapters confirmed the importance of roots and increased NPP for SOC. In 
Chapter 2.6, the Swedish National Inventory of agricultural soils was analysed. The first 
inventory, which is used as baseline for national greenhouse gas inventory reporting 
was conducted in 1988-1997 and has been repeated twice. Between Inventory 1 and 3, a 
7.7% increase in SOC in Swedish agricultural soils has been detected, which could be 
related to increased ley cropping. The root biomass of leys is acknowldeged to be 
manifold higher than that of cereal crops, confirming the importance of roots for SOC. In 
fact, horses were identified as the most likely cause for an increase in the proportion of 
leys. Chapter 2.7 investigates cutting frequency gradients of urban lawns in Malmö, 
Uppsala and Gothenburg. Significantly increased SOC stocks, soil C:N ratios as well as 
NPP in the frequently cut utility lawns as compared to rarely cut meadow-like lawns 
were detected. However, belowground biomass was found to be unaffected, indicating 
that only when clippings are left on the lawn, the cutting-induced stimulation of NPP will 
lead to increased SOC stocks and more closed nutrient cycling as compared to meadow-
like lawns. 

In contrast, Chapter 2.8 suggests, that increased NPP is only beneficial for SOC under 
balanced nutrition. In meta-replicated Swedish fertilization experiments, a significant 
loss of SOC has been detected upon phospohorus and potassium (PK) fertilization as 
compared to unfertilized soil, despite evidently higher aboveground NPP. Several 
experiments were conducted to test different hypotheses related to such PK-triggered 
losses of SOC. In Chapter 2.9, isothermal calorimetry as well as respiration 
measurements were used to investigate the effect of PK and N on microbial metabolism. 
While N fertilization suppressed respiration and heat dissipation as compared to the 
control, PK increased both. For N this was explained by alleviation of N mining upon 
fertilization. In contrast, the catalytic effect of PK on microbial metabolism was well 
correlated with long-term SOC depletion. Another hypothesis for SOC losses upon PK 
fertilization was, that PK fertilization would alter root:shoot ratios, resulting in reduced 
belowground C inputs in the fertilized treatments. This was tested in a pot experiment 
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presented in Chapter 2.10 but could not be confirmed. Instead, a strong texture effect on 
root:shoot ratio of spring barley was detected.  In conclusion, while N plays a major role 
for SOC sequestration due to both, increasing NPP as well as increasing microbial carbon 
use efficiency, open questions remain on P- and C-cycle interactions.  

In Chapter 3.1, we used the RothC model to predict the global warming impact on SOC 
stocks in Bavarian grassland and cropland soils under different management scenarios. 
The study is of high value, since 51 representative soil profiles were fractionated to 
estimate initial SOC pool distribution, management data were obtained from farmers, 
the German meteorological survey provided ensemble-predicted climate change 
scenarios for each site and the RothC model predicted unchanged SOC stocks under 
current management and unchanged climate until the end of the century. We were thus 
able to project SOC dynamics under relatively realistic conditions. Thereby, SOC losses of 
11-16% were predicted until the end of the century assuming a 3.3°C warming and 
unchanged C inputs. An estimated increase in C inputs of 29% would be necessary to 
alleviate such losses.  In contrast, Chapter 3.2 represents a more mechanistic study on 
SOC losses upon warming. A geothermal soil warming experiment on Iceland was used 
to assess changes in the composition of SOC, i.e. its distribution into different fractions. 
The major finding was that extreme soil warming (up to 40°C) devitalized soil 
aggregates, presumably also leading to destabilization of SOC. Since organic matter is 
acknowledged to strongly influence soil structure and aggregate stability, the opposite, 
i.e. aggregate breakdown upon SOC loss could also be abundant. In light of the results 
from Chapter 2, it can be concluded that especially under global warming, maximizing 
belowground C inputs that stabilize aggregates (mycilage, polysaccharides) as well as 
reproduce SOC are a key feature of sustainable and climate-smart agriculture.   

Chapter 4.1 discloses, that the supposedly simple calculation of SOC stocks is often done 
incorrectly, introducing a systematic overestimation of SOC stocks. This is related to the 
use of the parameters bulk density and rock fragment. The latter, which is usually 
considered free of SOC, is often either completely ignored when calculating SOC stocks, 
or used to reduce only the density of the bulk soil or the volume of the soil. In fact, both 
have to be reduced to avoid overestimation. A simplification, i.e. a mass balance 
approach is introduced, which might help to harmonize future SOC stock estimation.  In 
Chapter 4.2, pedotransfer functions to estimate residual water content from clay and/or 
SOC content were derived from a large dataset of Swedish agricultural soils. Those might 
be useful when datasets of different pretreatment need to be compared. Another 
important issue related to the estimation of SOC stocks and dynamics is presented in 
Chapter 4.3.  In long-term experiments, initial differences in soil properties between 
treatments are often neglected, sometimes not even recorded. In the presented study, 
we use a meta-replicated fertilizer experiment show that initial differences in SOC can 
actually exceed treatment effects and are still detectable after >50 years of contrasting 
fertilization. The ICBM model is used to develop a generic equation to estimate how 
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much of the initial difference in SOC might still be present, depending on abiotic site 
conditions and time.  

Chapter 4.4 is an important contribution for modelling SOC dynamics in grassland soils. 
The RothC model is used to inversely estimate C inputs and root:shoot ratios in 
grassland experiments. It is concluded, that the use of a fixed allocation coefficient to 
estimate C input from reported yields is not appropriate for grasslands, due to large 
variation in root:shoot ratios. It is shown, that N fertilization leads to a shift in root:shoot 
ratios. A yield-independent estimation of C inputs in grasslands should be pursued. 

Finally, Chapter 4.5 provides evidence, that the use of ultrasonication for soil dispersion 
needs to be standardized not only by total energy, but also by power.  Using variable 
power settings and variable time to achieve the same amount of output energy leads to 
variable degrees of dispersion. This can be explained by the fact that the mechanical 
stress of cavitation strongly depends on applied ultrasonic power. The insights 
presented in Chapter 4 might lead to a more harmonized and less biased SOC research, 
which is needed to produce meaningful datasets that can enhance our general 
understanding of the complexity of soils.    

 

 

Fig 1: Tag cloud summary of the thesis. 
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Zusammenfassung 

Organischer Bodenkohlenstoff (SOC) ist der größte terrestrische Kohlenstoff (C)-Pool, 
welcher ein Vielfaches des gesamten atmosphären C speichert. Landwirtschaftliche 
Nutzung von Böden hat einen starken Einfluß auf diesen Speicher und so auch auf C-
Flüsse zwischen Atmosphäre und Biosphäre. Historsich haben 
Landnutzungsänderungen zu starken CO2-Emissionen aus Böden geführt, was auch 
einen signifikanten EInfluß auf die globale Erwärmung hatte. Durch erhöhte mikrobielle 
Aktivität verstärkt letztere wiederum den Abbau von SOC – es ensteht ein positiver 
Rückkopplungseffekt. Diese kumulative Habilitationsschrift fokusiert auf die genannten 
zwei Haupteinflüsse des Menschen auf SOC: Landnutzung und globale Erwärmung durch 
Treibhausgasemisionen.  Beide sind mit der globalen Ausbreitung des Menschen und 
der sprunghaften Entwicklung dessen Aktivität auf Erden stark angestiegen und werden somit als spezifisch für das „Anthropozän“ erachtet, welches hier als Synonym für jene 
Periode in der Weltgeschichte benutzt wird, in der menschliche Aktivität irreversible 
Spuren hinterlassen hat. Da es im Kontext dieser Arbeit nicht um vergangene, durch den 
Menschen verursachte Effekte auf C-Vorräte im Boden geht, sondern vielmehr um 
Nutzungsoptionen in der Landwirtschaft und potentzielle SOC-Dynamik in der Zukunft, ist eine enge zeitliche Eingrenzung des Begriffs „Anthropozän“ nicht nötig. Ob dieser als 
neue geochronologische Epoche eingeführt wird, ist weiterhin Gegenstand kontroverser 
Diskussionen. 

Durch die große Bedeutung von SOC und dessen Management für den Klimawandel, 
aber auch für Bodenfruchtbarkeit und Resilienz von Ökosystemen, ist es wichtig zu 
verstehen, i) welche Management-Optionen SOC erhalten und vermehren können ii) 
wleche Mechanismen zu dessen Verlust und Stabilisierung führen, iii) wie die globale 
Nettoprimärproduktion (NPP) auf möglichst nachhaltige und klimafreundliche Weise 
genutzt werden kann und iv) wie die globale Erwärmung C-Vorräte im Boden 
beeinflussen wird. Zusammen mit einigen methodischen Aspekten, welche zu einer 
verbesserten Messung, Berechnung und Modellierung von SOC beitragen sollen, bilden 
jene Themenomplexe den wissenschaftlichen Fokus dieser Arbeit. 

Die Habilitationsschrift ist in drei Hauptkapitel mit den folgenden individuellen Foki 
unterteilt: i) Effekte von landwirtschatlichem Management auf SOC (Kapitel 2; zehn 
Publikationen), ii) Klimawandel-Effekte auf SOC (Kapitel 3; zwei Publikationen), iii) 
Methodische Verbesserungen der Messung, Berechnung und Modellierung von SOC 
(Kapitel 4; fünf Publikationen). 

In Kapitel 2 werden zunächst die Effekte des Anbaus von Zwischenfrüchten als 
Gründünger und der Einarbeitung von Getreidestroh auf den C-Vorrat im Boden 
untersucht. Dies wurde anhand von Literaturdaten (Kapitel 2.1) und schwedischen 
(Kapitel 2.2 und 2.4) sowie italienischen (Kapitel 2.3 und 2.4) Langzeitversuchen 
durchgeführt. Eine Meta-Studie eines globalen Datensatzes kam zu einer mittleren 
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jährlichen C Anreicherung durch Zwischenfrüchte von 0.32 Mg ha-1 yr-1. Dies wurde in 
Südschwedischen Versuchen mit der gleichen Anreicherungsrate (0.32 Mg ha-1 yr-1) für 
Weidelgras bestätigt. Im Gegensatz dazu, konnte nur ein sehr geringer Effekt der 
Stroheinarbeitung auf SOC-Vorräte ermittelt werden. Die Akkumulation von Stroh-bürtigem C stieg dabei mit dem Tongehalt an. Der ‚Humifikations-Koeffizient‘ für Stroh 
variierte von 0 bis 0.19, während sich jener der Zwischenfruchtgründüngung auf 0.33 
belief. Letztere wurde daher als besonders effektiv zur Mehrung von organischer 
Bodensubstanz und somit SOC eingeschätzt, was einem engeren C:N-Verhältnis als auch 
der Präsenz von Wurzeln zugeschrieben wurde. Die höhere Stabiliserung von C in der 
Gegenwart von zusätzlicher N-Düngung, sowie die höhere Stabilisierung von Wurzel-
bürtigem C im Vegelich zu Stroh-bürtigem C wurden in Kapitel 2.5 bestätigt. Darin 
wurde in einem schwedischen Langzeitexperiment der Verbelib von C4-Wurzeln und 
C3-Stroh durch Unterschiede in der natürlichen Abundanz des stabilen Isotops 13C 
untersucht. Aus den Arbeiten wurde geschlußfolgert, dass die Abfuhr von Stroh der 
Hauptfrucht und dessen Verwendung zur Energieerzeugung in Kombination mit 
Zwischenfruchtgründung und die dadurch entstehende Verlängerung der 
Vegetationsperiode eine nachhaltigere und klimafreundlichere Alternative ist als etwa 
Stroheinarbeitung gefolgt von Schwarzbrache. 

Zwei weitere Kapitel bestätigten die Wichtigkeit von Wurzeln und erhöhter NPP für den 
SOC-Vorrat. In Kapitel 2.6 wurde die bereits zweimal wiederholte nationale Inventur 
von schwedischen Ackerböden untersucht. Die erste Inventur wurde bereits zwischen 
1988 und 1997 durchgeführt und wird seither für die nationale 
Treibhausgasberichterstattung als Referenz eingesetzt. Zwischen erster und dritter 
Inventur (seit 2010), hat sich der C-Gehalt in schwedischen Ackerböden um 7.7% 
erhöht, was vor allem mit dem erhöhten Anteil an Ackergras erklärt wurde. Die 
Wurzelbiomasse in Ackergras ist um ein Vielfaches höher als etwa von Getreide. Dies 
bekräftigt die Wichtigkeit von Wurzeln und vor allem von unteriridschem NPP für Erhalt 
und Aufbau von SOC. Die steitg ansteigende Pferdepopulation wurde als Hauptgrund für 
den steigenden Anteil von Ackergras an der gesamten landwirtschaftlichen Produkiton 
identifiziert. In Kaptiel 2.7 wurden urbane Grünflächen mit verschiedenen 
Schnitthäufigkeiten in Malmö, Uppsala and Götheburg hinsichtlich NPP und SOC 
verglichen. Dabei wurden in den häufig geschnittenen Grünflächen höhere C-Vorräte 
und engere C:N-Verhältnisse im Boden sowie deutlich höhere NPP als auf den extensiv 
bewirtschafteten Grünflächen festgestellt. Die unterirdische Biomasse erschien 
allerdings unbeeinflusst von der Schnitthäufigkeit. Dies deutet darauf hin, dass die 
Stimulation von oberirdischem NPP und der besser geschlossene N-Kreislauf nur dann 
zu einer messbaren Erhöhung des SOC-Vorrats führen, wenn der Grünschnitt auf der 
Fläche verbleibt. 

In Kapitel 2.8 wird anschließend aufgezeigt, dass ein höheres NPP nur dann von Vorteil 
für die organische Bodnesubstanz ist, wenn eine balancierte Nährstoffversorgung des 
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Bodens gewährleistet ist. In meta-replizierten swedischen Langzeitexperimenten wird 
gezeigt, dass trotz erhöhter Erträge, PK-Düngung signifikant negative Effekte auf SOC-
Vorräte hat. Im Anschluß wurden verschiedene Experimente durchgeführt, um 
insgesamt vier Hypothesen zu testen, weshalb C-Vorräte im Boden durch PK-Düngung 
abnhemen. So wurde in Kapitel 2.9 isothermale Kalorimetrie in Verbindung mit 
Respirationsmessungen eingesetzt, um den Einfluß von PK und N auf mikrobiellen 
Metabolismus zu untersuchen. Während N-Düngung, bzw. Zugabe zu einer Absenkung 
von Wärme- und CO2-Produktion führte, wurde für PK-Düngung das Gegenteil 
festgestellt. Der katalytische Effekt von PK-Düngung auf mikrobiellen Metabolismus 
korrelierte sehr stark mit den Langzeitverlusten von SOC. Eine andere Hypothese für 
Verluste von SOC nach PK-Düngung war ein verändertes Wurzel:Sproß-Verhältnis, 
welches zu relativ reduziertem unterirdischen C-Eintrag führen würde. Dies wurde in 
einem Topfexperiment (Kapitel 2.10) getested, konnte allerdings nicht bestätigt werden. 
Stattdessen wurde ein starker Textureffekt auf das Wurzel:Sproß-Verhältnis von 
Wintergerste festgestellt. Es lässt sich zusammenfassen, dass N eine wichtige Bedeutung 
für den C-Kreisluaf einnimmt, da mit zunehmender N-Verfügbarkeit sowohl NPP als 
auch mikrobielle C-Nutzungseffizienz ansteigt, dies jedoch für P nicht gilt. Bezüglich der 
Interaktion von P- und C-Kreislauf bleiben somit fundamentelle offene Fragen bestehen.   

In Kapitel 3.1 wurde das Model RothC genutzt, um den Einfluß des Klimawandels auf 
SOC-Vorräte in bayrischen Grünland- und Ackerböden unter verschiedenen C-
Eintragsszenarien vorherzusagen. Die Studie ist insgesamt von hohem Wert, da 51 
repräsentative Bodenprofile zunächst fraktioniert wurden um die initiale Verteilung 
funktionaler SOC-Pools zu bestimmen, Bewirtschaftungsdaten direkt von den Bauern 
erfragt wurden, Klimaszenarien für jeden einzelnen Punkt vom Deutschen Wetterdienst 
bezogen wurden und das RothC-Modell im Mittel bei gleichbleibendem Klima 
unveränderte SOC-Vorräte bis Ende des Jahrhunderts vorhersagte. Der 
Definitionsbereich konnte somit realistisch abgebildet werden. Dabei wurden bei einer 
durchschnittlichen Erwärmung von 3.3°C und stagnierenden C-Einträgen SOC-Verluste 
von 11-16% vorhergesagt. Eine Erhöhung der C-Einträge um 29% wäre nötig, um die 
erwärmungsbedingten Verluste von SOC auszugleichen. Im Gegensatz dazu, handelt es 
sich bei Kapitel 3.2 um eine mechanistische Studie über SOC-Verluste durch Erwärmung. 
Ein geothermales Erwärmungsexperiment auf Island wurde genutzt, um die 
Veränderung der Zusammensetzung von SOC, insbesondere dessen Verteilung in 
verschiedene funktionelle Fraktionen durch Erwärmung zu verstehen. Das wichtigste 
Ergebnis der Studie war, dass extreme Erwärmung (bis zu +40°C) Aggregate 
destabilisierte, was auch zu einer Destabilisierung von SOC geführt haben könnte. Da 
organische Bodensubstanz allerdings ebenfalls einen positiven Einfluß auf 
Bodenstruktur und Aggregatstabilität hat, könnte ebenfalls der Umkehrschluß, also der 
Verlust von Aggregierung durch Verlust von SOC gezogen werden. Mit Bezug auf die 
Resultate in Kapitel 2 kann zusammenfassend geschlossen werden, dass eine 
Maximierung von unterirdischen C-Einträgen, die sowohl stabiliseriend als auch direkt 
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humusmehrend wirken, eine wichtige Säule einer nachhaltigen, und klimanagepassten 
Landwirtschaft darstellen.    

Kapitel 4.1 zeigt auf, dass die vermeintlich einfache Berechnung von SOC-Vorräten viele 
Fehlerquellen birgt. Das fehlerhafte Einsetzen der Parameter Trockenrohdichte und 
Steingehalt können zu einer systematischen Überschätzung des Feinbodenvorrats und 
somit auch der SOC-Vorräte kommen. Ein vereinfachter Ansatz wird eingeführt, um 
zukünftige SOC-Vorratsberechnung zu präzesieren und zu homogeniseren. In Kapitel 4.2 
wurden anhand des großen Datensatzes der schwedischen Inventur 
landwirtschaftlicher Böden Pedotransferfunktionen abgeleitet, um Restwassergehalte in 
Bodenproben anhand der Parameter Ton- und C-Gehalt zu schätzen. Eine solche 
Funktion kann zur Korrektur und Vereinheitlichung von C-Gehaltsbestimmungen in 
unterschiedlich vorbehandelten  Proben herangzogen werden. Eine weitere Gleichung 
zu Korrektur systematischer Einflüsse auf errechnete C-Vorräte wurde in Kapitel 4.3 
eingeführt. Beim Vergleich verschiedener Varianten in Feldversuchen werden initiale 
Unterschiede im C-Vorrat zwischen Parzellen oft ignoriert, was zu einer Über- oder 
Unterschätzung von Varianteneffekten führen kann. In der präsentierten Studie wurden 
meta-replizierte Düngeversuche genutzt, um initiale Unterschiede zwischen Parzellen 
mit Varianteneffekten zu vergleichen. Erstere haben teilweise selbst nach mehr als 50 
Jahren die Varianteneffekte überstiegen. Das ICBM-Modell wurde genutzt, um eine 
Gleichung zu entwickeln, die in Abhängigkeit von abiotischen Bedingungen vorhersagen 
kann, wie stark Kontraste im SOC-Vorrat zwischen zwei Varianten zu jedem beliebigen 
Zeitpunkt von initialen Unterschieden überprägt sind.  

Kapitel 4.4 enthält einen wichtigen Beitrag zur Verbesserung von SOC-Modellierung in 
Grünlandböden. Das RothC-Modell wird genutzt, um C-Einträge und Wurzel:Sproß-
Verhältnisse in Grünland-Experimenten invers zu schätzen. Da eine sehr große Spanne 
an Wurzel:Sproß-Verhältnissen ermittelt wurde war die Schlußfolgerung, dass statische, 
ertragsabhängige Allokationsfunktionen zur Schätzung von C-Einträgen im Grünland 
unangebracht sind. Es wird vielmehr bestätigt, dass sich Wurzel:Sproß-Verhältnisse mit 
steigender N-Düngung verengen. Eine ertragsunabhängige Schätzung von C-Einträgen 
im Grünland sollte angestrebt werden. 

Schließlich wird in Kapitel 4.5 der Beweis erbracht, dass die Disintegration von 
Bodenpartikeln durch Ultraschall z.B. bei der Fraktionierung von SOC nicht nur anhand 
der Gesamtenergie, sondern auch anhand der Leistung standardisiert werden muss. 
Unterschiedliche Leistung, deren Stärke den mechanischen Stress der Kavitation 
beeinflusst, führt zu deutlich unterschiedlicher Disintegration von Bodenpartikeln. 
Insgesamt könnten die weitgehend neuen Erkenntnisse in Kapitel 4 einen wichtigen 
Beitrag zu harmonisierter und präziser Berechnung und Vorhersage von SOC leisten. Dies ist unumgänglich, um mit aufkommenden ‚Big-Data‘-Ansätzen zu belastbaren 
Ergebnissen zu kommen und unser Verständnis von Böden generell zu verbessern. 
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1 Introduction 

1.1 Importance and nature of soil organic matter and soil organic carbon  

The content and stock of soil organic matter (SOM), i.e. living and dead organic material 
in the soil is a key property determining fertility and other relevant ecosystem functions 
of soils. It has an important role for soil structure, i.e. aggregate formation (Oades, 1984) 
and pore connectivity (Larsbo et al., 2016), which is important to water infiltration and 
erosion control on the surface (Franzluebbers, 2002) and gives stability against 
compaction below the surface. The latter has important effects on root growth and soil 
water and gas fluxes (Dexter, 2004). Organic matter has been observed to reduce 
preferential flow through large macropores, which reduces leaching of nutrients and 
pesticides, especially in an agricultural context (Larsbo et al., 2016). Due to its high 
specific surface area, organic matter is also important for sorption of nutrients and 
pesticides (Bollag et al., 1992). Furthermore, decaying organic matter provides nutrients 
to heterotrophic and autotrophic organisms, leading to high biologic activity and 
sustained net primary production (Fließbach et al., 2007). Especially under climate 
change, organic matter might play an important role for ecosystem resilience and food 
security (Bot and Benites, 2005), which is one reason why it is currently high up on the 
global political agenda (Chabbi et al., 2017; Minasny et al., 2017). 

However, the major reason for the rising research, public and political interest for SOM 
is its role as a large carbon pool. Globally, soils store more carbon than vegetation and 
atmosphere combined (Ciais, 2013). The latest IPCC estimate for soil organic carbon 
(SOC) is as high as 3500-4800 Pg C, when including C in permafrost soils, while C in 
vegetation and atmosphere is estimated to amount to 420-620 and 829 Pg C 
respectively. Due to its size and dynamic nature, i.e. the permanent C fluxes between 
soil, vegetation and atmosphere, small changes in SOC stocks can have large impacts on 
atmospheric CO2 concentrations. Due to the fact that CO2 is the major atmospheric 
component of radiative forcing, SOC dynamics are directly related to climate change.  

Soil organic matter (SOM) consists of approximately 50% carbon (Pribyl, 2010), which 
has been assimilated from the atmosphere through the autotrophic process of 
photosynthesis and build into innumerable functional biomolecules. Upon die off, those 
structures are subject to mineralization by heterotrophic organisms present in the soil. 
The stock of soil organic carbon (SOC) is thus highly dynamic and subject to plant-
derived inputs as well as continuous decay. Thereby, the major efflux pathway besides 
leaching and erosion of organic matter is the respiratory loss of CO2 as a metabolic 
waste product. Understanding and following the fate of organic residues in and through 
the soil is complex.  Soil is a black box system, into which only in recent decades some 
more light can be shed due to significant technical developments (Lehmann et al., 2008; 
Keyes et al., 2013; Vogel et al., 2014). Especially the interaction of organic products with 
the soil matrix is a major challenge for studying and characterizing organic matter in the 
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soil. As a matter of fact, a certain proportion of organic residues entering the soil is 
stabilized and sequestered for centuries or even millennia, while some of the material is 
utilized and respired within days or less (Lützow et al., 2006). But what explains this 
wide range of different turnover rates? Which processes, environmental factors or 
properties of the organic material can best be used to predict the dynamic of soil organic 
carbon? These questions are not entirely solved, but need to be understood to predict, 
i.e. in mathematical models, SOC responses to environemtnal changes. Traditionally, 
three competing concepts of SOC stabilization and persistence exist. The oldest of those 
is the humification concept, which is based on a specific chemical extraction method 
(Achard, 1786). It assumes secondary synthesis of humic substances during breakdown 
of organic matter. Those humic substances are highly recalcitrant, of large molecular 
size and hardly decomposable. However, these humic substances were, once upon a 
time, operationally defined and there are clear indications, that they are not chemically 
distinct (Kelleher and Simpson, 2006). According to critics of the concept, they might be 
artefacts of extraction (Burdon, 2001; Lehmann and Kleber, 2015). The second concept is ‘selective preservation’, which predicts that mainly the chemical composition of 
organic matter determines how long it stays in the soil, since decomposers would 
always prefer easily decomposable substrates when available (Lichtfouse et al., 1998). 
However, meanwhile there is robust experimental evidence, that there is practically no 
organic polymer that cannot be broken down by microorganisms and that recalcitrance, 
i.e. chemical stability, can only explain persistence in a decadal timescale (Dungait et al., 
2012). The third concept is referred to as “progressive decomposition” and describes 
the entzymatic breakdown of large biopolymers into smaller polymers and monomers 
that are finally assimilated by microbes (Burdon, 2001). All mentioned concepts have in 
common, that mainly the chemical properties of the organic matter and its direct 
interaction with the decomposers are claimed to be responsible for SOC persistence, 
while interactions with the soil matrix are widely ignored. Adsorption to mineral 
surfaces, organo-metallic complexation, organic coatings, occlusion of SOM in aggregates 
that form physical barriers for microorganisms reduce the accessibility of the repsecitve 
organic material and prevent its decomposition (Kleber et al., 2005; Sollins et al., 2009). 
In addition, the last few years of SOM research provided enough evidence that a large 
proportion of the more stabilized SOC does actually consist of microbial necromass 
(Miltner et al., 2012; Ludwig et al., 2015). This insight did also induce a shift in paradigm 
and the way SOC cycling is viewed upon, since this implies that not the pace at which 
material decomposes might be most decicive for long-term C-stabilization in the soil, but 
rather the efficiency at which C is used by microorganisms (Manzoni et al., 2012). The 
more C is used for growth, the more can potentially be recycled and stabilized in the soil. 
Since microbial, or basically all biosynthesis, requires not only carbon, but also other 
nutrients such as nitrogen (N), phosphorus (P) and sulphur (S), those nutrient cycles as 
well as stoichiometry of substrates and decomposers are currently in the research focus 
(Neff et al., 2002; Cleveland and Liptzin, 2007; Craine et al., 2007; Fisk et al., 2015; 
Spohn et al., 2016). Interactions of nutrient and carbon cycles are thereby not 
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sufficiently understood. It can be summarized, that the view upon SOC cycling has 
changed from a strongly substrate recalcitrance-determined stabilization perspective to 
a soil environment- and microbial-mediated stabilization perspective (Grandy et al., 
2009; Schmidt et al., 2011).   

A widely used approach to characterize SOC is SOM fractionation, in which SOM is split 
up along physical or chemical gradients, such as density, size, solubility, hydrolizability 
or oxidizability. The aim is to isolate more or less homogeneous SOC compartments 
which have distinct functional properties, such as turnover times (von Lützow et al., 
2007). This provides potential insights on the functionality of SOC, mostly regarding its 
mean residence time in the soil. Therefore those isolated fractions are often grouped into categories like “labile”, “intermediate”, “stabile”, “passive”, describing how dynamic 
and sensitive to environmental change or novelty those fractions are. Since centuries, it 
has been attempted to link those isolated fractions to model pools, which has been only 
partly successful (Christensen, 1996; Sohi et al., 2001; Zimmermann et al., 2007).  A 
countless number of different fractionation protocols have developed, which might be 
one of the major problems of the approach. Since the boundaries along which the SOC continuum is split are operationally defined and vary across methods, a “labile” fraction in one study is not necessarily comparable to a “labile” fraction in another study. Due to 
the fact that only a minor part of these studies asses the 14C age of the fraction 
(Trumbore et al., 1989) or evaluate the enrichment of 13C as a measure for turnover 
(Balesdent et al., 1987), those functional terms do often remain relative and 
incomparable across studies. Nevertheless, SOC fractionation is simple, comparatively 
cheap and offers unique insights on how plant litter is incorporated and stabilized in the 
soil (Six et al., 2000; Six et al., 2002; Cotrufo et al., 2015). Reversely, it can also be simply 
adopted and evolved according to current understanding of SOC cycling. In this thesis, 
SOM fractionation is the major approach used to elucidate qualitative SOC changes upon 
management or warming.  

 

1.2 Carbon cycling in the Anthropocene 

In the year 2000, the atmospheric chemist and nobel laureate Paul J Crutzen has 
proposed to introduce a new geological epoche: “It’s a pity we’re still officially living in 
an age called the Holocene. The Anthropocene – human dominance of biological, 
chemical and geological processes on earth is already an undeniable reality”. The ‘Anthropocene’ is supposed to describe the period in which the global anthropogenic 
footprint in all kinds of ecosystems and spheres has become significant. Although its 
official introduction as a geological epoche and its exact starting point is still heavily 
debated among scientists (Zalasiewicz et al., 2017), ‘Anthropocene’ has become an 
environmental buzzword which is used in various contexts. Scientific mansucripts and 
journals, university courses, a myriad of popular science books and documentary movies 
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use the expression. Although traditional stratigraphers claim that there is no clear point 
in time at which human impact becomes visible in rock strata on a global scale, the word 
carries an important message: No species has ever caused more fundamental 
environmental changes on this planet than mankind. This impact includes large scale 
defaunation (Dirzo et al., 2014) and redistribution of animals and plants across 
continents (Lowe et al., 2000), complete changes of land cover including deforestation, 
urbanization and mining (Meyer and Turner, 1992), creation of new minerals (Nickel 
and Grice, 1998), environmental pollution (Derraik, 2002), soil degradation (Oldeman, 
1994) and climate change (Jones et al., 2007), each of which having drastic 
consequences on the biotic and abiotic environment of the planet. 

The Neolithic revolution marks the beginning of agriculture in the fertile crescent and 
soon thereafter in many parts of the world. Subsequently, human populations bursted 
and severe land cover changes began (Klein Goldewijk et al., 2011). For this reason, the 
neoloithic revolution as the beginning of the ‘Anthropocene’ has many advocates in the 
ongoing discussion. In spatial and temporal extent, land cover change and agricultural 
land use can be seen as the major cause of soil degradation. Hans Jenny, the founder of 
modern pedology, considered agricultural activity as so influencial for the development 
of soils, that he made humans a soil-forming factor (Jenny, 2012). Losses of fertile 
topsoil via erosion, soil compaction through animals or machinery, as well as chemical 
degradation through nutrient extraction, acidification, salinification and SOC depletion 
are direct causes of agricultural production. Thereby the latter, i.e. SOC depletion, is one 
out of two major human-induced perturbations of the global carbon cycle: land-use/ 
land management change as well as combustion of carbon-rich material as an energy 
source (Guo and Gifford, 2002; Poeplau et al., 2011).  

With the discovery of fire approximately half a million years ago (Gowlett, 2016), the 
ancestors of humankind came to the understanding that energy can be derived from the 
controlled combustion of detrital carbon, such as wood or peat. This discovery, which 
Charles Darwin named the greatest of humanity (Darwin, 1871), was the beginning of 
human perturbation of the global carbon cycle.  Due to the very low human population, 
the anthopogenic CO2 footprint remained low before the Holocene. During the Holocene, 
the pattern of biomass burning as reconstructed by (Carcaillet et al., 2002) was complex 
and varied strongly between continents. For Europe, the authors detected, by means of 
charcoal abundance measurements in peat and lake sediments, an increasing pattern of 
biomass burning as a result of steadily increasing population. However, only since the 
industrial revolution around 1860, the use of energy-rich fossil carbon such as coal, 
brown coal, gas and oil led to the drastic increase of combustion-induced CO2 emissions 
(Andres et al., 1999), which is the major cause of the greenhouse effect and thus global 
warming. A particularly steep increase in CO2 emissions from fossil fuels is observed 
since the latter half of the last century, in which human population increased from two 
to six billion. Only since this time (~1950), fossil fuel combustion is the major source of 
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CO2 emissions (DeFries et al., 1999; Le Quere et al., 2009). Before that, land-use change, 
particularly conversions from natural vegetation to agricultural land and associated 
losses of SOC have dominated the anthropogenic CO2 footprint. 

Nowadays, around 11% (15 million km²) of the ice-free land surface area is used as 
cropland and additional 24% as pastures (Klein Goldewijk et al., 2011). Land-use change 
depletes soil carbon stocks due to an introduced imbalance in carbon in- and outputs. 
Changes in carbon input are related to the large share of human appropriation of net 
primary production (NPP) (Haberl et al., 2007). It has been estimated, that 83% of the 
total cropland NPP is exported annually, while only a certain proportion of that exported 
carbon is returned to the field as organic fertilizers. The same authors estimated that 
appropriation of forest NPP amounts only to 7%, while a current study found literature 
data on forest and grassland NPP appropriation to be strong underestimations (Erb et 

al., 2018). They estimated, that vegetation currently stores 405 Pg C and would store 
916 Pg C under current climatic conditions.  

In addition to biomass removal, the high frequency of soil disturbances destroys the 
natural soil structure and hampers the formation of stable aggregates that could 
effectively protect SOC from microbial breakdown. In addition, mixing of easily 
decomposable crop residues stimulates microbial activity and thus respiratory C losses 
(Reicosky et al., 1995). Thus decreased C inputs as well as increased C outputs lead to 
SOC stock depletion until a new equilibrium is reached. Different estimates of historic C 
loss from soils range from 44 to 537 Pg, with a common range of 55-78 Pg (Lal, 2004).  
Thus, a significant share of current atmospheric CO2 has been stored in soils prior to 
recent centuries. Although SOC depletion might not be completely reversible 
(McLauchlan, 2006), this reveals the large potential of soils to sequester carbon and act 
as sinks for atmospheric CO2. For obvious reasons, large-scale afforestation and 
renaturation of agricultural land is not an option as long as the world population is 
growing and food, feed and fibre production relies on soils. Therefore, efforts should be 
taken to maintain or increase SOC levels in managed soils. 

For croplands, several management options have been highlighted as potentially 
beneficial for SOC, most of them being related to increased carbon inputs to the soils 
such as crop residue retention, organic and mineral fertilization and improved crop 
rotations (Freibauer et al., 2004). However, i) more is not always better, e.g. C input can 
lead to catalyzed mineralization of stabilized SOC (Fontaine et al., 2004), ii) biomass is a 
limited resource and might be more beneficial and climate-smart when used for 
alternative purposes (Lemke et al., 2010) and iii) biomass production and C 
seuquestration requires N, with its synthesis having a large carbon footprint itself (Gan 

et al., 2012). Detailed understanding of the fate of organic matter in the soil after 
application is thus necessary to optimize the management of biomass. To date, only one 
option for reducing SOC decomposition instead of increasing C inputs is recommended, 
but strongly questioned at the same time: reducing or cessating tillage, which is found to 
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improve soil structure and thus physical protection of SOC within aggregates (Beare et 

al., 1994; Six et al., 1999). However, in the past few years numerous studies showed that 
the overall effect of no till on SOC stocks is negligible and restricted to the upper few 
centimeters of the soil. The major argument is that no till leads to a redistribution of SOC 
within the soil profile and that observed SOC accumulations might have been an artefact 
of too shallow sampling (Baker et al., 2007; Luo et al., 2010). Recently, researchers 
proposed that the direct opposite, i.e. deep tillage, might be an efficient way to increase 
SOC stocks (Alcántara et al., 2016) by using the huge storage capacity of subsoils and 
bringing up C-poor mineral soil which can accumulate additional C. Equally 
controversial findings exist for nutrient additions, i.e. mineral fertilization (Neff et al., 
2002): While some studies find N fertilization to increase SOC stocks due to enhanced 
residue inputs (Kätterer et al., 2012), others find N additions to stimulate microbial 
activity and SOC depletion (Khan et al., 2007). Only recently, the perspective of microbial 
metabolism in relation to nutrient addition and SOC stabilization gains attention (Craine 

et al., 2007; Kirkby et al., 2014). The mentioned controversies, as well as the magnitude 
and complexity of processes in the soil affecting SOC turnover and stabilization, indicate 
that soil C dynamics cannot be estimated and predicted with simple agronomic 
balancing approaches but need process-based modelling approaches. Prediction is 
necessary to give reliable advice to policy makers and farmers in order to reach the goal 
of climate mitigation under intensive production. 

The global warming effect of SOC depletion is a classical autocatalytic mechanism: SOC 
depletion via respiration leads to CO2 accumulation in the atmosphere and intensified 
global warming, which in turn leads to increased microbial activity and thus further 
losses of SOC (Davidson and Janssens, 2006). This meachanism can be considered as the 
major part of the climate-carbon cycle feedback loop, which is highly uncertain and thus 
hard to predict in earth system models (Friedlingstein et al., 2006; Bradford et al., 2016). 
Will warming-induced SOC decomposition in the long run exceed warming- and CO2-
fertilization-induced increases in NPP? Recently, Crowther et al. (2016) estimated that 
due to elevated temperatures, SOC stocks will fall by 55±50 Pg C from the upper soil 
horizons by 2050, which accounts for 12-17% of the predicted anthropogenic emissions 
in that period. The huge uncertainty in this estimate indicates that accurate predictions 
of SOC losses are also hampered by insufficient understanding of the temperature 
sensitivity of SOC decomposition and involved mechanisms (Conant et al., 2011).  It can be summarized, that the “Anthropocene” brought up two major threats for SOC, 
both of which are being addressed in this thesis: Land management and climate change. 
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1.3 Thesis Outline  

This thesis is divided into three main chapters (2-4), containing published peer-
reviewed manuscripts as sub-chapters as well as one synthesis chapter (5), which 
summarizes the findings and scientific advances of this habilitation thesis. It is a 
cumulative work, in which each publication is presented as individual unit, i.e. with 
individual chapter headings, tables, figures and references. Those items are thus not 
numbered consecutively throughout the thesis. Chapter 2, “Agricultural management effects on soil organic carbon”, has a strong focus 
on agricultural long-term experiments. Those are the key to explore SOC dynamics in 
response to agricultural management, since the expected changes are rather small 
compared to the background variability in SOC stocks and occur on decadal timescales. 
New insights on effects of cover cropping, residue management and mineral fertilization 
are presented using data and soils from mainly Swedish, but also one Italian long-term 
experiments. Furthermore, repeated Swedish agricultural soil inventories are analysed 
and SOC response to varying cutting frequency of urban lawns is illuminated. Modelling 
and model development, SOC fractionation, the use of stable isotopes, meta-analysis as 
well as a greenhouse pot experiment and an incubation experiment mark the wide 
spectrum of analytical tools used. 

Chapter 3, “Soil organic carbon under climate change”, consists of two studies, which 
have a very different focus, but are unified in the same SOC fractionation method used: 
One study, which has been conducted on a widely unmanaged grassland soil in Iceland, 
evaluates the response of different SOC fractions to extreme soil warming; in the other 
study, fractionated agricultural soils of Bavaria have been used to initialize the 
Rothamsted Carbon model (RothC) and predict the effect of climate change on SOC 
stocks until the end of the century.  

Chapter 4, “Towards unification and reducing uncertainties in estimating soil carbon 
dynamics” contains a total of five studies. All of them are methodological advances in 
different fields related to the determination of SOC and SOC fractions. The most correct 
way to use bulk density and stone content to calculate SOC stocks, accounting for 
residual water when measuring SOC contents, a model approach to minimize the 
influence of initial differences in SOC stocks in plot experiments, a model approach to 
estimate belowground carbon inputs in grasslands soils as well as s new view on 
ultrasonication for soil dispersion during fractionation are presented and discussed.  

This thesis contains the following 17 original publications:  

1. Poeplau, C. & Don, A. 2015. Carbon sequestration in agricultural soils via cultivation of cover 
crops – A meta-analysis. Agriculture, Ecosystems & Environment, 200, 33-41. 

2. Poeplau, C., Aronsson, H., Myrbeck, Å. & Kätterer, T. 2015. Effect of perennial ryegrass cover 
crop on soil organic carbon stocks in southern Sweden. Geoderma Regional, 4, 126-133. 
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3. Poeplau, C., Kätterer, T., Bolinder, M.A., Börjesson, G., Berti, A. & Lugato, E. 2015. Low 
stabilization of aboveground crop residue carbon in sandy soils of Swedish long-term 
experiments. Geoderma, 237–238, 246-255. 

4. Poeplau, C., Reiter, L., Kätterer, T., Berti, A., 2017. Qualitative and quantitative response of soil 
organic carbon to 40 years of crop residue incoporation under contrasting nitrogen fertilisation 
regimes. Soil Research, 55, 1-9. 

5. Ghafoor, A., Poeplau, C., Kätterer, T., 2017. Fate of straw- and root-derived carbon in a 
Swedish agricultural soil. Biol. Fertil. Soils, 1-11. 

6. Poeplau, C., Bolinder, M.A., Eriksson, J., Lundblad, M. & Kätterer, T. 2015. Positive 
trends in organic carbon storage in Swedish agricultural soils due to unexpected socio-
economic drivers. Biogeosciences, 12, 3991-4019. 

7. Poeplau, C., Marstorp, H., Thored, K., Kätterer, T., 2016. Effect of grassland cutting frequency 
on soil carbon storage – a case study on public lawns in three Swedish cities. SOIL 2, 175-184. 

8. Poeplau, C., Bolinder, M.A., Kirchmann, H., Kätterer, T., 2016. Phosphorus fertilisation under 
nitrogen limitation can deplete soil carbon stocks: evidence from Swedish meta-replicated long-
term field experiments. Biogeosciences 13, 1119-1127. 

9. Poeplau, C., Herrmann, A.M., Kätterer, T., 2016. Opposing effects of nitrogen and phosphorus 
on soil microbial metabolism and the implications for soil carbon storage. Soil Biology and 
Biochemistry 100, 83-91. 

10. Poeplau, C., Kätterer, T., 2017. Is soil texture a major controlling factor of root:shoot ratio in 
cereals? European Journal of Soil Science, 68, 964-970. 

11. Wiesmeier, M., Poeplau, C., Sierra, C., Maier, H., Fruehauf, C., Huebner, R., Kuehnel, A., 

Spoerlein, P., Geuß, U., Hangen, E., Schilling, B., Von Luetzow, M., Koegel-Knabner, I., 2016. 

Projected loss of soil organic carbon in temperate agricultural soils in the 21st century: effects of 

climate change and carbon input trends. Nature Scientifc Reports. 

12. Poeplau, C., Kätterer, T., Leblans, N.I., Sigurdsson, B.D., 2017. Sensitivity of soil carbon 

fractions and their specific stabilization mechanisms to extreme soil warming in a subarctic grassland. 

Glob. Change Biol., 23 (3), 1316-1327. 

13. Poeplau, C., Vos, C., Don, A., 2017. Soil organic carbon stocks are systematically overestimated 

by misuse of the parameters bulk density and rock fragment content. SOIL 3(1), 61-66. 

14. Poeplau, C., Bolinder, M.A., Kätterer, T., 2016. Towards an unbiased method for quantifying 

treatment effects on soil carbon in long-term experiments considering initial within-field variation. 

Geoderma 267, 41-47. 
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Abstract 

A promising option to sequester carbon in agricultural soils is the inclusion of cover 
crops in cropping systems. The advantage of cover crops as compared to other 
management practices that increase soil organic carbon (SOC) is that they neither cause 
a decline in yields, like extensification, nor carbon losses in other systems, like organic 
manure applications may do. However, the effect of cover crop green manuring on SOC 
stocks is widely overlooked. We therefore conducted a meta-analysis to derive a carbon 
response function describing SOC stock changes as a function of time. Data from 139 
plots at 37 different sites was compiled. In total, the cover crop treatments had a 
significantly higher SOC stock than the reference croplands. The time since introduction 
of cover crops in crop rotations was linearly correlated with SOC stock change (R²=0.19) 
with an annual change rate of 0.32±0.08 Mg ha-1 yr-1 in a mean soil depth of 22 cm and 
during the observed period of up to 54 years. Elevation above sea level of the plot and 
sampling depth could be used as explanatory variables to improve the model fit. 
Assuming that the observed linear SOC accumulation would not proceed indefinitely, we 
modeled the average SOC stock change with the carbon turnover model RothC. The 
predicted new steady state was reached after 155 years of cover crop cultivation with a 
total mean SOC stock accumulation of 16.7±1.5 Mg ha-1 for a soil depth of 22 cm. Thus, 
the C input driven SOC sequestration with the introduction of cover crops proved to be 
highly efficient. We estimated a potential global SOC sequestration of 0.12±0.03 Pg C yr-

1, which would compensate for 8 % of the direct annual greenhouse gas emissions from 
agriculture. However, altered N2O emissions and albedo due to cover crop cultivation 
have not been taken into account here. Data on those processes, which are most likely 
species-specific, would be needed for reliable greenhouse gas budgets. 
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Introduction 

Cropland soils are depleted in soil organic carbon (SOC) as compared to soils under 
natural vegetation. Cultivation leads to SOC losses of 30-40% compared to natural or 
semi-natural vegetation (Don et al., 2011; Poeplau et al., 2011). In a regional study, 
Wiesmeier et al. (2013) calculated a mean carbon saturation for Bavarian cropland soils 
of 53 %. Historically, between 32.5 and 35.7 million km² of natural vegetation, 
encompassing forests, woodlands, savannas, grasslands and steppes have been 
converted to croplands (DeFries et al., 1999). As a consequence, cropland soils are a 
huge potential global carbon sink. The world wide necessity of food production is 
growing due to an increasing world population and increasing wealth of emerging 
economies. The potential area of cultivated land, which can be reconverted to natural 
vegetation or grassland is thus limited. In the southern hemisphere, the proportion of 
agricultural land is still growing (McGuire et al., 2001). It is thus crucial to find effective 
measures to increase SOC stocks while simultaneously enhancing and maintaining high 
agricultural productivity.  

Changes in SOC stocks are a result of the imbalance between carbon inputs, mainly in 
the form of dead plant material or manure and outputs, mainly caused by 
decomposition, leaching and erosion. An often recommended approach for decreasing 
SOC decomposition in agricultural soils is to reduce or desist from soil tillage to 
maintain the natural aggregation of soils to protect SOC from microbial consumption. 
However, it has been shown that the benefit of conservation or no till agriculture was 
often an artifact of shallow sampling and is smaller than previously thought (Luo et al., 
2010). The main management option to increase SOC storage should therefore be to 
increase carbon inputs. Commonly suggested approaches for increasing carbon inputs 
are organic manure or sewage sludge amendments, incorporation of straw and 
extensification through arable-ley rotations (Smith et al., 1997), and lately also the 
cultivation of winter cover crops (Mazzoncini et al. 2011). Cover crops, also named 
inter-crops or catch crops, are crops that replace bare fallow during winter period and 
are ploughed under as green manure before sowing of the next main crop. In contrast to 
the introduction of arable-ley rotations or periodic green fallows (extensification), cover 
crops do not necessarily reduce the amount of agricultural products that can be 
harvested. Furthermore their cultivation does not exclude the possibility of organic 
manure applications. They just replace the annual fallow period, which is beneficial for 
the soil in many aspects (Dabney et al., 2001). Besides an increased carbon input, cover 
crops have been shown to increase biodiversity (Lal, 2004) as well as to reduce soil 
erosion and drought stress for the following crop when used as mulch cover in water 
limited systems (Frye et al., 1988). Cultivated in autumn and winter, cover crops are 
able to take up excess N from the soil and reduce N leaching (Blombäck et al., 2003). To 
date, cover crops have been in the scientific focus mainly for their capacity to improve 
soil quality and thereby to foster crop production. The potential of cover crops to 
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increase SOC stocks and thus to mitigate climate change has been highlighted in very 
few studies (Lal, 2004). Comprehensive quantitative evidence about the mid- to long-
term effect of cover crops on SOC storage is lacking. Furthermore, the control of 
environmental parameters such as soil properties and climatic conditions on SOC stock 
changes after the introduction of cover crops cannot be evaluated in isolated case 
studies. After all, most existing case studies evaluated a change in carbon concentration, 
while soil bulk density, which is needed to calculate SOC stocks, was not measured. For 
these reasons, a comprehensive meta-analysis to quantitatively evaluate the effect of 
cover crops on SOC stocks is needed. 

West et al. (2004) introduced the concept of carbon management functions as simple 
regression models to describe and predict the temporal dynamics of soil organic carbon 
after management changes. In a meta-analysis approach, available field observations 
were compiled to derive such functions. The advantage of simple empirical models as 
compared to process-based models was seen in the more practical, functional and 
transparent way to apply them, especially with regard to the application in carbon 
accounting frameworks. Based on this concept, Poeplau et al. (2011) developed Carbon 
Response Functions (CRF) for the major land-use changes in the temperate zone. They 
improved the existing concept by adding further environmental parameters as 
explanatory variables to the temporal function. 

The aim of this meta-analysis was to quantify SOC stock changes as a consequence of 
winter cover crop cultivation and to derive a specific carbon response function for SOC 
accumulation due to cover crops. This function would be useful for carbon accounting 
and upscaling. Furthermore we aimed to estimate the global potential of cover crop 
cultivation to sequester SOC.   

 

Materials and Methods 

Dataset 

We compiled existing available studies on the effect of cover crops on SOC using the 
following strict quality criteria for a study to be included in the analysis: 1) a reference 
cropland with winter fallow had to be present. The reference had to be directly adjacent 
to the winter cover crop field and its SOC stock should have been approximately in 
equilibrium. Therefore we excluded studies, where the cropland was used as grassland 
or for ley production before the experiment started to avoid legacy effects, such as a 
strong SOC stock depletion during the experiment. Ideally, a part of a long term 
conventional cropland was planted with winter cover crops, while a reference part of 
this cropland remained fallow in winter while the main crop or crop rotation remained 
the same for all treatments. 2) The winter cover crop was not harvested, but was used as 
green manure or mulch with the whole plant remaining on the field as additional carbon 
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input. 3) The treatment was not a combination of carbon inputs such as cover crop plus 
farmyard manure plus straw residues, but cover crops were the only additional carbon 
input. 4) The treatment duration was reported.  

A total of 30 studies comprising 37 different sites were included in the dataset for the 
analysis (Tab. 1). Twenty seven of these studies were peer-reviewed, two were PhD 
theses and one was a scientific report with a comparable quality. A total of 24 % of all 
studies (27 % of all sites) were conducted in the tropics, 76 % of all studies (73 % of all 
sites) in the temperate zone. The majority of studies used a randomized block design (90 
%) to investigate different treatments at once and to minimize initial differences. The 
treatments differed in fertilization, tillage, cover crop type or a combination of these 
factors. A total of 27 different species were grown as cover crops with legumes (n=61) 
and non legumes (n=66) being equally distributed over the dataset. The total number of 
sampled plots (only cover crop plots) matching the mentioned quality criteria was 139. 
Sampling depth ranged from 2.5 cm to 120 cm and from single layer to multilayer 
sampling with up to four depth increments. However, only three studies investigated the 
effect of cover crops on SOC stocks below the plough layer. Bulk density, which is 
needed to calculate SOC stocks or readily calculated SOC stocks was only given in 13 
studies (30%). Missing bulk densities were derived using a pedotransfer function based 
on the negative correlation of organic carbon concentration and bulk density (Tranter et 

al., 2007). Instead of using a published pedotransfer function which is biased by the data 
it is derived from, we used the data from the collected studies, which reported both, bulk 
density and C concentration to derive a transfer function (R²=0.90, Fig. 1). We then 
calculated the SOC stock [Mg ha-1] as: 𝑆𝑂𝐶𝑠𝑡𝑜𝑐𝑘 = 𝑆𝑂𝐶𝑐𝑜𝑛𝑐 × 𝐵𝐷 × 𝐷 

where SOCconc is the SOC concentration [%], BD is bulk density of the individual depth 
increment [g cm-3] and D is the length of the individual depth increment [cm]. 
Comparing SOC stocks of different treatments with different bulk densities to a fixed 
depth implies an unequal soil mass comparison. However, investigating absolute 
changes in SOC stocks requires the analysis of equivalent soil masses (Ellert and 
Bettany, 1995). This is usually achieved by mass correction (Poeplau et al., 2011). After 
applying the pedotransfer function to estimate missing bulk density values, we thus 
compared bulk densities of reference and cover crop treatment and found a very small 
mean difference of 0.014 g cm-3 (1%). We corrected that difference by using the bulk 
density of the cover crop treatment, which was usually lower, to calculate the SOC stocks 
of the cover crop and the reference treatment. This correction was described by Poeplau 
et al. (2011) as a simple ratio correction. Finally, we summed the different depth 
increments of all multilayer plots to one layer per plot with the exception of the three 
studies, in which the subsoil was assessed. Here we calculated a plough layer SOC stock 
(usually 0-30 cm) and a subsoil SOC stock. Since only three studies assessed subsoil SOC 
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changes, we excluded subsoils from the analysis. If a site was sampled more than once at 
different points in time, we used the results of the last reported sampling. 

We collected the following environmental, management and sampling design 
parameters as potential explanatory variables: Elevation above sea level; mean annual 
precipitation (MAP); mean annual temperature (MAT); soil type; soil texture with sand, 
silt and clay content; sampling depth; time since introduction of cover crops; main crop 
type or crop rotation; cover crop type; cover crop frequency and cover crop above and 
below ground biomass; C:N ratio of the cover crop; amount and type of fertilization; type 
of tillage, number of soil samples. Initial carbon concentration was also used as potential 
explanatory variable. Data gaps in elevation were filled using Google Earth when 
coordinates were given. Missing MAT and MAP values were filled with data from 
weatherbase.com, where the closest weather station was selected. When soil texture 
was only given as texture class, we used the class means for clay, silt and sand [%] 
according to the used soil classification.  

Statistics 

Initially, a t-test was conducted to test whether the SOC stocks of the two treatments 
(cover crops and no cover crops) were significantly different. This was done by testing 
the SOC stock change against zero. The level of acceptance was 0.05. Subsequently, we plotted SOC stock change against the “time since introduction of cover crops” to assess 
whether the concept of a temporal Carbon Response Function (CRF) would be 
applicable for the derived dataset. A significant correlation was found and thus we used 
linear mixed effect models to explain the SOC stock changes after the introduction of 
cover crops in two steps: 1) time since introduction as single fixed effect (General CRF) 
and 2) time since conversion and the above mentioned environmental, management and 
sampling design parameters as explanatory variables (Specific CRF) (Poeplau et al., 
2011). Unfortunately, the variables cover crop-biomass and cover crop C:N ratio, which 
might both have had a high potential explanatory power, were only given for 56 % and 
25 % of all plots, respectively. Furthermore, a huge variability among studies was found 
for how biomass was determined and which parts of the plants were considered. 
Therefore both variables could not be used in the analysis. As random effects we used 
author and site. Author as random effect accounts for the fact that all plots which have 
been investigated by the same author might be biased by author-specific sampling and 
analysis methods. Site as a random effect accounts for the fact, that the results of 
different plots with varying treatments at the same site are not independent from each 
other. Models were fit by maximum likelihood using the nlme package of the statistical 
software R (Pinheiro et al., 2009). Model selection was based upon the Akaike 
Information Criterion (AIC) as a measure of expected predictive performance of the 
different candidate models. The accuracy of the models was evaluated by comparing 
observed and predicted values using the modeling efficiency (EF) described by (Loague 
and Green, 1991). If EF <0 then the predicted values are worse than simply the mean of 
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all observations. The maximum EF is one. Errors given in the text are 95 % confidence 
intervals. 

Modelling  

The distribution of the observed data did not show any SOC saturation with time since 
introduction. The linear regression model or Carbon Response Function (CRF) as the 
best fit can thus be used to calculate an annual change rate. However, it is likely that also 
a system with cover crops will reach a new steady state after a certain time. To estimate 
the mean overall effect of cover crops as a measure to sequester SOC, a potential steady 
state needs to be determined. Thus we used the Rothamsted carbon model (RothC) 
(Coleman and Jenkinson, 1996) to simulate an “average scenario” based on the observed 
values. For this purpose we used the average values of all plots as model input 
parameters (MAP, MAT, clay content, sampling depth), calculated plant inputs by 
backwards simulation and conducted a spin-up run to receive the starting conditions for 
the fictive average cropland. A mean C input of 1.87±0.22 Mg ha-1 yr-1, was dedicated to 
the cover crops. We derived this value from the studies (n=12) that reported above- and 
belowground cover crop biomass. This average additional C input was used to simulate 
the average cover crop effect on the SOC stock for 500 years. The lower and upper limits 
of the 95 % confidence interval of the mean C input were used as inputs for additional 
model runs (1.65 Mg ha-1 yr-1 and 2.09 Mg ha-1 yr-1, respectively) to estimate the input 
associated uncertainty. We defined the new steady state to be reached after the annual 
change in SOC stock fell below 0.01 Mg ha-1 yr-1.  

Estimation of the global potential to cultivate cover crops 

Based on remote sensing products, Siebert et al. (2010) estimated the total global 
cropland area to recently cover 16 Mkm². Statistics on the actual global cover crop 
acreage do not exist. For the US and Europe, different surveys (farmer surveys, seed 
dealer surveys, crop surveys) with different spatial extents (from regional to 
continental) have been conducted (Singer et al., 2007; CEAP, 2012; CTIC and SARE, 
2013; EUROSTAT, 2013). The results range from 1-10% of the total cropland area that is 
already used for cover crop cultivation. Furthermore, a huge share of agricultural area is 
used for winter crops, which precludes the cultivation of cover crops without a major 
change of cropping system. In Europe (EU28), 50 % of the total cropland area is actually 
covered each winter, mostly by winter cereals (EUROSTAT, 2013). Siebert et al. (2010) 
calculated very similar mean crop duration ratios for all continents (0.41 for Africa, 0.47 
for America, 0.5 for Asia, 0.56 for Europe and 0.42 for Oceania), which allows the 
assumption that the European 50 % value for winter or off-season fallows can be used 
for a global cover crop scenario. Additionally, environmental constraints for the growth 
of cover crops, such as too low winter temperature and water limitations have to be 
considered (Dabney et al., 2001), but are difficult to estimate spatially. Finally, some 
crops, such as potatoes or sugarbeet, which are harvested late, do not allow the 
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cultivation of a cover crop. In our scenario we conservatively assume that half of the 
global winter or off-season fallows could be used for cover crop cultivation, which would 
result in 25 % of the total cropland area (4 m km²). 

Table 1: List of the included sites with country, elevation, mean annual precipitation 
(MAP), mean annual temperature (MAT), Soil Type according to the used Soil Taxonomy, 
sampling depth, time since introduction of cover crops (Treatment time) and Reference.  

Country Elevation MAP MAT Soil type 
Sampling 
depth 

Treatment 
time  

Reference 

  [m a.s.l.] [mm] [°C] WRB/US Soil Tax  [cm] [years]   

Brazil 96 1440 19.4 Acrisol 30 9 Bayer et al., 2000 

Brazil 770 1500 22.5 Oxisol 30 4 Metay et al., 2007 

Brazil 96 1769 19.7 Paleudalf 20 10 Amado et al., 2006 

Brazil 96 1440 19.4 Paleudalf 20 15 Amado et al., 2006 

Canada 583 429.3 0.6 Regosol 15 30 Campbell et al., 1991 

Canada 817 350 3.3 
Orthic Brown 
Chernozem 

15 9 Curtin et al., 2000 

Canada 2 1167 10 Rego Humic Gleysol 5 1 Hermawan &  Bomke, 1997 

Canada 152 817 1 Humic Gleysol 20 5 N’Dayegamiye &  Tran, 2001 

Denmark 18 858 7.9 Ortic Haplohumod 20 23 Hansen et al., 2000 

Denmark 24 626 7.8 Mollic Luvisol 13 15 Schjønning et al., 2012 

Denmark 45 862 7.6 Alfisol  20 9 
Thomsen &  Christensen, 
2004 

France 512 604 11.5 Haplic Luvisol 28 16 Constantin et al., 2010 

France 105 1213 12.1 Dystric cambisol 30 13 Constantin et al., 2010 

France 203 605 10.8 Rendzina 23.5 13 Constantin et al., 2010 

Germany 44 495 8.9 Cambisol 20 10 Baumecker, 2008 

Germany 47 586 9 Luvisol 20 18 Beckmann, 1977 

Germany 95 485 11.1 Cambisol 30 15 Ganz, 2013 

Germany 152 600 8 Luvisol  28 8 Sadat - Dastegheibi, 1974 

Germany 243 600 8 Cambisol 20 3 von Boguslawski, 1959 

India 215 400 28.3 Ustochrept 15 6 Chander et al., 1997 

India 215 400 28.3 Ustochrept 15 11 Goyal et al., 1999 

India 217 710 25.5 Ustochrept 30 2 Mandal et al., 2003 

India 247 500 24 Ustipsamment 15 15 Yadav et al., 2000 

India 244 1350 24 Hapludoll 15 15 Yadav et al., 2000 

India 129 818 25.8 Ustochrept 15 14 Yadav et al., 2000 

India 105 850 24 Chromustert 15 13 Yadav et al., 2000 

India 113 1100 24 Udic Fluvent 15 13 Yadav et al., 2000 

India 37.2 1358 24 Ustochrept 15 12 Yadav et al., 2000 

India 10 1360 25.2 Ustochrept 15 12 Yadav et al., 2000 

Italy 1 900 14.3 Typic Xerofluvent 30 15 Mazzoncini et al., 2011 

Japan 12 1250 13 Loam  20 13 Ishikawa, 1988 

Japan 12 1250 13 Loam  20 54 Ishikawa, 1988 

Mexico 2298 1100 14 Andisol 25 2 Astier et al., 2006 

USA 108 1134 10.8 Fragiudalf 30? 15 Drinkwater et al., 1998 
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USA 350 960 9 Aquic Fragiudalf 20 4 Eckert, 1991 

USA 30 1264.9 17.4 Typic Hapludults 30 3 Hargrove, 1986 

USA 109 1201 18.9  Kandiudult 2.5 3 Hubbard et al., 2013 

USA 114 1633 10.7 Aquic Xerofluvent 30 6 Kuo et al., 1997 

USA 196 1300 15 Typic Hapludult 30 3 McVay et al., 1989 

USA 255 1299 16.8 Rhodic Paleudult 30 3 McVay et al., 1989 

USA 
16 1258 18.1  Plinthic Paleodults 30 3 Sainju et al., 2006 

USA 
16 1258 18.1 Rhodic Kandiupults 30 3 Sainju et al., 2002 

USA 
16 1258 18.1  Orthic Luvisols 20 5 Sainju et al., 2002 

USA 294 1148.1 12.8 Maury silt loam 7.5 2 Utomo et al., 1990 

 

 

Figure 1: Correlation of carbon content [%] and bulk density [g cm-3] with regression 
line and equation for the compiled studies which reported both parameters. 

 

Results 

SOC stock change after introduction of cover crops 

The use of cover crops as green manure led to a significant increase in SOC stocks (p < 
0.001). Time since introduction of cover crops had a significant influence on the SOC 
stock change (Fig. 2) with a mean annual carbon sequestration rate of 0.32±0.08 Mg ha-1 
yr-1 (R²=0.17). Between 1 and 54 years of cover crop cultivation, we did not see any 
indication of saturation, however, there was very limited data from longer term 
experiments that improve the ability to demonstrate saturation. 
Thus, SOC stock change as a function of time was best described by a linear model. This 
model was forced through zero, assuming that the cover crop effect on the SOC stock at 
the start of the experiment was zero. Unfortunately, only 8 plots exceeded the age of 20 
so the few long term observations might have strongly influenced the linear response 
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function. However, leaving out the four oldest observations only slightly affected the 
regression (sequestration rate of 0.35 Mg ha-1 yr-1). 102 out of 139 observations had an 
annual change rate between 0 and 1 Mg ha-1 yr-1, while at 13 plots a SOC stock depletion 
was measured and at 24 plots the change rate exceeded 1 Mg ha-1 yr-1 (Fig. 3).  

 

Figure 2: SOC stock change after cover crop introduction as a function of time with linear 
regression (with 95 % confidence interval) and the RothC simulated average cropland 
(with min and max scenario). 

 

Figure 3: Histogram of annual change of soil carbon due to cover cropping in 
comparison to fallow winter. 
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Influence of environmental and management variables 

The different environmental and management variables were assessed regarding their 
explanatory power in the linear mixed effect model to improve the simple response function. The basic model with “time since introduction” as the only fixed effect had a 
modeling efficiency of EF=0.23, which resembles the R² (0.17) of the simple linear 
regression (Fig. 2,). Elevation (p=0.037) and sampling depth (p=0.049) were the only 
variables which could add some explanatory power to the model. However, the EF value 
increased only slightly (EF=0.26), since most of the higher values were almost 
unaffected by the model improvement. However, since all fixed effects (time since 
introduction, elevation and sampling depth) did not vary within a site, we conducted the 
same analysis with the site means and only “author” as random effect (Fig. 4a and 4b). 
We thus reduced the dataset by the part of the variance, which is treatment specific 
within the sites and could not be explained with the used variables. The general 
response function improved considerably (EF=0.44). Again, elevation and sampling 
depth were found as significant explanatory variables increasing the model accuracy to 
EF=0.56. Thus, the specific CRF which explained the SOC accumulation due to cover 
crops best for the given dataset was: ∆𝑆𝑂𝐶𝑠𝑡𝑜𝑐𝑘 = 0.227 × 𝑡𝑖𝑚𝑒 − 0.003 × 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 + 0.108 × 𝑑𝑒𝑝𝑡ℎ, 

With the units years, m a.s.l. and cm for time, elevation and depth, respectively. 

Influence of categorical variables 

Two categorical variables which could not be used in the response function were tillage 
regime (no tillage vs. tillage) and cover crop type. Since a total of 27 different species 
were used as cover crops, we categorized them into the plant functional types legumes 
and non-legumes. The tillage categories were unbalanced with 41 untilled and 90 tilled 
plots, while the plant functional types were balanced with 66 non-legume and 61 legume 
plots (Fig. 5). Both variables were not given for all studies. A third variable tested was 
climatic zone, (temperate vs. tropic) for which the categories were not balanced (124 
and 15 plots). We did not find any significant differences between the categories for any 
variable.  
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 Figure 4: Modelled vs. measured SOC stock changes for a) the general “Carbon Response Function” (CRF) applied to site means and b) the specific CRF applied to site means. 

Steady state modelling for the average cropland and global C sequestration potential  

The average cropland, which was initialized in RothC with a cover crop-derived C input 
of 1.87 Mg ha-1 yr-1, showed a comparable SOC accumulation as the simple linear 
regression during the first decades (Fig. 2). After 54 years, the predicted SOC 
accumulation was 12.7 Mg C ha-1, which corresponded to an average annual carbon 
sequestration rate of 0.23 Mg ha-1 yr-1. The low input scenario predicted an SOC 
accumulation of 11.77 Mg ha-1 (0.21 Mg ha yr-1) and the high input scenario predicted an 
SOC accumulation of 14.12 (0.26 Mg ha yr-1). Those values resemble the found 
sequestration rate and therefore the simulation can be accepted as a realistic average 
scenario. The uncertainty dedicated to C input was less than half of the uncertainty of 
the linear regression. This is due to the fact, that the variation found in the observations 
has diverse additional sources, such as abiotic site conditions, degree of carbon 
saturation, nitrogen fertilization, tillage regime, cover crop- main crop interactions and 
finally methodological differences among studies. A new equilibrium was reached after 
155 years with a total SOC stock change of 16.7±1.5 Mg ha-1 and a relative SOC change of 
+58±5 %. However, half of this new equilibrium (a change of 8.35 Mg ha-1) was reached 
already after 23 years. 

Under the assumption that the analyzed dataset of this study is a representative sample 
of global croplands and with the described 25 % scenario, the average potential to 
sequester SOC via cover crops would be 0.12±0.03 Pg C yr-1 (annual change rate for 
about 50 years) or in total 6.7±0.6 Pg C (RothC predicted mean steady-state scenario). 
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Figure 5: Boxplots with number of observations for the categorical variables tillage vs. 
no tillage, plant functional type (no legume vs. legume) and climate zone (temperate vs. 
tropic). 

 

Discussion 

Inclusion of cover crops rather than allowing a fallow period increases the SOC stock of 
cropland soils and can thus be an effective measure to compensate anthropogenic 
greenhouse gas emissions (Lal, 2004). Cover cropping improves the net ecosystem 
carbon balance of a cropland by replacing the bare fallow period (carbon source) by an 
additional period of carbon assimilation (Lal, 2001). In contrast to other organic 
amendments, a large part of the C input from cover crop is added as roots, which was 
found to contribute more effectively to the relatively stable carbon pool than above 
ground C-input (Kätterer et al., 2011). Additionally, increased SOC might lead to a 
positive feedback on plant growth and thus increase the C input of the main crop (Brock 

et al., 2011). Smith et al. (2005) synthesized different agricultural management practices 
leading to increased SOC stocks. In this study, the different practices were given with a 
range (low estimate- best estimate- high estimate) as derived from different field studies 
or other synthesis works. Cover crops were not among the 22 different management 
options examined by Smith et al. (2005). However, the accumulation rate of 0.32±0.08 
Mg C ha-1 yr-1 measured in the current study compares well to other highly effective land 
use changes and management practices (low estimate of cropland to forest or grassland 
conversion, high estimate of sewage sludge applications).  

In our study, we found 13 out of 139 plots with a SOC stock depletion after introducing 
cover crops. This SOC depletion might have two different reasons; 1. Priming: The 
addition of rapidly decomposable plant material (low C:N ratio) leads to microbial 
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community growth and enough energy became available to break up more stable 
compounds of old SOC as compared to the no cover crop treatment. Fontaine et al. 
(2004) showed under controlled laboratory conditions that the addition of fresh C can 
lead to accelerated C decomposition and thus C losses. 2. Spatial heterogeneity of SOC at 
sampling sites: the naturally occurring spatial variability of SOC concentrations may 
overlay the relatively small effects of cover crops on SOC. The latter explanation 
becomes more likely, when the time since cover crop introduction of the 13 plots with 
SOC depletion is considered: The oldest plot showing SOC stock depletion was six years 
old. The same problem does probably apply for those plots, which showed an annual 
accumulation rate of >2 Mg C ha-1 yr-1. The oldest of these eight plots were five years old. 
The SOC accumulation rate in these specific plots even exceeded the annual cover crop 
biomass production (in C) (N’Dayegamiye and Tran, 2001). Spatial heterogeneity is a 
major problem when assessing or monitoring SOC stock changes over time, even in real 
time series (resampling of the same plot) (Cambardella et al., 1994). Small differences 
between treatments are difficult to detect. Goidts et al. (2009) found an average SOC 
variability at the plot scale of 20 % and concluded that only changes >20 % could be 
detected. A large part of the analysed dataset consists of young treatments: The mean 
time since introduction of the cover crops for all plots was 6.8 years with 108 plots 
(78%) having a cover crop history of <10 years. It is likely, that a considerable part of 
the observed variability of SOC stock changes for these plots could be explained by 
initial differences in SOC between the plots and insufficient time since experiment´s 
establishment to be able to detect treatment effects against the background noise due to 
spatial SOC variability and measurement errors. However, the mean annual change rate, 
which was derived by the slope of the response function, remained relatively unaffected 
by those over- and underestimations of SOC stock changes in the early years of the 
experiments.   

Consequently, the investigated explanatory variables did not add much power to the 
general response function. Only elevation and sampling depth could slightly increase the 
modeling efficiency, while elevation was negatively correlated and sampling depth was 
positively correlated with the annual change in SOC stock. Elevation as such does not 
add much information to the model and it might be a dataset specific phenomenon that 
elevation enhances a model explaining SOC dynamics. In fact, the highest SOC stock 
depletion was found at the highest plot in the dataset (2298 m) (Astier et al., 2006) and 
the highest annual SOC stock accumulation has been found at one of the lowest plots (16 
m) (Sainju et al., 2006). Those extreme values might have strongly determined the explanatory power of the variable “elevation”. However, running the model without 
these two extremes did even slightly improve the model (AIC of 203 decreased to 194). 
The explanatory power of elevation can thus not be ignored. Elevation was slightly 
negatively correlated with MAT and MAP (not significant), which suggests that elevation 
in this dataset could be interpreted as a meteorological proxy for temperature and 
rainfall. With increasing elevation, the climatic conditions, at least in the present dataset, 
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get colder and dryer. However, both variables individually did not add any explanation 
to the model.  

The explanatory power of the variable sampling depth can be explained by the fact that 
the mass of the soil that is sampled determines the proportion of the total SOC stock that 
is sampled. This is especially important for experiments, in which ploughing occurs 
every year and carbon inputs are equally distributed to a depth of usually about 30 cm. 
The carbon concentration in the plough layer is thus rather homogeneous. If only the 
upper 20 cm of soil are sampled, while the soil is ploughed to a depth of 30 cm, one third 
of the cover crop effect could be missed. Poeplau et al. (2011), who derived carbon 
response functions for different land use changes found a negative correlation between 
sampling depth and SOC stock change, which is in contrast to the result of the present 
study. The difference is that they derived functions for the relative SOC stock change 
[%], while in the present study absolute changes are assessed.   

A difference in annual SOC stock change between tilled and untilled plots was not 
observed. A difference was expected since the input pathways and thus the distribution 
and potentially the decomposition rate of freshly derived SOC differ considerably 
between both treatments (Don et al., 2013). In untilled systems, the aboveground 
residues of both, main crop and cover crop remain on the surface while tillage leads to a 
regular mixture of residues and mineral soil. Neither the plant functional type (legume 
vs. non legume) nor the climatic zone (temperate zone vs. tropics) influenced the annual 
SOC stock change, which might again be explicable by an insufficient size of the dataset.   

Finally, it is likely that the absolute carbon input via cover crops would be a major 
explanatory variable (Hubbard et al., 2013). However, we were not able to use it in the 
response function, since reliable information about aboveground and belowground 
carbon inputs were scattered. The same is true for the C:N ratio of the biomass, which 
might determine the turnover time of the material in the soil and the proportion of 
carbon that is used for microbial growth and thus remains in the soil in more stabile 
organic forms (Schimel and Weintraub, 2003).  

 SOC stock change is often given in an annual change rate to obtain a direct measure for 
the climate change mitigation effect of a certain management or land use change (Smith 

et al., 2005). However a change rate is often not entirely correct or can be even 
misleading, since it implies either that the change in SOC stock is infinitely linear or that 
the exact time to reach a new steady state (transition time) and the new steady state 
SOC stock is known (West and Six, 2007). In fact, SOC accumulation tends to reach a 
dynamic steady state after a certain time (homeostasis) (West and Six, 2007; Barbera et 

al., 2012). If a sequestration or depletion of SOC is not linear and saturation occurs, the 
annual change rate must decrease annually. In addition to the linear regression, we 
therefore used the RothC model to estimate the total mean SOC stock change. A new 
steady state occurred after 155 years, which is similar to the curve progression found by 



SOIL ORGANIC CARBON IN THE ‘ANTHROPOCENE’ 

35 
 
 

Poeplau et al. (2011) for the conversion from cropland to grassland, which showed no 
steady state after 120 years. In the traditional Rothamsted long term experiments such 
as Broadbalk and Hoosfield, C sequestration after organic manuring continues since 
1844 (Johnston et al., 2009). SOC sequestration of more than a century before a new 
steady-state is reached is thus realistic. The total mean SOC stock change of 16.7±1.5 Mg 
ha-1 in the upper 22 cm of the soil resembles the SOC stock change that was reported by 
Poeplau and Don (2013) for the conversion from cropland to grassland at six different 
sites across Europe. They observed a mean SOC stock change of 17±5 Mg ha-1 in the 0-30 
cm soil increment and 18±9 Mg ha-1 in the 0-80 cm increment after a mean time of 33 
years since grassland establishment. Relatively, the estimated SOC stock change of 16.7 
Mg ha-1 yr-1 accounts for an increase of 50%. This is well within the range of observed 
changes in the Ultuna frame trial, a 59 year old long term experiments with a large 
amount of different organic amendments (Kätterer et al. 2011). When deep rooting 
cover crops are used, the widespread topsoil sampling might not be sufficient to capture 
the total effect of cover crops on SOC stocks. The found and estimated average 
accumulation of SOC might thus resemble a slight underestimation due to shallow 
sampling in the majority of studies.      

Estimates on the potential global C sink due to cover crops are mainly hampered by 
missing data on the recent area of cover crop cultivation and on environmental, 
economic and technical constraints that limit cover crop cultivation on a global scale. 
There are only regional assessments on cover crop cultivation based on proxies such as 
cover crop seed production and farmers surveys (Bryant et al., 2013). The scenario we 
used in this study in order to estimate the global potential of cover crops for C 
sequestration (25 % of the total cropland area) was rather conservative but might serve 
as a rough estimate. The calculated potential of 0.12±0.03 Pg C yr-1 (0.44 Pg CO2 yr-1) 
would compensate for 8 % of the annual direct greenhouse gas emissions from 
agriculture (IPCC, 2007) or about 70% of the global greenhouse gas emissions from 
aviation. This offsetting would potentially last for several decades and slowly decrease 
until saturation occurs. In practice some farmers might be discouraged from higher 
costs or the higher presence of volunteer weeds. However, on top of the potential SOC 
sequestration, cover crops take up excess soil nitrogen, which prevents N leaching and 
may thus reduce N2O emissions. Furthermore, cover crops reduce the albedo of 
croplands with possible effects on climate forcing. To our knowledge both issues have 
not been addressed sufficiently. Finally, carbon costs for soil preparation and during 
cover crop elimination and incorporation were also not considered in the scenario.  

 

Conclusions 

Cover crops used as green manure are an important management option to increase SOC 
stocks in agricultural soils. So far, this has been insufficiently quantified and widely 
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overlooked. In this meta-analysis we quantified for the first time the general potential of 
cover crops to enhance SOC. We comprised the majority of available cover crop studies 
worldwide and found a mean annual SOC sequestration of 0.32±0.08 Mg ha-1 yr-1 to an 
average maximum increase of 16.7 Mg ha-1. This is in the same order of magnitude as 
found for other organic-input-related C sequestration management options in 
agricultural soils and almost as effective as land-use changes like afforestations of 
croplands. Carbon sequestration could potentially last for more than 100 years, while 50 
% of the total effect on SOC stocks is likely to occur in the first two decades. The 
relatively high sequestration rate combined with the large spatial extent of potential 
cultivation areas allows the conclusion that cover crop cultivation is a sustainable and 
efficient measure to mitigate climate change. Moreover, cover crops can contribute to 
reduced nutrient leaching and enhanced nutrient efficiency, reduced wind and water 
erosion and pest control, which would make cover crops environmental beneficial and 
long-term economically sound. The predictive power of the derived response function 
remained comparatively low, mainly due to a limited number of datasets and a high 
proportion of very short experiments (<10 years). More work is needed to understand 
e.g species-specific effects on SOC stocks, but also the effects of cover crops on albedo 
and N2O emissions. 
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Abstract 

Soil organic carbon (SOC) is an important ecosystem property and a potential sink for 
atmospheric CO2. Many agricultural soils are depleted in SOC and thus have the need and 
potential to sequester carbon. Cover crops used to prevent nitrate leaching in 
agroecosystems might be an additional cost-effective and multi-beneficial carbon input, 
but little is known about their effect on SOC stocks. This study examined the effect of an 
ryegrass cover crop on SOC stocks in three Swedish long-term experiments (16-24 
years) and compared it with that at a North American site (Sultan, Washington). Growth 
was temperature- and light-limited in Sweden and thus the ryegrass was undersown, 
while it was sown after harvest of the main crop at the Sultan site. In total, seven pairs of 
cover crop/no cover crop treatments were investigated. The introductory carbon 
balance model (ICBM) was used to calculate humification coefficients for ryegrass at 
each site as a measure of carbon sequestration efficiency. Mean aboveground biomass of 
ryegrass ranged from 550-1050 kg DM ha-1 yr-1 in the Swedish experiments and was 
4650 kg DM ha-1yr-1 at the Sultan site. Yield of the main crop was not significantly 
affected by the cover crop. Cover crop incorporation increased SOC stocks, with a 
significant mean carbon sequestration rate (0.32±0.28 Mg C ha-1 yr-1) at the Sultan site 
and all Swedish sites except one. Mean humification coefficient of the ryegrass cover 
crop was 0.33±0.27, which is comparable to that of highly efficient organic amendments 
such as farmyard manure and sewage sludge. This was attributed to high belowground 
productivity of ryegrass, although that was the most uncertain model input variable. A 
ryegrass cover crop is thus an effective, multi-beneficial measure to increase SOC stocks, 
even when undersown at northerly latitudes (55-58°N).    
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Introduction 

The organic carbon pool of arable soils is an important quality measure for sustainable 
crop production and ecosystem resilience and a potential sink for atmospheric CO2 (Lal, 
2007). It is often highly depleted compared with that of soils under natural vegetation 
such as forest or grassland (Wiesmeier et al., 2012). Therefore including cover crops 
(also known as catch crops or intercrops) in the rotation is gaining increasing interest as 
a measure to increase the soil organic carbon (SOC) pool (Lugato et al., 2014). 
Maximising the period of photosynthetic activity, and thus net primary productivity 
(NPP), of arable land is a cost-effective and sustainable way to increase carbon inputs to 
the soil. Moreover, it does not result in carbon losses from other ecosystems, which is 
the case when e.g. farmyard manure from livestock production based on imported feed 
is applied (Kätterer et al., 2012). Cover crop cultivation and incorporation provide 
multiple benefits for the soil, such as increased biodiversity and earthworm abundance, 
erosion control and improved soil structure (Dabney et al., 2001). In water-limited 
systems, a cover crop can either prevent drought stress for the following crop when 
used as a mulch (Frye et al., 1988), but might also cause draught stress for the main 
crop. In systems with excess water it can prevent nitrate leaching (Blombäck et al., 
2003), giving rise to the name ‘catch crop’. Reported effects of cover crop incorporation 
on SOC stocks are inconsistent and range from losses (Mazzoncini et al., 2011) to gains 
of > 1 Mg C ha-1 yr-1 (McVay et al., 1989). In a global meta-analysis, Poeplau and Don 
(2015) found a mean annual sequestration rate of 0.32±0.08 Mg C ha-1, but were unable 
to explain the scatter by environmental parameters or the functional type of cover crop 
(legume/non-legume). However, it has been shown that at site level, carbon 
sequestration varies between species and can thus be optimised by the right choice of 
crop species. Perennial ryegrass (Lolium perenne, L.) is a potential cover crop species 
with high biomass production and thus has high potential for SOC sequestration (Kuo et 
al., 1997).  

The growing season at northerly latitudes is short, with sunlight and temperature being 
the limiting factors for plant growth in autumn. Furthermore, the ripening and harvest 
of spring crops is comparatively late due to the relatively late sowing in spring. 
Therefore, cover crops are usually undersown, so that their growth has already started 
when the main crop is harvested. In Sweden and Denmark, cover crops are widely 
implemented in agri-environmental programmes to reduce nitrogen (N) leaching from 
arable land. Undersown cover crops of e.g. (annual) Italian ryegrass (Lolium 

multiflorum) or perennial ryegrass have been shown to be very efficient in reducing N 
leaching in regions with intensive agriculture and high precipitation (Lewan, 1994; 
Torstensson and Aronsson, 2000). However, there is little information on the 
effectiveness of undersown grass cover crops grown close to their geographical limits in 
terms of biomass production and SOC sequestration. The main aim of the present study 
was thus to evaluate Swedish long-term experiments with undersown ryegrass 
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regarding: i) ryegrass productivity and ii) effects on SOC stocks. To compare ryegrass 
cover crop with other organic amendments in terms of efficiency in building up soil 
carbon, we aimed (iii) to calculate site-specific humification coefficients for ryegrass 
using the introductory carbon balance model (ICBM) (Andrén and Kätterer, 1997). 
Moreover, ryegrass biomass production and SOC sequestration at the Swedish sites 
were compared with published results from regions without abiotic growth limitations. 

 

Materials and Methods 

Experimental Sites 

Three long-term experiments at two different sites in south-western Sweden were 
investigated. Perennial ryegrass (Lolium perenne, L) was used as the catch crop species 
at all sites and was mainly undersown (seed rate 5-10 kg ha-1) in spring cereals during 
or shortly after sowing of the main crop. At one site, the cover crop was undersown in 
spring in growing winter wheat. The cover crop was not fertilised and was incorporated in late autumn or spring. Two of the experiments were at Mellby (56°29’N, 13°0’E), on 
the south-west coast of Sweden. The soil consists of sand deposits of about 1 m 
thickness overlying a glaciofluvial clay (Myrbeck, 2014). Soil and climate of the two 
experiments are further described in Table 1. The two different experiments in Mellby 
are named R0-8403 and R2-8405, but will be referred to as Mellby I and Mellby II, in the 
following. Mellby I was started in 1983 on separately tile-drained plots and is designed 
for studies of nutrient leaching in cropping systems with applications of animal manure 
(Aronsson and Torstensson, 1998). Undersown grass cover crops were introduced in 
1989 and the experiment is still ongoing. The present study covered the period 1989-
2013. In total, four different unreplicated pairs of cover crop/ no cover crop plots were 
used in this study: i) Unfertilised controls, ii) plots receiving 90 kg ha-1 mineral nitrogen 
fertiliser (M), iii) plots receiving mineral fertiliser and pig slurry (~150 kg N ha-1 in 
total) (MO1) and iv) as MO1, but with double the amount of pig slurry (~250 kg N ha-1 in 
total) (MO2). The mentioned fertilizer rates refer to the main crops. Spring barley 
(Hordeum vulgare), spring wheat (Triticum aestivum L.), oats (Avena sativa L.), spring 
oilseed rape (Brassica napus L.) and potatoes (Solanum tuberosum L.) were grown as 
main crops. Cereal residues were removed but potato and rape residues were left on the 
field. When cereals or oilseed rape were grown, perennial ryegrass (Lolium perenne L.) 
was undersown as a cover crop in spring, on the same day as the main crop (April 23 on 
average). When potatoes were grown (only two years in total), winter rye (Secale 

cereale L.) was sown as a cover crop after harvest. In the MO2 treatment, cover crops 
were only grown until 2005, which explains the cover crop frequency of 0.7 for those 
plots in Table 1. At Mellby I, the cover crop was left in place over winter and 
incorporated by ploughing in spring (April 9 on average). 
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Mellby II was started in 1993 and is ongoing. It consists of a number of triplicate 
treatment plots, from which one pair was studied here: Straw incorporated, ploughed in 
November vs. straw incorporated, ploughed in November, ryegrass incorporated. The 
main crops grown in Mellby II were spring barley, oats and spring wheat. Spring oil-seed 
rape (two years) and field peas (Pisum sativum, L.) (one year) were also grown. Average 
sowing date for ryegrass was April 26, at a seed rate of about 7 kg ha-1, and it was 
incorporated in autumn (November 3 on average).    

Table 1: List of experiments with mean annual temperature (MAT) [C], mean annual 
precipitation (MAP) [mm], clay content of the soil (FAO soil classification for the 
Swedish soils, USDA for the Sultan soil) [%],  duration of the experiment [yrs], soil pH 
(H2O), Initial C content [g kg-1] with standard deviation in brackets, duration of the 
experiment [yrs], number of replicates, cover crop frequency [CC yr-1], and the 
calculated average re value as a condensed climate variable. 

Experiment MAT MAP Clay pH Initial C Duration Replicates 
CC 
frequency re 

Melby I 7.2 803 6 5.6 31.6 (2.7) 24 1 1 1.23 

Melby II 7.2 803 6 5.6 32.1 (3.5) 20 3 0.7 1.23 

Lanna 6.7 558 45 6.6 20.8 (1.2) 16 3 1 1.18 

Sultan 10 1140 28 6.2 ~15.7 6 3 1 1.75 

 The experimental site at Lanna (58°21’N, 13°08’E) is located on a heavy silty clay loam 
of postglacial origin (Table 1). The experiment was started in 1997 and ended in autumn 
2013. Similarly to Mellby II, it consisted of several triplicate treatments which were 
established to study the effects of different ploughing dates, straw incorporation and 
cover crop growth, mainly on nitrogen dynamics (Myrbeck et al., 2012). The following 
pair was used in the present study: Straw removed, ploughed in November; and straw 
removed, ploughed in November, ryegrass incorporated. Main crops were spring barley, 
oats and spring wheat. Average sowing date for ryegrass was May 1, at a seed rate of 
about 10 kg ha-1, and incorporation occurred in autumn, on average at November 2.   

For the reference site without abiotic growth limitations, we used data from a long-term 
experiment in Sultan, Washington, USA (Kuo et al., 1997). The duration of that cover 
crop experiment was only six years (1987-1992), but it was the only published study we 
could find reporting SOC changes with recorded ryegrass yields, which were essential 
input for modelling. The Sultan soil is a fine silt belonging to the Sultan Series, which is 
characterized as described in Table 1. In the experiment, permanent maize cropping was 
supplemented by a winter cover crop to maintain soil quality. Different cover crops 
were compared, with ryegrass being the species with the highest biomass production. 
The cover crop was sown in October after maize harvest.   
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Measurements 

Annual main crop yield and ryegrass aboveground biomass were measured for all sites. 
At Lanna, ryegrass biomass determination was stopped in 2005 for financial reasons. 
From 2005 onwards, we used the average value for all previous years as input to the 
model.  

Cover crop aboveground biomass was collected in late autumn (October-November) by 
cutting 3 x 0.25 m2 -squares at three places in each experimental plot as close to the soil 
surface as possible. The samples were dried at 60°C, weighed and a mean value for each 
plot was calculated. 

The main crop of cereals or oilseed rape was harvested with a combine harvester in 
three strips per plot. Grain samples were dried and examined for general quality 
properties. Potatoes and sugar beet were harvested plot-wise by hand in an area of 3 x 
10 m2.  

Soil sampling and SOC measurements were performed in all investigated experiments in 
autumn 2013 (Table 2). Ten samples per plot were taken with an auger from the 0-20 
cm soil layer (plough layer). These 10 samples per plot were pooled before SOC analysis. 
Dry bulk density was estimated from six cylinder samples per plot (7.2 cm diameter, 10 
cm height) from the 5-15 cm soil layer, which was assumed to represent the topsoil (0-
20 cm). The soil samples were air-dried and passed through a 2-mm sieve. Carbon and 
nitrogen concentration were determined by dry combustion, using an elemental 
analyser (LECO TruMac, St. Joseph, MI, USA). Data on initial SOC stocks were taken from 
earlier reports (Melby II and Lanna) or by analysing archived soil samples (Melby I), as 
described. Soil samples at the Sultan site were taken to a depth of 30 cm, but plot-
specific initial SOC values were not reported (Kuo et al., 1997). 

Table 2: Measured bulk density [g cm-3] and SOC content [g kg-1] in the 0-20 cm soil 
layer for both plots in each pair (with and without a cover crop, CC) in autumn 2013 
with standard deviations in brackets and letters indicating significant differences 
between treatments. 

Pair Bulk density    Initial SOC content Final SOC content  

  No CC CC No CC CC No CC CC 

Mellby I C 1.45 1.40 27.6 35.2 24.8 33.1 

Mellby I M 1.45 1.41 27.2 32.0 27.3 32.9 

Mellby I MO 1.45 1.49 30.9 28.6 29.2 31.7 

Mellby I MO2 1.42 1.41 32.8 36.3 31.8 35.6 

Mellby II 1.35 (0.03) a  1.27 (0.02) b 32.2 (3.8) a 35.0 (3.9) a 33.0 (4.2) a 35.0 (2.7) a 

Lanna 1.38 (0.1) a 1.4 (0.03) a 22.7 (1.4) a 20.6 (1.4) a 21.1 (0.6) a 20.7 (1.7) a 
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Model description, parameter estimation and modelling 

The introductory carbon balance model (ICBM) was used to model the experiments with 
the aim of deriving a quantitative and comparable indicator for stabilisation of ryegrass-
derived carbon in the soil. The model was initially built with two carbon pools, a young 
pool Y and an old pool O, described by distinct first order decay rates and a humification 
coefficient h, which corresponds to the proportion of the young carbon transferred to 
the old carbon pool (Andrén and Kätterer, 1997) (Fig. 1). A decomposition rate modifier 
re is calculated on a daily basis and then aggregated to annual values to reflect the 
climatic and hydrological conditions at a site, which influence biological activity. A 
detailed description of the calculation of re, which includes a bucket model for the soil 
water balance and estimates of soil temperature derived from air temperature, can be 
found in Fortin et al. (2011) and papers cited therein. ICBM was initially parameterised 
using the results of a long-term Swedish experiment with several different organic 
amendments, such as crop residues, farmyard manure, green manure, peat, sewage-
sludge and sawdust (Andrén and Kätterer, 1997; Gerzabek et al., 1997). Each of these 
amendments was allocated a specific humification coefficient h, which have been 
challenged, confirmed and supplemented in numerous publications since then (Andrén 
et al., 2007; Kätterer and Andrén, 1999; Lal and Follett, 2009; Reichstein et al., 2002; 
Karlsson et al., 2003). The h-value can be a valuable indicator of carbon stabilisation, when interpreted as an ‘input-normalized carbon sequestration rate’. In contrast to the 
commonly used carbon sequestration rate, which is strongly dependent on the amount 
of input, the h -value carries information on substrate quality, abiotic site conditions and 
the efficiency of the microbial community. Furthermore, multiplication by re, constitutes 
output- normalisation. Climate differences between sites are thus levelled out by the 
model. Consequently, comparison with other organic amendments, independent of the 
amount of input and climate conditions, is possible and may be more appropriate than a 
simple sequestration rate to evaluate the efficiency of a certain treatment. Kätterer and 
Andrén (2001) proposed several extensions of the basic ICBM mother version. One of 
these extensions (ICBM/2) was a supplementary young pool, to describe and 
parameterise different organic inputs such as shoots and roots separately (Fig. 1). The 
major advantage is that the input components can thus be studied separately, as 
recently shown by Poeplau et al. (2015). In the present study, we split the carbon input 
into main crop residues (mc) and cover crop (cc) to derive separate h-values for 
ryegrass as a cover crop in each experiment. The h-value for the residues of the main 
crop was by default set to 0.125, which is the value estimated for aboveground crop 
residues in the long-term Swedish trial (Andrén and Kätterer, 1997). This value might 
be slightly too low, since it has been shown that roots have a greater h value than 
aboveground residues (Kätterer et al., 2011). However, the difference in SOC stock 
within cover crop/ no cover crop pairs, which we aimed to model, was insensitive to 
changes in the h-value of the main crop residues, since yield of the main crop was 
negligibly influenced by the presence of ryegrass. When starting SOC stock data were 
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available, we used these to initialise the model for each treatment. When starting stocks 
were not given, we used the mean of the two final stocks within a pair to initialise the 
model. The partitioning into young (Y) and old (O) pools was performed using the 
following equations (Andrén and Kätterer, 1997): 

𝑌 = 𝑘𝑂𝑘𝑂 + ℎ × 𝑘𝑌 × 𝑇 

𝑂 = 𝑇 − 𝑌 

with h = 0.125, kO = 0.00605, kY = 0.8 and T = total initial SOC stock [Mg ha-1]. Ycc was 

assumed to be 0 in the beginning. The measured ryegrass effect on SOC stocks was 
calculated as: ∆SOCcc= ∆SOCT1 - ∆SOCT0, 

where ∆SOC is the measured difference in SOC stocks between treatments at the end 
(T1) and in the beginning (T0) of the experiment. When the latter was unknown, it was 
assumed to be 0. The two treatments were modelled in parallel and hcc was adjusted 
until the modelled ∆SOCcc exactly fitted the measured ∆SOCcc. The pig slurry 
amendments in the Mellby I experiment were completely ignored in the modelling 
exercise, assuming equal inputs of pig slurry in both treatments and no significant 
interaction of ryegrass and slurry, since equal amounts of carbon input in two 
treatments yields per model definition a difference in carbon stocks of 0. Modelling was 
performed in the R environment. The script for the ICBM mother version, with detailed 
information on the calculation steps and example datasets, can be downloaded from 
http://www.oandren.com/icbm.html. 

 

Figure 1: Structure of the ICBM/2 model with i=C input, mc=main crop, cc=cover crop, 
Y=young soil carbon pool, O=old soil carbon pool, k=decomposition rate constant, 
h=humification coefficient, re= decomposition rate modifier.  
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SOC stocks [Mg ha-1] were calculated by multiplying soil carbon concentration, bulk 
density and sampling depth. To compare equivalent soil masses in each pair (Ellert & 
Bettany 1995), only one bulk density value (the lower one) was used for both 
treatments, which resembles a simple mass correction for single layer SOC stocks 
(Poeplau et al., 2011). For the Sultan site, bulk density was not reported and so to derive 
a bulk density value for this site, we used the pedotransfer function based on the 
negative relationship between SOC and bulk density (BD), as described in Kätterer et al. 
(2006): 

BD = -0.19*SOC%+1.82 

Carbon inputs for the main crops were calculated using yield-based allocation 
coefficients as described in Bolinder et al. (2007). We assumed a carbon concentration 
of 45% for all plant tissues and that 71% and 80% of roots were located in the upper 20 
cm and 30 cm of the soil, respectively, based on the Michaelis Menten-type root 
distribution function used by Kätterer et al. (2011). For barley, oats and rye, we 
assumed that stubble accounted for 30% of the stem, while for wheat we assumed a 
value of 25% (Kätterer et al., 2014). Maize stubble was assumed to account for 10% of 
the stem (Poeplau et al., 2015). For undersown ryegrass, Bolinder et al. (2007) did not 
give any allocation coefficients. Similar crop categories were perennial forages, grass 
species and pastures, with a high variation in allocation coefficients between these. 
Instead, we used the average root/shoot ratio for ryegrass (1.03) reported by Andrén et 
al. (1996), and added a fixed part of root exudates (65% of the root carbon) as derived 
from the coefficients for grass species in Bolinder et al. (2007). The belowground carbon 
input of ryegrass used in this study hence accounted for 1.7 times the aboveground 
carbon input, which was reduced to 1.21 and 1.38 for the corresponding soil depths of 
20 and 30 cm, respectively.  

Daily weather data needed to calculate re values, such as temperature, precipitation, 
humidity, cloudiness and wind speed, were obtained from weather station records at 
each experimental site. Mean re values for each site are given in Table 1. Daily weather 
data for the Sultan site were not available, so instead we used an average re value of 1.7 
for that site, as derived from a re value map covering the whole USA (Lokupitiya et al., 
2012).  

Statistical analyses 

Students’ T-tests were used to assess, whether the SOC stock changes, sequestration 
rates and h-values were significantly different from zero. In these tests, we assumed all 
seven pairs to be independent replicates. Multiple linear regression analysis was used to 
investigate the explanatory power of the variables duration of the experiment, N 
fertilization, clay content, soil pH, MAT, MAP, and the ryegrass yields on SOC stock 
changes and sequestration rates. This was done on i) the experiment level by averaging 
the four different pairs of Mellby I and on ii) the pairs level, for which we used mixed 
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effect models, with experiment and site being  random effects. Finally, for the two 
experiments Mellby II and Lanna, which were triple replicates, we tested whether the cover crop incorporation had a significant effect on SOC using Students’ T-tests.  This 
was done for i) the recently measured carbon concentrations and stocks alone and ii) 
the observed trends in carbon concentrations by a-priori calculating the difference 
between final and initial SOC concentration and stock for each plot.  All analyses were 
performed in the R environment.  

 

Results and Discussion 

Main crop and ryegrass yield 

Yield of the main crop was generally not largely affected by the undersown ryegrass. A 
difference was seen only for one pair, the unfertilised control at Mellby I, where the plot 
with undersown ryegrass had 15% greater yields on average in each year. The other six 
pairs investigated showed very low differences in main crop yield (-1.6 to +2.5%) (Table 
3). In the present study, we were unable to distinguish between the presumably 
negative direct effect by the cover crop through competition with the main crop, the 
positive residual N effect during the year after incorporation and the long-term positive 
effect by repeated use of cover crops through increased soil fertility, which may have 
counteracted each other. This would be in line with the fact that we did not detect any 
temporal trend in the relative yield difference between the no CC and the CC treatments 
(not shown). Other studies have shown that the direct negative effect on main crop yield 
due to competition from the cover crop is usually less than 3% for perennial ryegrass 
(Andersen and Olsen, 1993; Jensen, 1991; Wallgren and Linden, 1994), but often larger 
(5-20%) for Italian ryegrass (Andersen and Olsen, 1993; Känkänen and Eriksson, 2007; 
Ohlander et al., 1996). The residual N effect of newly incorporated grass cover crop 
material is often very small and sometimes even negative due to the efficient soil N 
depletion by grasses, while in the longer term a slow increase in N mineralisation in the 
soil is observed in the review by Thorup-Kristensen et al., 2003). 

Table 3: List of pairs compared in this study with annual N input [kg ha-1 yr-1], measured 
average cover crop (CC) yield [kg DM ha-1 yr-1] and difference in main crop (MC) yield 
between the two treatments.    

Pair N input CC yields Δ MC yields  
Mellby I C 0 788 15.9 

Mellby I M 90 981 2.5 

Mellby I MO ~150 1088 -0.5 

Mellby I MO2 ~250 961 0.8 

Mellby II ~90  666 -0.3 

Lanna ~100 555 -0.1 

Sultan 0 4650   
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Figure 2: Average aboveground biomass of ryegrass in the studied sites and reported in 
the literature as a function of mean annual temperature with linear fit. 

The aboveground biomass of perennial ryegrass (Table 3) ranged from 0.56 Mg DM ha-

1yr-1 at Lanna, which was the coldest and most northerly of the sites investigated, to 
around 1 Mg DM ha-1yr-1 at Mellby, where application of pig slurry in spring resulted in 
the largest biomass (M, MO, MO2). In contrast to these relatively low yields at the 
Swedish sites, ryegrass biomass production at the Sultan site was 4.65 Mg DM ha-1yr-1. 
As a plausibility check, we compared these values with ryegrass cover crop yield data 
taken from 16 previous studies (including different ryegrass varieties) and tried to 
evaluate the impact of environmental variables on ryegrass yields (Askegaard and 
Eriksen, 2008; Caporali et al., 2004; Dapaah and Vyn, 1998; Jensen, 1992; Kramberger et 
al., 2009; Kruidhof et al., 2008; Kumar and Goh, 2002; Känkänen and Eriksson, 2007; 
Martinez and Guiraud, 1990; McLenaghen et al., 1996; Munkholm and Hansen, 2012; 
Reddy, 2001; Restovich et al., 2012; Sapkota et al., 2012; Thorup-Kristensen, 2001; Zhou 
et al., 2000). As expected, in those studies mean annual temperature (MAT) had a 
significant influence on ryegrass yield (Fig. 2). Temperature is an important driver for 
length of the growing season and intensity of primary production (Law et al., 2002). 
Differences between annual (Italian) and perennial ryegrass in terms of aboveground 
production were not detectable. The highest yield reported (9 Mg DM ha-1 yr-1) was 
found in Canterbury, New Zealand, in an experiment where the ryegrass received an 
extra fertilisation of 60 kg N ha-1 (Kumar and Goh, 2002), which explains the very high 
biomass production. The observed ryegrass yield values for the Swedish and Sultan sites 
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were thus well within the possible range and the difference between the values can 
primarily be explained by the climate. Even in regions with MAT of 4°C, ryegrass as 
cover crop undersown in early ripening crops is able to produce considerable amounts 
of biomass (Känkänen and Eriksson, 2007). The relationship between ryegrass 
aboveground productivity and MAT presented in Figure 2 could be used in studies 
where data on ryegrass biomass, e.g. as a model input, are not available. 

Effect of ryegrass incorporation on SOC stocks 

In six out of seven pairs studied, ryegrass incorporation increased SOC stocks. The effect 
ranged from -2.0 to 14.8 Mg C ha-1 (Fig. 3A). The negative cover crop effect at Mellby II (-
2.0 Mg C ha-1) might be an artefact caused by the initial differences in SOC stock between 
the two treatments. The cover crop treatment started with a SOC stock of 88.9 Mg C ha-1, 
while the control treatment started with 83.8 Mg C ha-1. In 2013, the cover crop 
treatment had the identical SOC stock (88.9), while the SOC stock of the control 
treatment increased by 2 Mg C ha-1 in the same period. A higher decomposition of the 
existing SOC in the cover crop treatment as compared to the control might have 
overshadowed SOC sequestration caused by ryegrass. An explanation, which is often 
used when negative effects of additional carbon inputs on SOC stocks are observed, is 
priming (Blagodatskaya et al., 2011), which refers to increased decomposition of more 
stable SOC following the addition of an easily available energy source. We have however 
no further evidence that this could have been the case here.     

Table 4: Effect of ryegrass cover crop on total soil organic carbon (SOC) stocks [Mg ha-1] 
and the annual SOC change rate [Mg ha-1 yr-1] for the six pairs of plots (with standard 
deviations in brackets and stars indicating significance), calculated by either assuming 
that initial differences between catch crop and no catch crop treatments were zero (No 
initial C values) or considering initial carbon concentration differences between 
treatments (Initial C values).  

  ∆SOC  ΔSOC rate  

Pair 
No initial 
values 

Initial values No initial values 
Initial 
values 

Mellby I C 23.2 1.2 0.97 0.05 
Mellby I M 16 14.1 0.67 0.59 
Mellby I MO 7 14.9 0.29 0.62 
Mellby I MO2 10.8 4.3 0.45 0.18 
Mellby II 5.1 (4.4)* -2.0 (4.6) 0.25 (0.22) -0.1 (0.23) 
Lanna -1 (5.2) *4.8 (3.1) -0.06 (0.32) *0.3 (0.19) 

 

The variability at the Mellby I experiment was unexpectedly high. While the unfertilised 
control showed only 1.2 Mg SOC stock increase after 23 years of ryegrass incorporation, 
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the mineral N fertilised (M) and mineral plus pig slurry fertilised (MO) treatments 
showed a ryegrass effect of 14 Mg C in the same period. For the MO treatment it could be 
speculated, that some interactions with the organic fertiliser took place, but this can be 
excluded for the M treatment, where no pig slurry was applied. It is more likely that, 
similar to the Mellby II site, a considerable share of the observed variability can be 
attributed to distinct, plot-specific carbon stock differences which are normally levelled 
out by randomised replication. The Mellby I plots were not randomised, but only paired. 
The unfertilised pair started with a SOC stock difference of 22 Mg C ha-1 and in 2013 the 
measured difference was 23.2 Mg C ha-1. The ryegrass effect was thus 1.2 Mg C instead of 
23.2 Mg C, which reveals the importance of plot-wise initial carbon measurements. This 
difference in background C might also explain the deviation in main crop yields in this 
treatment (Table 3). A large difference in SOC stocks within a pair in the beginning of an 
experiment indicates different land use history or differing abiotic conditions of the 
plots, which might have implications for SOC dynamics. Under similar management, SOC 
stock differences lead to differences in carbon fluxes. Table 4 shows the SOC stock 
changes calculated by: i) assuming that the difference between pairs in the beginning 
was zero and ii) considering available initial differences. As can be seen from the data, 
the two different methods led to dramatically different estimates at plot scale. For a 
detailed analysis of SOC dynamics and the processes involved at plot scale, 
characterisation of the initial conditions in each plot is thus essential. This is especially 
true when SOC stocks are only determined at one point in time after the start of the 
experiment. However, despite these strong differences at plot scale, the average (over all 
sites) sequestration rate did not change dramatically (only from 0.44 to 0.32 Mg ha-1yr-1) 
between those two different approaches, which reveals the high value and robustness of 
multi-site analysis. 

The annual carbon sequestration rate ranged from -0.1 Mg C ha-1yr-1 to 0.64 Mg C ha-1yr-

1 and was on average 0.32±0.28 Mg ha-1yr-1. This is completely identical to the average 
sequestration rate reported by Poeplau and Don (2015), who performed a global meta-
analysis across all climate zones and cover crop species. Similarly to Poeplau and Don 
(2015), we were unable to explain the observed variability. None of the variables 
considered in regression models added any explanatory power. Only the cover crop 
biomass (C input) and MAT showed some weak, but not significant correlation with the 
SOC sequestration rate. Both variables are strongly intercorrelated (R=0.99), since 
climate is the major driver for primary production. The found R values of the 
correlations of all variables with the SOC sequestration rate on the experiment level are 
displayed in Table 5. Despite the much greater biomass production at the Sultan site, the 
sequestration rate at that site (0.49 Mg C ha-1 yr-1) was however well within the range 
observed for the Swedish sites. This can be explained by the fact that not only plant 
growth, but also microbial activity and thus SOC decomposition, are driven by 
temperature (Reichstein et al., 2000). Therefore, an undersown ryegrass catch crop is an 
effective measure to significantly increase SOC stocks, even at relatively northerly 
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latitudes. This has recently been shown not to be the case e.g. for crop residue 
incorporation (Poeplau et al., 2015).  

SOC sequestration efficiency of ryegrass and remaining uncertainties  

The model-estimated humification coefficient h of ryegrass ranged from -0.11 to 0.64 
(Fig. 3C). Most of the estimated h-values exceeded 0.2. This is surprisingly high, when 
compared with h values for other organic amendments. For example, Kätterer et al. 
(2011) recalculated h-values for different types of organic amendments in the Swedish 
long-term trial and found that aboveground plant tissues, namely crop residues and 
green manure, had the lowest h-values (0.15 and 0.12, respectively). Poeplau et al. 
(2015) found that the stabilisation of crop residues is strongly controlled by soil texture, 
with h-values of 0-0.05 in sandy soils and up to 0.13 for clay soils. The highest h-value in 
the present study (0.64 for Lanna) is comparable to that reported for peat (0.6-0.7), a 
very poor and recalcitrant material which is slowly decomposed (Kätterer et al., 2011). 
This seems unrealistic, but a comparatively high value was found in two other pairs 
(Melby I M and Melby I MO). Thus, 37% of all pairs investigated had an h-value 
exceeding 0.5. In the other five pairs the h values were around 0.2-0.25 and -0.11 in Mellby II The coefficient of variation decreased from 111% (∆SOC, Fig. 3A) to 86% (SOC 
sequestration rate, Fig. 3B) and 82% (h value, Fig. 3C). This indicates that the temporal 
normalisation (sequestration rate) and the combination of temporal, carbon input and 
decomposition normalisation (re value) were able to explain a certain proportion of the observed variability in ∆SOC. Variations in h-values between different sites could thus in 
theory be directly linked to soil properties such as clay content, saturation level or 
carbon use efficiency of the microbial community (Poeplau et al., 2015). We expected h-
values of around 0.2-0.25, based on a comparisons with another Swedish trial in Ultuna 
(Kätterer et al. 2011). In that trial, root carbon reportedly added 2.3 times as much to 
the stable carbon pool as aboveground plant material. With the used aboveground C 
input/belowground C input ratio of 1.2, the calculated h value for ryegrass in the present 
study would be 0.21, at least under conditions comparable to those in Ultuna. Generally, 
as discussed in the previous section, the individual site specific h-values have to be 
interpreted with caution, since the SOC datasets to which the model was fitted were 
weak (only two points in time), involving a significant uncertainty. However, due to the 
fact that we repeatedly found high SOC stock changes and high h values, it could be 
speculated that we underestimated the belowground part of the ryegrass in the present 
experiments. Since it was never measured, this value was the major uncertainty in the 
model input and the assumption of a constant ratio of aboveground and belowground 
carbon inputs was a necessary but crude simplification. In a pot experiment, Davidson 
(1969) found a root/shoot ratio in ryegrass ranging from 0.34 to 3.44 depending on 
nutrient and water availability. It is thus likely that a considerable part of the observed 
variability could be explained by the variability in carbon inputs from roots and root 
exudates. For example, in the MO2 treatment where the N input was high, the 
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root/shoot ration may have been different than in treatments with no or lower N input 
at the same site.  However, despite this huge variability, on average (h = 0.32) ryegrass 
proved to be as efficient in SOC sequestration as other common organic amendments 
commonly brought to agricultural fields from other systems (farmyard manure, sewage 
sludge, peat) (Kätterer et al. 2011). The main reason for the high efficiency of SOC 
stabilisation by cover crops and a strong argument in favour of grasses as cover crops 
seems to be high belowground productivity. Higher chemical recalcitrance, stable 
aggregate formation due to rizosphere and polysaccaharides or the negative charge of 
root exudates which are rapidly sorbed to the mineral phase are potential reasons for 
the higher stabilization of root-derived carbon as compared to aboveground-derived 
carbon (Rasse et al. 2005 and papers cited therein).  A major uncertainty when 
considering SOC sequestration via cover crops as a greenhouse gas mitigation option is 
the effect of cover crops on gaseous N emissions. On the one hand, cover crops reduce 
the nitrate (NO3) concentrations in the soil, which can lead to reduced denitrification 
and thus decreased nitrous oxide (N2O) emissions (Baggs et al., 2000). On the other 
hand, it has been shown that the surplus of mineralisable carbon in the soil after cover 
crop incorporation stimulates N2O emissions (Petersen et al., 2011). For a complete 
greenhouse gas budget of cover crop cultivation, more in situ N2O measurements are 
needed.  

 

Figure 3: A) Soil organic carbon (SOC) stock changes, B) SOC sequestration rates and C) 

ICBM-calculated humification coefficient (h) values for each pair, with p values 
indicating statistical significance. The US-American site (Sultan) is visualized with 
slightly darker bars. 
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Table 5: Correlation coefficients (R values) of the correlation of SOC sequestration rate 
[Mg ha-1 yr-1] with different explanatory variables (N=nitrogen fertilization [kg ha-1 yr-1], 
soil pH (H2O), soil clay content [%], MAT=mean annual temperature [C], MAP=mean 
annual precipitation [mm], CC=average cover crop biomass [kg DM ha-1 yr-1]). Minus 
indicates a negative correlation. 

Variable SOC change rate 
N -0.36 (ns) 
pH 0.43 (ns) 
clay  0.38 (ns) 
MAT 0.49 (ns) 
MAP 0.33 (ns) 
CC 0.57 (ns) 

 

Conclusions 

Undersown ryegrass as a cover crop proved to be a highly efficient way of increasing 
SOC stocks in the Swedish long-term field experiments studied here. Even at relatively 
northerly latitudes (55-58°N), the ryegrass was able to produce significant amounts of 
biomass in autumn, although the yield in less temperature- and light-limited ecoregions 
can be up to ten-fold higher. The humification coefficients found for ryegrass resembled 
that of other highly efficient organic amendments, such as farmyard manure, sewage 
sludge or even peat. The relatively high amount of belowground biomass, which adds 
more to the refractory soil carbon pool than aboveground material, is a major argument 
for using grass species as cover crops. Input-normalised sequestration rates, such as the 
humification coefficient, contain more information than simple sequestration rates and 
are useful for comparing different management measures to increase SOC stocks. 
Including an undersown ryegrass cover crop in the rotation can provide dual benefits: 
higher soil carbon stocks (and associated improvements in soil fertility) and lower 
negative environmental impacts of cropping.           
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Abstract 

Soil organic carbon (SOC) storage can be increased by incorporating crop residues such 
as straw. However, use of straw as a bioenergy source is an alternative option. There is 
currently great uncertainty concerning the effects of residue incorporation/removal, but 
estimates can be improved by using well-documented, frequently sampled long-term 
experiments (LTEs). This study examined the effect of straw incorporation on SOC 
stocks in six Swedish LTEs (duration 27-56 years), using data from 5-28 sampling 
occasions. A total of 16 pairs of straw incorporation (SI) and straw removal (SR) 
treatments were compared and modelled with the ICBM/2 model (two young pools with 
distinct humification coefficients, h), which enabled us to clearly isolate the effect of 
straw carbon input. The model results were compared to the Ultuna frame trial, as the 
first and only parameterization site of ICBM. At five out of six sites, the humification 
coefficient for straw (hlitter) was much smaller (0-0.09) than the ICBM default h value for 
plant material (0.125). The derived hlitter values and thus the stabilization of straw 
derived carbon increased significantly with clay content. An Italian site with five pairs of 
SI and SR treatments was used to test the performance of ICBM/2 under contrasting 
pedoclimatic conditions. Similar to the Swedish sites, the best model fits were found 
with hlitter values ranging from 0 to 0.05 increasing with nitrogen fertilization (range 0-
240 kg N ha-1 yr-1), which was attributed to changes in substrate use efficiency of 



SOIL ORGANIC CARBON IN THE ‘ANTHROPOCENE’ 

63 
 
 

microbes. However, this trend was not consistent for all sites. For future applications of 
ICBM/2, we suggest using the validated clay function to derive hlitter for common levels 
of nitrogen fertilization. The efficiency of incorporating straw to increase SOC stocks 
depends on soil texture and using it for bioenergy production could be a more 
sustainable and climate-smart option. 

 

Introduction 

Soil organic carbon (SOC) sequestration as a sink for atmospheric CO2, but also to 
improve soil quality, is a fundamental issue in sustainable agriculture (Reeves, 1997; 
Smith, 2004). Agricultural soils are often depleted in SOC, which means there is great 
global potential to sequester SOC (Freibauer et al., 2004). Carbon storage in arable soils 
depends strongly on agricultural management (Smith et al., 2000). The amount and 
quality of biomass entering the soil, which are governed by net primary productivity 
(NPP), residue management and organic amendments, are the main determinants of 
site-specific SOC dynamics (Kätterer et al., 2012).  

Incorporation of straw into soil, instead of its removal, has been suggested as one option 
to increase SOC stocks (Liu et al., 2014). In addition to anticipated positive effects on 
SOC stocks, straw incorporation is reported to have several beneficial effects on the soil, 
such as erosion control, nutrient recycling and improved soil structure, which could in 
turn stimulate plant growth and thereby foster additional SOC sequestration (Liu et al., 
2014 and papers cited therein). However, in the context of biomass as a renewable 
energy source, use of crop residues, and thus their removal from the field, is currently 
gaining attention (Lal, 2005). Therefore, it is important to obtain a quantitative and 
qualitative understanding of the effects of straw incorporation on SOC stocks. Findings 
in the literature range from negative effects (SOC losses) to stabilization rates of ~20% 
of the straw-derived C input (Saffih-Hdadi and Mary, 2008; Lemke et al., 2010; Liu et al., 
2014). However, in many other studies, the effect reported is non-significant or 
negligible (Plénet et al., 1993; Campbell et al., 2001; Curtin and Fraser, 2003; Lemke et 
al., 2010; Powlson et al., 2011). This scatter in the results of straw incorporation 
experiments world-wide has not been sufficiently explained. Besides differences in 
environmental site conditions, length of the experiment, sampling techniques and SOC 
calculations, a major shortcoming is the scarcity of accessible, well-documented, 
frequently sampled long-term experiments (LTEs) that allow the temporal dynamics of 
SOC to be studied. Without data on the temporal evolution of SOC it is difficult to 
describe this process in a dynamic model, which is the most reliable way to upscale and 
predict biogeochemical processes.       

The Introductory Carbon Balance Model (ICBM) is a dynamic model which has been 
developed to describe and predict soil C dynamics mainly in agricultural soils. It is a 
relatively simple two-pool model (one young and one old C pool), since it aims to act as a 
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“minimum model”, which includes only processes that are “absolutely necessary and comparatively well known”, so that it can be understood and applied by laymen (Andrén 
and Kätterer, 1997). ICBM is widely used for assessments and predictions of SOC 
dynamics at different scales, including national carbon reporting within the UNFCCC 
framework in various climate conditions (Kätterer and Andrén, 1999; Juston et al., 2010; 
Borgen et al., 2012; Lokupitiya et al., 2012). It is also used as a sub-component in holistic 
tools for on-farm assessments of greenhouse gases (Kröbel et al., 2012; Bonesmo et al., 
2013). Kätterer and Andrén (2001) presented a whole family of analytically solved 
models based on ICBM and demonstrated that the core concept can easily be extended 
and made more versatile by including nitrogen (N) dynamics or more C pools. One of 
these extensions is ICBM/2, which consists of two young C pools with distinct 
properties, which feed into the old pool. The advantage is that different sources of C, e.g. 
belowground and aboveground biomass can be separately described.  

The ICBM model was initially calibrated using results from the Ultuna frame trial in 
Uppsala, Sweden (Persson and Kirchmann, 1994; Andrén and Kätterer, 1997). In this 
experiment, the effect of roots and different organic amendments on SOC can be studied 
and the specific humification coefficient (h) of different organic sources can be 
accurately estimated, since all aboveground plant tissues, including stubble, are 
removed and the amount of C added to the soil is equal for all amendments.  

ICBM has been successfully applied to many LTEs in different environments (Kätterer 
and Andrén, 1999; Kätterer et al., 2004; Bolinder et al., 2008; Bolinder et al., 2012). 
However, the model has not been rigorously tested for its response to crop residue 
handling, as the parameterization for crop residues is still based on the original model 
calibration using the Ultuna trial. Furthermore, treatments in this trial differ greatly 
from common agricultural practices in two regards with unknown effects on model 
parameters: i) the complete removal of all aboveground biomass including stubble and 
ii) absence of soil compaction by heavy machinery. 

The objectives of this study were thus to: i) evaluate and model the effects of crop 
residue incorporation and removal on SOC stocks in six Swedish LTEs; ii) compare these 
results with the Ultuna trial and explain potential deviations and iii) develop a function 
to estimate site-specific h values for crop residues. We supplemented the study with an 
Italian experiment to derive site-specific h values for contrasting pedoclimatic 
conditions and to test the derived function.  
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Materials and Methods 

Model description 

The ICBM mother version has two carbon pools (Young, Y, and Old, O), which decay 
according to first-order kinetics (Andrén and Kätterer, 1997). The corresponding decay 
constants (k) are modified by a factor re, which describes external (climate, hydrological, 
edaphic and cultivation) influences on biological activity in a condensed way and that 
affects the decomposition constants of both pools equally, which are set by default to 0.8 
(kY) and 0.0065 (kO). While ICBM is usually run in annual time steps, re is calculated on a 
daily basis and then averaged to annual values. A detailed description of the re value and 
the parameters needed to calculate it can be found in Fortin et al. (2011) and papers 
cited therein. A humification factor h represents the fraction of the outflux from Y that is 
stabilized in the soil and transferred into the old pool O. In this study we used ICBM/2, 
an extended version of ICBM containing two young pools, Yl and Yr, representing debris 
derived from aboveground plant litter and roots, respectively, which feed into one old 
pool O (Fig. 1). This was primarily done to isolate the effect of additional straw derived 
carbon input on soil carbon dynamics from other effects, such as treatment specific 
differences in root carbon input. In the ICBM/2 version described by Kätterer and 
Andrén (2001), the qualitative difference between the two young pools was expressed 
by different k values, while the h value was kept constant. In this study, we kept k 
constant but assigned different h values to the two young pools. The “humification coefficient” was initially defined by Hénin and Dupuis (1945) as the fraction of added 
organic C that is converted to a more stable soil C pool. This coefficient is used by most 
soil C models and depends on substrate quality and environmental conditions (Andrén 
and Kätterer, 1997; Schmidt et al., 2011; Keuskamp et al., 2013). Specifying h values for 
different organic substrates, such as roots and shoots, rather than adjusting k values has 
the advantage that they can be more easily discussed in the context of other model 
applications.  

 

Figure 1: Model structure of ICBM/2 with distinct h values for each young pool. 
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Datasets 

The Swedish long-term experiments 

At six different Swedish long-term experiments, the effect of straw incorporation and 
removal on SOC stocks was evaluated and modelled. Four of these experiments had 
different N fertilization levels (0, 40, 80 and 120 kg N ha-1 yr-1), for each of which the treatments ‘straw incorporated’ (SI) and ‘straw removed’ (SR) were present in a 
randomized split-plot design (4 replicates). Archived soil samples were available for the 
whole experimental period. However, for most of the sites and N fertilization levels, soil 
samples were pooled after sampling and only mean values of replicates were available. 
At one site (Säby), we did not have initial C values for the SR treatment for two N levels. 
Thus, a total number of 16 pairs (SI vs. SR) were available for comparison. The 
experimental sites cover a large part of the latitudinal range of agricultural Sweden (55-
63°N) and a wide range of different soil types and textures (8-43 % clay) (Table 1). The 
four experiments of the R20 series started in 1980 or 1970 at one site (Säby) and are 
ongoing. Samples of topsoil (0-20 cm depth) were taken on 5-7 occasions over the study 
period (Fig. 2). The two experiments of the L10 series are located in southern Sweden 
and started in 1950 (Table 1). The experiment in Hvilan stopped in 2005, but Petersborg 
is ongoing. In contrast to the R20 series, the straw in the L10 series was not removed, 
but burned in situ. The soil was fertilized with 140 kg N ha-1 yr-1. A more detailed 
description of the experiments can be found in Mattsson and Persson (2006). These 
sites were also sampled frequently to a depth of 20 cm (Fig. 2).  

Considering the length and soil sampling frequency with full records of annual crop 
yields, the database for these experiments is a high quality source for modelling. 
However, one drawback is that in all experiments of the R20 series, and possibly also the 
L10 series, the ploughing depth was not recorded but may have changed over time in 
accordance with existing Swedish agricultural practice by about 5 cm, from about 20 to 
25 cm depth. The possible dilution effect of this and the resulting decrease in SOC stocks 
is visualized in Fig. 2 (around 1990). To reduce the risk of a potential bias introduced by 
changes in analytical techniques, we re-analyzed the available initial soil samples with 
an elemental analyzer (LECO, TruMAC, St. Joseph, Michigan, USA). The results indicated 
no significant deviation compared with previously reported values (data not shown). An 
increase in ploughing depth is thus the most reasonable explanation for the sudden 
decrease in SOC around the year 1990. Furthermore, the soils at Hvilan and Petersborg 
contain carbonates, a fact which was only partly taken into account in the data. In some 
years, total carbon was measured, in other years organic carbon was measured. Since 
only some of the samples were archived, we were unable to re-analyze the whole series. 
However, re-analysis of samples from six different years showed that the carbonate 
content was very stable (coefficient of variation <20%; data not shown). This enabled us 
to calculate SOC for the years where total C was measured using a fixed average 
carbonate content.    
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Table 1: Experimental series, sites, periods, geographical coordinates, soil type (World 
Reference Base), clay content [%] and crops grown, with numbers indicating their 
relative coverage during each of the experimental periods [%]. 

Series Site Period Latitude Longitude 
Soil Type 
(WRB) Clay % Crops 

R20 Lanna 1981- 58°21'N  13°08'E Eutric Cambisol 43 
Spring barley 48, oats 45, 
winter wheat 7 

R20 Lönnstorp 1980- 55°40'N  13°05'E 
Dystric 
Cambisol 15 Spring barley 94, oats 6 

R20 Röbäcksdalen 1980- 63°48'N  20°13'E 
Dystric 
Cambisol 8 Spring barley 84, oats 16 

R20 Säby 1970- 59°49'N 17°42'E Eutric Cambisol 35 

Spring barley 40, oats 31, 
spring wheat 17, winter wheat 
5, fallow 7 

L10 Hvilan 
1950-
2005 55°38'N 13°08' E     17 

Spring barley 26, sugar beet 
24, oilseed rape 24, winter 
wheat 19, rye 7 

L10 Petersborg 1950- 55°32'N 12°59'E     14 

Sugar beet 26, spring barley 
26, oilseed rape 24, winter 
wheat 24 

  Padova 1966- 45°21'N 11°58'E 
Fluvi-calcaric 
Cambisol 30 

Maize 64, sugar beet 12, 
soybean 5, winter wheat 7, 
tomato 5, potato 5, sorghum 2 

  Ultuna 1956- 59°48'N 17°48'E Eutric Cambisol 37 

Spring barley 29, silage 
maize 24, oats 19,  wheat 5, 
fodder rape 9, other crops 14* 

*Fodder beet, mustard, oilseed rape, Swedish turnip      

As a reference, we modelled the most recent time series of the Ultuna frame trial (Fig. 3), 
which were used as the basis for calibration of the ICBM mother version in the early 
1990s. The Ultuna trial started in 1956 and is still running, with soil sampling biannually 
to a depth of 20 cm. The trial includes 15 treatments comprising different types of 
organic amendments with or without N fertilization, controls without organic 
amendments or fertilizers and a bare fallow treatment. The trial provides data on pairs 
of SI and SR for two different N levels (0 and 80 kg ha-1 yr-1). A detailed description of the 
Ultuna trial can be found in Persson and Kirchmann (1994) 

The Italian dataset  

We used an Italian long-term experiment to run and test the model under contrasting 
climatic conditions. It is located at the experimental farm of the University of Padova and 
the experiment comprises the two treatments SI and SR, factorially combined with five 
mineral N fertilization rates (0, 60, 120, 180 and 240 kg N ha-1). The experiment started 
in 1966 and is ongoing. Sampling depth is 30 cm. A detailed description of the 
experiment and results can be found in Lugato et al. (2006). The experimental design is 
similar to that of the Swedish R20 series. A full set of yield data is available and crop 
residues were measured.  

 

Parameters and calculation of SOC stocks 
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The annual aboveground and belowground C inputs were calculated on the basis of yield 
data using the C allocation coefficients described in Bolinder et al. (2007) for cereals and 
Gan et al. (2009) for oilseed crops. Here we assumed a C concentration of 45% for all 
plant tissues and a share of roots located in the upper 20 and 30 cm of the soil of 71% 
and 80%, respectively, based on the Michaelis Menten-type root distribution function 
used by Kätterer et al. (2011).  For barley, oats and rye, we assumed that stubble 
accounted for 30% of the stem, while for wheat we assumed 25% (Kätterer et al., 2014). 
Stubble of maize and soybean was estimated to account for 10% of the stem. 

 

Figure 2: Mean soil organic carbon (SOC) stocks over time for the six sites investigated. 
Filled circles represent the straw incorporation treatment and open circles represent 
the straw removal treatment. Error bars represent the standard deviation over four 
different nitrogen (N) levels. 
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Daily weather data for the experimental sites, which are needed to calculate re values, 
were obtained from weather stations run by the Swedish Meteorological and 
Hydrological Institute (SMHI). We collected data on daily mean temperature, humidity, 
cloudiness and wind speed, as well as daily sum of precipitation. For the Italian site, we 
used daily weather data from the meteorological station located at the experimental 
farm. Actual evapotranspiration was calculated using a modified version of the FAO-
Penman-Monteith approach (Allen et al., 1998), as described by Bolinder et al. (2008). 
For calculating the soil water balance, we used a simple bucket model (Fortin et al., 
2011). Soil temperature was estimated from air temperature using a simple semi-
empirical model (Kätterer and Andrén, 2009). The resulting daily re values were then 
calculated from soil water content and soil temperature and aggregated to annual 
values, which ranged from 0.8 (Röbäcksdalen) to 2.65 (Padova) along a north-south 
gradient.  

 

Figure 3: Measured (symbols) and modelled (lines) soil organic carbon (SOC) stocks of 
the straw incorporation (filled symbols/ thick line) and straw removal (open symbols/ 
thin line) pairs with (triangles/ dotted line) and without (circles/ continuous line) 
fertilization in the Ultuna frame trial over time. As the upper lines illustrate, the modelled difference between treatments (∆SOC) is not sensitive to initial carbon stocks 
or the general trend in SOC content. 

At most of the experimental sites, bulk density was not measured. To calculate SOC 
stocks, we therefore used the pedotransfer functions 7 and 8 (bulk density as a function 
of texture) described in Kätterer et al. (2006). To prevent comparison of different soil 
masses, we used the lowest bulk density for all treatments at each site (Ellert and 
Bettany, 1995). 

Modelling and statistics  

To assess the effect of straw incorporation on SOC stocks as expressed by the 
humification coefficient h, we used the paired time series in a systematic way: First, both 
treatments (SI and SR) of a site were modelled with the default h value of ICBM, which 
was h=0.125 for both roots and litter (Andrén and Kätterer, 1997). Partitioning of initial 
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SOC into young (Y0) and old (O0) pools was done according to the following equations 
(Andrén and Kätterer, 1997): 

𝑌0 = 𝑘𝑂𝑘𝑂 + ℎ × 𝑘𝑌 × 𝑇0 

𝑂0 = 𝑇0 − 𝑌0 

where h=0.125, kO=0.00605, kY=0.8 and T0=total initial SOC stocks [Mg ha-1]; Y was 
partitioned into Yl and Yr   in equal shares. The measured difference in SOC stocks 
between both treatments on each sampling date was compared with difference in 
modelled SOC stocks. This approach was insensitive to the general temporal trends 
(decreasing or increasing SOC stocks over time), as well as to differences in initialization 
(Fig. 3). This was a major advantage in handling our datasets, since the temporal trend 
in SOC was affected by the change in ploughing depth. Consequently, we did not evaluate 
the best model fit on the temporal trend of SOC for each single treatment, but evaluated 
the accuracy of the modelled difference between treatments using the root mean square 
error (RMSE) in the following way: 

𝑅𝑀𝑆𝐸_𝑐𝑎𝑙 = √∑ (∆𝑆𝑂𝐶𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑,𝑖 − ∆𝑆𝑂𝐶𝑚𝑜𝑑𝑒𝑙𝑒𝑑,𝑖)²𝑛𝑖=1 𝑛  

where n is the number of SOC measurements and i is the observed difference in SOC 
stocks between SI and SR at each point in time. After modelling the SOC dynamics with 
the default setting, we subsequently modified the h values in steps of 0.005 units as long 
as the RMSE decreased. Straw incorporation had no significant effect on yield at any of 
the sites investigated (0.8±3 % higher yields in the SI treatment across all Swedish sites 
investigated). Since the root C input is calculated as a function of yields it remained the 
same in both treatments (Fig. 4). For the six Swedish experiments we focused solely on 
differences between treatments, thus we were unable to calibrate the h value for roots. 
However, on applying ICBM/2 to the Ultuna frame trial and the Padova experiment, 
which did not have any change in ploughing depth, we were able to model the temporal 
trend and thus parameterize both the hlitter and hroots values by accounting for the 
difference between treatments, as well as the temporal trend. The measure of accuracy 
applied here was therefore: 

 𝑅𝑀𝑆𝐸_𝑣𝑎𝑙 = (√∑ (𝑆𝑂𝐶(𝑆𝐼)𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑,𝑖−𝑆𝑂𝐶(𝑆𝐼)𝑚𝑜𝑑𝑒𝑙𝑒𝑑,𝑖)2𝑛𝑖=1 𝑛 +√∑ (𝑆𝑂𝐶(𝑆𝑅)𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑,𝑖−𝑆𝑂𝐶(𝑆𝑅)𝑚𝑜𝑑𝑒𝑙𝑒𝑑,𝑖)2𝑛𝑖=1 𝑛 )/2  

We used a linear mixed effect model to explain the variance in hlitter in the 16 Swedish 
pairs of SI and SR investigated (Pinheiro and Bates, 2000). Clay content, N fertilization, 
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yield and re, the condensed climate variable, were used as explanatory variables (fixed 
effects). Site was used as a random effect. The predictive performance of the candidate 
models was evaluated using the Akaike Information Criterion (AIC). Statistical analyses 
and ICBM modelling were both performed in the R environment. The R script for the 
ICBM mother version, with detailed information on the calculation steps and example 
datasets, can be downloaded from http://www.oandren.com/icbm.html.  

 

Figure 4: Mean annual carbon (C) input in the straw incorporation (left bars) and straw 
removal (right bars) treatments for all sites, averaged over all nitrogen levels. The dark 
grey bars represent root C input, the light grey bars represent litter C input.  

 

Results 

Measured change in SOC stocks 

The mean measured SOC stock change after straw incorporation for all investigated 
pairs was 1.67 Mg C ha-1 for an average time period of 36 years and this difference was 
not significant (Table 2). The effect of straw incorporation in the R20 series, averaged 
over all N fertilization levels, ranged from -0.94 to 2.25 Mg C ha-1 (Fig. 2). As can be seen 
in Fig. 2 and Fig. 5, the difference between treatments remained stable or decreased 
over time at Lönnstorp and Röbäcksdalen, while it increased at Lanna and Säby. A 
significant correlation was found between clay content of the soil and the observed 
change in SOC stocks (R=0.99, data not shown). However, apart from the Lanna site, the 
expected constant SOC accumulation over the 30- to 50-year period was mostly not 
detected. Instead, the trends in SOC stocks of the two treatments became parallel soon 
after the start of the experiments (Figs. 2 and 5). The difference in straw input over time 
ranged from a total of 19 Mg C ha-1  (Röbäcksdalen) to 41 Mg C ha-1 (Säby).  
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A similar trend was observed in the L10 series (Figs. 2 and 5). The initial difference in 
SOC between the SI and SR treatments did not increase with time, despite a difference in 
straw C input of 72 Mg ha-1 at Hvilan and 94 Mg ha-1 at Petersborg. At the Hvilan site, the 
treatments started with a large difference in SOC stocks (8.4 Mg C ha-1), which decreased 
to zero over time. The first samples in this time series were taken in each plot before the 
experiment started and the experiment was randomized. Thus, we are unable to explain 
the huge differences in initial SOC stocks. We were unable to retrace any information 
from the historical documentation related to this site that allowed us to explain these 
differences, and the results from the Hvilan experiment should be interpreted with 
caution.  

The management of long-term experiments is often adjusted to regional practices. In 
this case, the ploughing depth of the experiments increased over time, which resulted in 
a dilution of SOC and thus a decrease in SOC stocks in the observed soil depth (0-20 cm). 
This dilution-induced change must have occurred around 1990. In all four experiments 
of the R20 series, a systematic and abrupt decline in SOC stocks was apparent (Fig. 2). 
However, the difference between treatments was not influenced by the change in 
ploughing depth. For the L10 series, the deepening of the plough layer was less obvious, 
since there was no abrupt decrease, but rather a steady decline in SOC. 

Modelled change in SOC stocks- adjusting h values 

 The default humification coefficient of 0.125 in the mother version of ICBM as derived 
from the Ultuna frame trial was an overestimation of C stabilization from straw for most 
of the sites. The average modelled effect of straw incorporation for all pairs was 6.7 Mg C 
ha-1, while the measured increase accounted only for 1.67 Mg C ha-1. For 10 out of 14 
pairs in the R20 series, we found the best model fit when using a humification coefficient 
for litter (hlitter) ranging from 0-0.03. In total, hlitter was thus not significantly different 
from zero. A consistent increasing difference between treatments over time, and thus 
considerable stabilization of the incorporated straw, was only found at Lanna (for three 
out of four pairs). The mean hlitter value for all sites and N fertilization levels was 0.04. In 
the L10 series, we found the best model fits with hlitter values of 0 (Hvilan) and 0.02 
(Petersborg) (Fig. 5, Table 2). Thus, the mean h value for litter in the L10 series was 
0.01. The accuracy of the model increased by 2.69 Mg C ha-1 (Hvilan) and 2.27 Mg C ha-1 
(Petersborg) compared with the default settings of 0.125 (Tab. 2). 
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Figure 5: Modelled (line) and measured (filled circles) average difference in soil organic 
carbon (SOC) stocks between SR and SI for the six sites investigated. The thin line 
represents the ICBM mother parameterization (h=0.125), the thick line the ICBM/2 
parameterization with hlitter as indicated in the plots. 

As for the changes in total SOC stocks, we found a significant positive correlation of hlitter 
and soil clay content. No other explanatory variable, such as N fertilization, straw input 
or re, improved the mixed effect model significantly. We therefore used the h values of 
the average model runs for each site (Fig. 5) (including the Ultuna trial) to derive a 
simple linear regression (Fig. 6).  
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Figure 6: Average humification coefficient hlitter as a function of clay content [%] with 
linear regression. Filled circles represent the Swedish sites, the open triangle marks the 
Italian validation site.   

In the LTE in Padova, a positive effect of straw incorporation on SOC stocks was 
observed for all five different N levels tested. The annual differences in straw input 
increased with N addition, from 1.8 (no N) to 2.45 Mg C ha-1 (240 kg N yr-1), which in 
absolute terms was much higher than in the Swedish experiments. The main reason for 
this, besides the more favourable climate, was the higher amount of maize residues 
compared with small-grain cereals. However, for all five N levels the difference between 
treatments increased only between the first (1966) and second sampling (1982). After 
1982, the difference in SOC stocks remained stable or even declined. Thus, the original 
model parameterization with h=0.125 was not appropriate for describing the observed 
trend (Fig. 4). Instead, we minimized the spread between treatments (hlitter) and 
subsequently adjusted the h value for roots. For the unfertilized treatment, the best fit 
was obtained for hlitter=0 and hroots=0.3, which increased the model accuracy by 1.02 Mg 
C ha-1 (Fig. 7, Table 2). However, with increasing N fertilization, the hlitter value increased 
and the hroots value decreased (Fig. 8). At the highest N fertilization level (240 kg N ha-1 
yr-1), the best model fit was achieved with hlitter=0.05 and hroots=0.15. Thus, for all five 
experiments, using ICBM/2 with different h values for litter and roots improved the 
model fit compared with the original parameterization of ICBM. We found a mean hlitter 
of 0.05, which was similar to the value estimated for the Swedish sites and which was 
close to the value estimated with the derived clay regression (0.064). Consequently, the 
validation for the clay regression as a measure to estimate hlitter, was successful. 
Moreover, this also indicates that the calculated re value was able to capture the climate 
differences between Sweden and Italy.  
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Figure 7: Modelled (lines) and measured (circles) soil organic carbon (SOC) stocks for 
the treatments straw incorporation (filled circles and thick line) and straw removal 
(unfilled circles and thin line) for the unfertilized pair in the Padova long-term 
experiment. A visualizes the fit with the default ICBM h value, B the ICBM/2 fit with 
adjusted h values. 

 

Figure 8: ICMB/2 h values in the Padova experiment as a function of nitrogen 
fertilization. 
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Table 2: Modeling results and measured SOC stocks [Mg ha-1] for all pairs (SI vs. SR), 
with nitrogen (N) fertilization level [kg ha-1 yr-1], the best fits of hlitter and hroots, the 
accuracy of the ICBM mother version with hplant material=0.125 (RMSE Default [Mg C ha-1]) 
compared with the best fit of ICBM/2 (RMSE New [Mg C ha-1]), initial and final SOC 
stocks for all treatments, the measured and modelled effect of straw incorporation [Mg C 
ha-1] calculated as: (SR-SI)final-(SR-SI)initial. 

Site N Best hl Best hr RMSE_default RMSE_new 

Lanna 0 0.18   1.34 1.24 

Lanna 40 0.19  2.88 2.72 

Lanna 80 0.12  1.86 1.85 

Lanna 120 0.00  2.44 1.51 

Röbäcksdalen 0 0.00  8.61 8.08 

Röbäcksdalen 40 0.00  7.52 6.23 

Röbäcksdalen 80 0.00  6.27 4.90 

Röbäcksdalen 120 0.00  4.53 3.01 

Säby 0 0.00  3.49 2.71 

Säby 120 0.09  1.73 1.64 

Lönnstorp 0 0.00  6.59 5.18 

Lönnstorp 40 0.03  2.49 0.47 

Lönnstorp 80 0.03  3.57 1.37 

Lönnstorp 120 0.02  2.96 0.73 

Petersborg 140 0.02  3.87 1.60 

Hvilan 140 0.00   6.79 4.10 

Ultuna 0 0.12 0.22 2.46 2.19 

Ultuna  80 0.16 0.30 5.39 1.90 

Padova 0 0.00 0.30 3.15 2.13 

Padova 60 0.01 0.23 2.89 2.02 

Padova 120 0.03 0.19 2.77 2.53 

Padova 180 0.03 0.16 2.22 1.58 

Padova 240 0.05 0.15 1.89 1.51 

Mean 78 0.05 0.22 3.81 2.66 

 

The hlitter values for the Ultuna long-term trial were 0.12 and 0.16 for the unfertilized 
and fertilized pairs, respectively. A steadily increasing difference between treatments 
was apparent, even after 58 years. The application of ICBM/2 considerably increased the 
model accuracy (Table 2). In particular, hroots was underestimated in the ICBM mother 
version. As observed in the Padova experiment, N fertilization at Ultuna increased the 
hlitter value. However, at Ultuna this was also the case for hroots, while it decreased in the 
Padova experiment with increasing N fertilization.  
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Discussion 

The incorporation of straw residues unexpectedly had little or no positive effect on SOC 
stocks in most of the six Swedish long-term experiments investigated here. This 
confirms previous findings of no or only minor responses in SOC to straw input (Plénet 
et al., 1993; Campbell et al., 2001; Curtin and Fraser, 2003; Kristiansen et al., 2005; 
Lemke et al., 2010). This has been attributed to either C saturation, particularly in soils 
with high C levels (Hassink, 1996), or faster decomposition of more stabilized SOC 
through the supply of fresh C, a process usually referred to as priming (Blagodatskaya et 
al., 2011). At the Hvilan site, we observed a much stronger decrease in SOC stocks in the 
plots where straw was incorporated than in those where straw was removed. This could 
be explained either by priming or by different initial levels of SOC causing faster decay in 
the SI treatment (Mattsson and Persson, 2006). Since ICBM does not account for 
priming, the observed trends were best explained by a low h value, which was close to 
or at zero in many cases. From a process point of view, this implies that no straw C is 
stabilized and that all of it is mineralized within a year. However, it is also possible that 
stabilization of straw is compensated for by losses of old SOC due to priming. 
Kristiansen et al. (2005) investigated the effects of straw in four maize monocultures on 
Danish soils that had never been cropped with C4 plants before and followed the fate of 
maize-derived SOC by measuring the natural abundance of 13C in the soil over time. They 
found that the difference between treatments in terms of accumulation of maize-derived 
C was higher than the difference between treatments in total SOC. This supports the 
hypothesis that part of the straw is stabilized, but that increased inputs of fresh C lead to 
increased mineralization of old SOC (priming). However, for the net soil C balance, and 
thus for the model structure, it is not important whether straw is stabilized at all or 
whether extra straw inputs cause extra mineralization of stabilized SOC.  

In many studies, such as the experiment in Padova, an effect of straw has been found, 
but changes in SOC have only been observed during the first years (Kristiansen et al., 
2005; Lugato et al., 2006; Buysse et al., 2013). Instead of steadily increasing SOC 
accumulation for several decades, a new equilibrium of C input and output seems to be 
reached rapidly. This implies that the microbial community responds rapidly to the 
surplus of easily decomposable plant material, as observed by Cookson et al. (1998), 
who found 30% higher microbial biomass in SI compared with SR treatment only three 
years after the start of their experiment. The corresponding increase in microbial 
biomass after 53 years in the Ultuna experiment was on average 41% for the two N 
application rates (Börjesson et al., 2012).  

Such rapid equilibration after e.g. additional litter input cannot be captured with the 
mother version of ICBM. With only a single h value, the model either overestimates the 
straw effect (high h value) or leads to strong SOC losses (low h value), even in soils 
which have been in equilibrium under the reference management regime (e.g. SR). Thus, 
a distinction into different young pools with specific h values (ICBM/2) represents a 
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considerable improvement. In particular, it has been reported that root-derived C adds 
more to the refractory C pool, and thus has a higher h value, than straw (Rasse et al., 
2005; Kätterer et al., 2011). This finding is supported by the results from our study. For 
the unfertilized treatments in the Padova experiment, we found the best model fit with 
hlitter=0 and hroots=0.3. This hroots value is similar to that observed by Plénet et al. (1993) 
(0.16-0.3) and Kätterer et al. (2011) (0.39).  Interestingly, the difference between hlitter 
and hroots decreased with increasing N fertilization. The decrease in hroots might be 
explained by the fact that the proportion of C allocation to roots within plants does not 
remain constant with a change in NPP due to N fertilization. For example, it has been 
shown that the shoot/root ratio can be substantially lower in unfertilized crops, both for 
small-grain cereals (Wellbank et al., 1974) and maize (Anderson, 1988). The allometric 
relationship we used between NPP and root C input did not account for this and could 
have led to overestimation of root C input at high N fertilization, or to underestimation 
at low N fertilization. In our calculations, this effect was compensated for by decreasing 
the hroots value with increasing N fertilization. There is a need to improve the allometric 
relationship between NPP and root C input as a function of N fertilization but this was 
beyond the scope of this study.  

The increasing stabilization of straw C with increasing N fertilization, as observed at 
Padova and Ultuna, might be attributable to the fact that a large C supply accompanied 
by N limitation stimulates microbial activity, but decreases the substrate use efficiency of microbes. In this process, which is known as ‘nitrogen-mining’ or ‘nutrient-mining’ 
(Schimel and Weintraub, 2003; Craine et al., 2007), microbes use the energy from labile 
substrates to acquire N from more recalcitrant organic matter. Under nutrient-limited 
conditions, microbial growth, and thus the proportion of C stabilized in the soil, is low, 
but increases with increasing N availability. Higher heterotrophic CO2 production in N-
limited grassland than in intensively fertilized grassland has been reported by Ammann 
et al. (2007). Kirkby et al. (2014) showed in an incubation experiment that: i) The 
stabilization of straw C increases with nutrient addition (substrate use efficiency); and 
ii) the addition of straw leads to increased decay of old SOC (priming). They identified 
those processes as major reasons for C sequestration after straw incorporation often 
being lower than expected and concluded that C sequestration requires additional 
nutrients. This is partly in line with the findings of our study, as we observed a clear 
trend of increasing hlitter with increasing N fertilization in the Padova and Ultuna 
experiments. The results for the other six Swedish LTEs were less clear.  

The only significant correlation with hlitter among all sites was clay content. This 
confirms findings by Liu et al. (2014) that clay content is a major explanatory variable 
for the response of SOC to straw incorporation. The reason for this can be found in two 
major SOC stabilization mechanisms, which are governed by the abundance of clay (and 
silt) (Six et al., 2002 and papers cited therein): i) Chemical stabilization by organo-
mineral complexes; and ii) physical protection exerted by (micro)aggregates. The 
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stabilization of C input is thus strongly dependent on the “protective capacity” of soil 
which is not yet saturated. Agricultural soils are mostly unsaturated in SOC (Wiesmeier 
et al., 2014). Consequently, cultivated clay soils have a higher sequestration potential 
than cultivated light-textured soils. This was not included in the original version of the 
ICBM model, although Andrén and Kätterer (1997) indicated that h could change with 
clay content and partly confirmed this in an analysis of several long-term experiments in 
Europe (Kätterer and Andrén, 1999). In the present study we introduced a validated 
function that can be used to modify hlitter according to clay content. However, with the 
dataset presented here, we were not able to evaluate the effect of clay on hroots, which 
might be different. Furthermore, the effect of N fertilization on h as discussed above was 
not consistently present in all experiments investigated. A drawback of using a 
regression model for a priori estimation of h, rather than using clay and/or other 
variables as modifiers in the model, is that all the observed variance is incorporated into 
one parameter (h), which might lead to over-fitting. For this reason, we also inhibited 
negative h values as a measure to account for priming. In our future work, we aim to 
identify and evaluate other long-term datasets targeting the incorporation of clay and 
potentially N as modifiers for hlitter and hroots in the ICBM/2 model in a more robust way.    

Further factors, which might add to the explanation for the scatter in observed SOC 
accumulation after straw incorporation (Lemke et al., 2010; Liu et al., 2014) are: i) 
Feedback on NPP and thus root C input. If straw incorporation increases yields, as 
observed in some studies (e.g. Malhi et al., 2006) but not others (Lemke et al., 2010), a 
certain part of the additional SOC is most likely root-derived. This source of variation 
was excluded in our study by using the ICBM/2 model. ii) Prior land use: Some studies 
investigate the effect of straw removal (equilibrium being straw incorporation), while 
some studies investigate straw incorporation (equilibrium being straw removal). 
However, the dynamics of SOC losses due to reduced C inputs are not directly inverse to 
the dynamics of SOC gain following increasing C inputs (Poeplau et al., 2011).  

Crop residues are a possible bioenergy source (Lal, 2005) but this practice carries the 
potential risk of soil C depletion. Lemke et al. (2010) found no effect of straw 
incorporation on SOC and concluded that as much as 22% of crop residues could be 
removed without any negative effects on soil carbon. In our study, the removal of crop 
residues accounted for 70-90% (and 100% in Ultuna) of the aboveground biomass. The 
heating value of 1 Mg dry mass (DM) of crop residues is 3x106 kcal, corresponding to 0.5 
Mg coal or 0.33 Mg diesel, or the fuel value of 0.24 Mg diesel (Larson, 1979; Lal, 1995). 
The mean difference in crop residue input in the experiments studied here was 2.68 Mg 
DM. Thus, the average annual replacement of diesel by crop residues would account for 
0.89 Mg diesel ha-1 when used for heating, or 0.64 Mg ha-1 diesel when, hypothetically, 
used as fuel. This is equal to an annual potential reduction in C emissions from fossil 
fuels of 0.76 and 0.55 Mg C, respectively. As part of climate-smart agriculture, straw 
residues could thus be used for bioenergy production rather than to sequester soil C, 
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especially on sandy soils. This reasoning agrees with findings by Powlson et al. (2008) 
that using straw for electricity generation saves seven-fold more CO2-equivalents than 
SOC accumulation by incorporation. However, other beneficial effects of straw 
incorporation for soils, such as structural improvement, reduction of soil erosion and 
nutrient recycling, have to be considered. Nevertheless, sustainable use of straw for 
bioenergy production could help to reduce the area needed to cultivate bioenergy crops 
and therefore prevent direct or indirect land use change, which can cause substantial 
SOC losses (Don et al., 2012). When fed to animals and returned to the field as manure, 
crop residues might be more effective with respect to SOC sequestration (Thomsen and 
Christensen, 2010).   

 

Conclusions 

Straw incorporation had only minor effects on SOC stocks in most of the Swedish long-
term experiments investigated in this study. Only the sites with a high clay content 
(>30%) showed a significant gain in SOC. This strong correlation with clay was validated 
at the Italian site and can be used as an approximate estimate for hlitter in future 
applications of ICBM or other soil C models which require input-specific h values. With 
two sites, we could confirm the higher stabilization of root derived carbon as compared 
to litter derived carbon. Although we were not able to derive a function to estimate the 
site specific hroots value, we suggest using ICBM/2 in future applications. It is more 
versatile compared to the mother version and allows the user to account for the 
efficiency of C stabilization that is commonly observed to differ both between plant 
parts and species. At many of the sites studied the stabilization of straw tended to 
increase with N availability, which was explained by increasing substrate use efficiency 
of microbes. Use of straw as a source of bioenergy or as silage has a larger positive 
climate effect than incorporation of straw, but other beneficial effects of straw 
incorporation for the soil should be considered.      
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Abstract 

Crop residue incorporation (RI) is a recommended management practice to increase soil 
organic carbon (SOC) stocks and thereby mitigate climate change and increase soil 
fertility. However, the positive effect on SOC is often reported to be relatively low and 
alternative use of crop residues, i.e. as a bioenergy source, may be more climate smart. 
In this context, it is important to understand  i) the response of SOC stocks to long-term 
crop residue incorporation and ii) the qualitative SOC change, in order to judge the 
sustainability of this measure. We investigated the effect of 40 years of RI combined with 
five different nitrogen (N) fertilisation levels on SOC stocks and five SOC fractions 
differing in turnover times on a clay loam soil in Padova, Italy. Based on the literature, 
the effect of RI was expected to increase with N fertilisation. The average increase of SOC 
stock in 0-30 cm soil depth was 3.1 Mg ha-1 or 6.7%, with no difference between N levels. 
The retention coefficient of residues did not exceed 4% and decreased significantly with 
increasing N level (R2=0.49). The effect of RI was higher after 20 than after 40 years (4.6 
Mg ha-1), which indicates that a new equilibrium has occurred and no further gains in 
SOC can be expected. 92% of the total SOC was stored in the silt and clay fraction and 
also 93% of the accumulated carbon was found in this fraction, highlighting the 
importance of fine mineral particles for SOC storage, stabilization and sequestration in 
arable soils. No change has been detected in the more labile fractions, indicating a 
complete turnover of the annual residue-derived C in these fractions under warm humid 
climate and in a highly base-saturated soil. We conclude that RI might not be the best 
long-term climate change mitigation measure in the investigated soil.  
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Introduction 

The baseline soil organic carbon (SOC) stocks in cultivated mineral soils are often low, as 
compared to SOC stocks in soils under grassland or forest (Freibauer et al., 2004). 
Increasing the SOC level in these soils is important for soil fertility and ecosystem 
resilience under a changing climate. The potential to sequester atmospheric CO2 in those 
soils to mitigate climate change is high. Lal (2004) estimated, that the carbon sink 
capacity of agricultural and degraded soils at the global scale accounts for 50-66% of the 
historic carbon losses due to land-use change, which amount to 42-78 Gt. SOC stocks are 
mainly affected by the balance of carbon inputs and outputs. The influence of the farmer 
to decrease or decelerate the carbon output from the soil, through decreased 
heterotrophic respiration, leaching and erosion might be limited and can be reduced to 
the option of varying the tillage regime (Bernacchi et al., 2005). The more effective way 
to increase SOC stocks is to maximize carbon inputs (Christopher and Lal, 2007; 
Kätterer et al., 2012). Suggested and widely applied input-related management 
practices, which have been shown to significantly affect SOC stocks, are: amendments of 
biosolids such as manure, compost and crop residues, cultivation of cover crops used as 
green manure, improved crop rotations with the inclusion of perennial and deep rooting 
crops and optimizing the mineral fertilisation to obtain the highest possible net primary 
productivity (Lal, 2004; Smith et al., 2005). Aboveground crop residues such as straw 
have frequently been found to contribute with less than 10% to the SOC pool, while the 
variability among sites and studies is not sufficiently explained (Lehtinen et al., 2014). 
The relatively low C sequestration efficiency and the potential use of straw as a 
renewable energy source fuels the ongoing debate about the climate-smartest and most 
sustainable use of this resource (Poeplau et al., 2015b), of which an estimated four 
billion tons are produced annually (Chen et al., 2013). Despite the large number of 
worldwide studies examining the effect of straw incorporation or removal on soil 
carbon, little is known about i) the long-term effect of this management practice 
(exceeding two decades), ii) qualitative changes in SOC. To judge about the sustainability 
of straw incorporation vs. removal, it is essential to understand the temporal dynamic of 
SOC accumulation and when a new equilibrium is obtained. Well documented, long-term 
agricultural experiments, which are needed to elucidate this, are scarce or published 
only in hardly accessible national reports. In a global review on residue incorporation 
effect on SOC, only 33% of all compiled experiments had a duration exceeding 20 years 
(Lehtinen et al., 2014).  

Nitrogen (N) fertilisation increases net primary production (NPP) and thus the total 
amount of crop residues. Furthermore, Kirkby et al. (2013) have shown that straw, that 
is added to the soil together with N leads to a stronger increase in SOC compared with straw added alone. Such an increase in the “retention coefficient” of straw (Poeplau et 

al., 2015b) is explained by increased carbon use efficiency of microbes under balanced 
nutrition as compared to an N deficiency situation, which can lead to N mining at the 
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cost of labile C (Fontaine et al., 2004; Murphy et al., 2015). It is well established that 
microbes need nutrients for biosynthesis (Scheu, 1993), so a certain C:N:P:S ratio is 
required to use the added carbon for microbial growth (Kirkby et al., 2013) as an 
important pathway of soil organic matter build up. Therefore, N fertilisation can have a 
twofold positive effect on SOC. 

Soil carbon fractionation is performed to isolate a certain fractions which are thought to 
resemble functional pools with distinct geo-ecological properties, such as turnover time 
(von Lützow et al., 2007). Such a qualitative characterization is needed to initialize or 
validate carbon turnover models or to understand, how changes in land-use or 
management influence the pool distribution and thus stability of SOC stocks. For 
instance, Poeplau and Don (2013) have investigated the effect of land-use changes on 
SOC stocks and found similar absolute effects of cropland conversion to forest or 
grassland and no effect of grassland afforestation. However, they additionally showed 
that aggregate formation was fostered in grassland soils, while soils under forest 
accumulated a major proportion of the newly formatted SOC in the particulate organic 
matter (POM) fraction, which is acknowledged to be the most labile. They therefore 
concluded that grassland establishment might be a more sustainable option for SOC 
sequestration than afforestation. To judge the long-term effect of straw incorporation on 
SOC stocks and to disclose abundant stabilization pathways, it is necessary to evaluate in 
which fractions the accumulation of SOC occurs. 

In this study, we evaluated the effect of long-term (40 years) straw incorporation on SOC 
stocks and fractions under five different levels of nitrogen fertilisation asking the 
following questions: 1. How much of the added straw was retained in the soil? 2. How 
did N fertilisation influence the retention of straw in soil? 3. How did straw 
incorporation alter the stability (distribution among soil fractions) of the SOC stock and 
was this affected by N fertilisation? 

 

Material and Methods 

Study site 

The studied long-term field trial is located in north East Italy, at the experimental farm 
of the University of Padova (Veneto Region, NE Italy 45o 21’N, 11o 58’ E). The soil is 
classified as a fluvi calcaric Cambisol (FAO) with 29% clay, 37% silt and 34% sand (clay 
loam). At the start of the experiment (1966) the carbonate content in the topsoil (0-30 
cm) was 33%, soil pH was 7.8, bulk density was 1.44 g cm-3, SOC content was 1.8% and 
the CN ratio was 8.3. The climate is subhumid with a mean annual precipitation of 850 
mm, a mean annual temperature of 12.8°C and the highest monthly average 
temperatures occur in August (22.3) and the lowest in January (2.3). A more detailed 
description of the site, as well as an earlier time series of SOC can be found in Lugato et 
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al. (2006). The experiment was laid out in a randomized block design with four 
replicates. Each block had three residue treatments (RR: residues removed; RI: residues 
incorporated, RIC: residues incorporated and chicken manure added) which were 
factorially combined with 5 different N fertiliser rates (0, 60, 120, 180, 240 kg N).  In this 
study, only RR and RI are compared. All treatments, including the 0N treatment received 
each year 150 kg P2O5 and 150 kg K2O. Between 1966 and 1983, continuous maize was 
grown, since 1984 maize has been rotated with sugarbeet and soybean and more seldom 
potato, tomato, sorghum and winter wheat (all grown between 1-4 times since 1984). 

Soil sampling, fractionation and analysis 

For this study, we used archived soils from the year 2006, 40 years after start of the 
experiment. Soil sampling in the experimental plots was performed after the growing 
season (September-October), but before ploughing. In each plot, five randomly located 
soil samples with some distance to the plot edges were taken to a depth of 30 cm and 
mixed to one composite sample per plot. After sampling, soils were air-dried and sieved 
to 2 mm. Crop yield and total aboveground biomass was measured annually in each plot. 
A C concentration of 45% was assumed to calculate residue-derived C inputs. In the RR 
treatments, we assumed 10% of the residues being left as stubbles. 

We performed a SOC fractionation as initially described by (Zimmermann et al., 2007) 
and refined by Poeplau et al. (2013). First, we mixed 30 g of dry soil with 150 ml 
deionized water in a 250 ml beaker glass and treated the mix with ultrasonic using a 
total energy of 22 J ml-1 at an output power of 30 W. The dispersion was wet-sieved over 
a 63 µm sieve to separate the fine silt and clay (SC) fraction from a coarse fraction (>63 
µm). An aerosol pump spray was used to flush the sample with the fixed amount of 2000 
ml of water. The suspension was centrifuged for 30 minutes at 1000 g. An aliquot of the 
decanted water (~200 ml) was filtered through a 0.45 µm membrane filter and analysed 
for DOC (as one fraction) in a liquid analyser.. The SC fraction, and the coarse sieving 
residues were dried at 60°C and weighed. The coarse fraction (>63 µm) was further 
separated into the heavy sand and aggregates (SA) fraction and the light particulate 
organic matter (POM) fraction by density fractionation with sodium polytungstate (SPT) 
solution at a density of 2 g cm-3. After adding SPT to the coarse soil, we centrifuged the 
sample for 15 minutes at 1000 g and let it rest for several hours, until the POM fraction 
was entirely floating on the SPT. The POM was then carefully transferred to sieve bags. 
The entire density fractionation step was repeated once to ensure a complete separation 
of SA and POM. Both fractions were carefully washed to remove all SPT, then dried and 
weighed. Finally, we isolated a chemically resistant SOC (rSOC) fraction from the fine SC 
fraction by oxidation with 6% NaOCl. The NaOCl solution was first adjusted to a pH of 8 
using HCl, before 50 ml of the solution was added to a 1 g subsample of the SC fraction. 
After 18 hours of oxidation at room temperature, the sample was centrifuged (15 min, 
1000g) and decanted. This procedure was repeated twice and after each oxidation and 
decanting step the sample was washed once with 50 ml deionized water. To prevent 
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water logging in the fine textured soil pellet, we used a vortex shaker every time liquid 
was added to the soil to thoroughly mix liquid and solid ensuring a complete oxidation 
and cleaning. The fractionation procedure thus yielded five fractions, two fast cycling 
(POM, DOC), one intermediate (SA), one slow cycling (SC-rSOC) and one passive (rSOC). 
All solid fractions, as well as a bulk soil subsample, were grinded and successively 
analysed for total C and N via dry combustion in an elemental analyser (LECO CNS 2000, 
St. Joseph, Michigan, USA). 

Statistics 

We used linear mixed effect models to investigate the difference between RI and RR 
(fixed effect) across the different N levels (random effect) (Pinheiro et al., 2009), as well 
as the difference between N levels (fixed effects) across the different residue treatments 
(random effects) at the significance level of p=0.05. This analysis was conducted for the 
bulk SOC and SOC in all fractions separately. As a post-hoc test, we used the general 
linear hypotheses multi comparison of means function (glht) of the R package multicomp with the specification “Tukey”. To investigate the effects of RI and N fertilisation on total 
SOC quality, we tested the difference in relative fractions distribution of RI and RR using 
a multivariate analysis of variance (MANOVA) with either residue treatment or N level 
as factor. 

 

Results 

Effect of residue incorporation and N fertilisation on total SOC stocks 

The long-term incorporation of crop residues had a significant positive overall effect on 
total SOC (p=0.001), while the difference was not significant in any individual N level. 
After 40 years of treatment, the average SOC stock of RR was 45.7 Mg ha-1, while the 
average SOC stock in the RI treatments of 48.8 Mg ha-1 (Tab.1). Residue incorporation 
did thus increase the SOC stock by 3.1 Mg ha-1 or 6.9%. Average annual SOC 
sequestration was 78 kg ha-1 yr-1. The average difference in carbon input due to residue 
incorporation was 2.3 Mg ha-1yr-1. Thus, on average only 3.3% of the total residue-
derived C has been stabilised in the soil. 

Nitrogen fertilisation increased net primary production (Fig. 1) on average by 27%, 
43%, 48% and 51% for (60N, 120N, 180N, 240N), and the amount of residues 
accordingly. The difference in NPP between the unfertilised treatments and the high N 
levels widened up only in the first decade but remained relatively constant since then. 
However, neither the SOC stocks of the RR treatment nor of the RI treatment (Fig. 2) 
were influenced by N level, which did thus also not interact with residue management. 
The difference in SOC stock between RI and RR in the highest N level (240N) was 2.9 Mg 
ha-1, while the difference in the lowest N level (0N) was 3.1 Mg ha-1, despite the fact that 
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the difference in annual C input between RI and RR in 240N was 0.43 Mg ha-1yr-1 higher 
than in 0N. Consequently, the retention coefficient for residue-derived C did not increase 
with N fertilisation, but was in fact highest in the 0N treatments (4%, Fig. 3).  

 

Figure 1: Time series of total NPP for all N levels.  

SOC sequestration due to residue incorporation lasted for 23 years (Fig. 4). The average 
SOC stock difference between RI and RR decreased from 4.6 Mg ha-1yr-1 (1989) to 3.1 Mg 
ha-1yr-1 (2006) (Fig. 4). This can however not be related to less residue input after 
rotation change, since the average estimated difference in C input between RI and RR 
was 2.37 Mg ha-1yr-1 in the period 1966-1985 and 2.34 Mg ha-1yr-1 in the period 1986-
2006. However, the inter-annual variability of residue-derived C inputs, which is a 
function of NPP, increased considerably (Fig. 1). In the first period (1966-1985) the 
coefficient of variance was 27%, while in the second period (1986-2006) it was 45%.  

 

Figure 2: Soil organic carbon (SOC) stock difference between residues removed (RR) and 
residues incorporated (RI) treatments in each N fertilisation level. Error bars indicate 
standard deviations. 
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Figure 3: Proportion of residue derived C-input stabilised as SOC [%] for each N level 
with regression line and coefficient of variation. 

Table 1: SOC stocks in all fractions and the bulk soil [Mg ha-1] for the two residue 
treatments (RI, RR) averaged over all N levels (n=20) with standard deviations (SD), the 
resulting absolute [Mg ha-1] and relative [%] change after residue incorporation (stars 
indicating significance at p=0.05) and the proportion of total SOC [%] in each fraction for 
the two residue treatments.  

          
Absolute 
change 

Relative 
change 

Proportion of total 
SOC 

Fraction RR SD RI SD     RR RI 

Bulk 45.8 2.5 48.8 3.6 3.1 6.7*     

POM 1.1 1.1 1.1 1.3 0.0 -0.2 2.4 2.3 

DOC 0.7 0.2 0.9 0.3 0.2 25.2* 1.6 1.9 

SA 2.0 0.8 2.0 1.2 0.0 0.3 4.3 4.1 

SC-rSOC 24.3 2.5 27.1 3.6 2.8 11.7* 53.1 55.6 

rSOC 17.6 1.9 17.6 2.7 0.0 0.0 38.5 36.1 

 

Effect of residue incorporation and N fertilisation on distribution of SOC in fractions 

On average over all samples, 92% of the total SOC stock was found in the silt and clay 
(SC) fraction (Tab.1, Fig. 4). The coarse fractions SA and POM, as well as the liquid DOC 
fraction were of minor importance.  Furthermore, 93% of the total surplus of SOC due to 
40 years of residue incorporation was found in the SC fraction (Tab. 1). Within the SC 
fraction, the major change in SOC stock (significant at p=0.001) occurred in the more 
active SC-rSOC fraction, while the more passive rSOC on average did on average not 
change at all (Tab. 1, Fig. 5). The only additional fraction that significantly increased due 
to residue incorporation was DOC (25%, p=0.009). The conducted MANOVA revealed a 
significant change in SOC quality due to residue management only on the 10% level 
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(p=0.073). N fertilisation did not systematically influence the distribution of SOC in 
different fractions, and did also not qualitatively influence the accumulation of residue-
derived C (Fig. 5).  

 

Figure 4: Average SOC stock difference between residues incorporated (RI) and residues 
removed (RR) (ΔSOC) and cumulative difference in C input (ΔC-Input). 

 

Figure 5: SOC stock in different fractions for residues removed (RR) and residues 
incorporated (RI) treatments in each N level.  
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Discussion 

The effect of 40 years of residue incorporation on SOC stocks was limited, and with a 
total SOC stock change of 3.2 Mg ha-1 or 6.9%, well in the range of observations in other 
studies. In a global meta-analysis, Lehtinen et al. (2014) found an SOC increase of 7%, 
averaged over 39 studies. (Liu et al., 2014) found a slightly higher increase in SOC 
(12.8%) averaged over 176 studies. Only aggregated over all N levels (n=20) the SOC 
stock change in the investigated experiment was significant, which indicates, that the 
treatment effect was lower than the minimum detectable difference with four replicates 
(Knebl et al., 2015). The proportion of residue derived C that is stabilised in the soil 
(retention coefficient), did not exceed 4%, which is well in the range of reported 
retention coefficients. Poeplau et al. (2015b) modelled SOC stock changes after residue 
incorporation in Swedish long-term experiments and found retention coefficients 
between 0 and 17%, depending on clay content. However, in 1986 and 1993, the 
difference in SOC stocks between RI and RR in the investigated experiment has been 
higher (Figure 3). In the same experiment, Lugato et al. (2006) calculated a mean annual 
sequestration of residue-derived SOC of 170 kg ha-1yr-1 for 1993, which more than 
doubles the annual sequestration found for 2006 (78 kg ha-1yr-1). This indicates, that 
residue-derived SOC accumulation has not only stopped, but that the absolute SOC stock 
difference between RI and RR has even decreased. A stagnation of SOC stock increase 
after a management change has often been reported to occur after 20-50 years 
(Franzluebbers and Arshad, 1996; Lal, 2004; Buysse et al., 2013; Poeplau et al., 2015b), 
which might be related to carbon saturation in some cases or a delayed adjusted 
increases in output in other cases. In this case, the equilibration cannot be explained by 
saturation, since SOC concentration did only change by 0.1%, roughly to 1.1%, which is 
still low for a loam soil. Interestingly, the SOC stock difference between RI and RR 
started to decrease after the rotation was changed from maize monoculture to a diverse 
rotation of maize, sugarbeet, soybean and occasionally potatoes, tomatoes, sorghum and 
winter wheat. This diversification has caused a high inter-annual variability in residue-
derived C inputs, which have been fairly stable before. It is however not obvious, how 
this increase in input variability might have directly influenced SOC dynamics, since on 
average the amount of residue-derived C inputs remained constant. It could be 
speculated, that peak inputs might entail a stronger priming effect than relatively 
constant inputs over time (Fontaine et al., 2004). Indirectly, the rotation change might 
have contributed to changes in SOC dynamics in different ways, such as changes in the 
decomposition rate due to changes in micro-climate and soil moisture as influenced by 
vegetation cover, plant water use and other crop-specific factors (Fortin et al., 2011). After all, the decrease in ∆SOC from 1986 to 2006 was on average 1.5 Mg C ha-1, which 
corresponds to the very low concentration change of 0.034% C. The observed difference in ∆SOC at the three sampling dates 1989, 1993 and 2006 might thus be well in the 
range of a possible measurement bias or random spatio-temporal in situ variations of SOC. A further increase of ∆SOC seems however unlikely.    
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Surprisingly, we did not find any positive effect of N fertilisation on SOC stocks, which is 
in contrast to numerous studies reporting positive responses of SOC stocks upon N 
addition, mainly explained by increased NPP (Alvarez, 2005; Christopher and Lal, 2007; 
Ramirez et al., 2012). The retention coefficient of residue-derived C did even slightly 
decrease with increasing N level, which is in contrast to the findings of Kirkby et al. 
(2014) and the underlying concept that nutrients are indispensable for carbon 
sequestration. Numerous studies showed that N in combination with labile C addition 
reduced the priming of older SOC (Craine et al., 2007; Griepentrog et al., 2014; Fisk et al., 
2015). However the opposite, namely increased C mineralization upon N addition has 
also been observed (Reinertsen et al., 1984) and might be the most logical explanation 
for the results observed in this study. Henriksen and Breland (1999) found clear 
catalyzing effects of N addition on the mineralization of straw-derived C and explained 
this by increased fungal growth and enzyme activity. The role of N and other major 
nutrients on SOC dynamics is still not entirely understood (Craine et al., 2007). In our 
study, we did not see any indications for a positive effect of N availability on C 
sequestration.  

On average, we found 92% of the total SOC in the silt and clay (SC) fraction, which is a 
typical magnitude for agricultural soils. Bol et al. (2009) found 67% and 23% SOC stored 
in the clay and silt fraction respectively and Christensen (2001) reported 50-75% and 
20-40% SOC usually attached to clay and silt particles in temperate soils. Flessa et al. 
(2008) found 88% of SOC in the silt and clay fraction of two German arable soils and 
suggested that the main stabilization mechanism would be the formation of organo-
mineral complexes. When compared to other land use types, such as grassland or forest, 
the proportion of SOC stored in this fraction is very high (Steffens et al., 2011; Poeplau 
and Don, 2013), while macro-aggregates do not play a significant role. Apart from the 
well established negative effect of tillage on soil aggregation (Six et al., 1999), Wiesmeier 

et al. (2014) suggested that tillage might promote the formation of such organo-mineral 
complexes due to the mixing of fresh organic material with unsaturated mineral 
surfaces. In an incubation experiment, Stemmer et al. (1999) showed that mixing 
residues and mineral soil resulted in higher SOC contents in the silt and clay fraction as 
applying residues on the surface of the mineral soil. In our study, residue incorporation 
did not change the distribution of SOC in different fractions, since 93% of the additional 
SOC was found in the SC fraction. Christensen et al. (1986) found similar results but 
highlighted that more residue-derived C was stabilized in the silt than in the clay 
fraction, which could indicate the importance of silt-sized microaggregates. In 
agreement to this, Tiessen and Stewart (1983) found a more rapid depletion of SOC in 
the fine clay fraction (<0.2 µm) as compared to the coarse clay (0.2-2 µm) and fine silt 
(2-5 µm) fraction after land-use change from native prairie to arable land. In an in-situ 
incubation experiment, Li et al. (2016) followed labeled residues mixed to mineral soil 
over 2 years. After 60 days, 61% of the applied residue C was left in the soil, with 75% of 
it still stored in particles >2000 µm and only 0.1% stored in microaggregates <53 µm, 
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which correspond to the SC fraction. After 780 days, 26% of the applied C was left in the 
soil, with only 39% of it being stored in the >2000 µm particles and 2.4% being stored in 
the SC fraction. This indicates that the transformation from undecomposed coarse 
particulate organic matter to stabilized, complexed carbon in the fine fraction occurs 
relatively fast. In our study, the decomposition and transformation of residue C must 
have occurred even faster, since the difference between RI and RR in the POM and SA 
fractions was marginal already approximately one year after the last residue 
incorporation. Although the amount of residues >2000 µm was not determined in our 
study, we hypothesise that this might be related to i) the relatively warm and humid 
climate in Padova, ii) the annual soil disturbance by tillage, iii) the high soil pH of 7.8, all 
of which are known to stimulate microbial activity and C mineralization. Ordonez-
Fernandez found that 53% of wheat straw was left after 109 days at a site in 
Mediterranean climate conditions, which equals the amount of straw left (51%) after 
180 days in the study of (Li et al., 2016). Thus, under such favorable conditions for C 
mineralization, as found in the investigated experiment, decomposition and stabilization 
of crop residue-derived C occurs very fast. POM or sand and aggregates >53 µm were 
thus not meaningful fractions for long-term carbon sequestration. Indeed, the ability to 
find management-induced differences in labile SOC fractions might be related to site-
specific decomposition rates. If decomposition and transformation of SOC occurs faster 
than the input and/or sampling interval, no difference in fast cycling SOC fractions will 
be found. In a Southern German soil at a site with 6.5°C mean annual temperature and 
800 mm precipitation, of which 60% is falling in summer, Leifeld and Kögel-Knabner 
(2005) could not identify the POM fraction as early indicator for land-use change, while 
at a much dryer Chinese site (6.5°C and 450 mm precipitation), Xu et al. (2011) found 
significant increases of SOC in the POM fraction but no significant differences in the bulk 
soil after 2 years of residue incorporation. Within the SC fraction, all additional C was 
found in the NaOCl-oxidisable SC-rSOC fraction, while even after 40 years of residue 
incorporation, the non-oxidisable rSOC fraction did not change at all. This fits the 
concept of the fractionation method as proposed by Zimmermann et al. (2007), who 
related the rSOC fraction to an inert SOC pool which is supposed to be stable in this time 
frame. The DOC fraction, which represents the water extractable SOC during wet sieving, 
did also increase significantly. The 25% increase in DOC exceeded the 6.9% increase of 
SOC in the bulk soil, which indicates that the SOC in the RI treatments was more soluble. 
Thus, in total, the SOC stock became slightly more labile by long-term residue 
incorporation, which implies a higher sensitivity to changes in management or 
environmental conditions.     

In summary, the effect of long-term crop residue incorporation on SOC stocks on the 
investigated soil was relatively low, which is in line with reported effects in other long-
term field experiments (Lemke et al., 2010; Poeplau et al., 2015b). A new equilibrium is 
reached approximately after two decades of residue incorporation (Fig. 5) and the 
sequestered SOC might be sensitive even to minor management changes as revealed by 
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the decrease in ∆SOC after introducing a new crop rotation. It can thus be assumed, that 
a complete cessation of residue incorporation will lead to a rather rapid depletion of the 
gained SOC, although it was not found in the most labile fractions. The annual C 
sequestration rate of 78 kg ha-1yr-1, as well as the results from other studies suggest, that 
the C sequestration potential of residue incorporation used in several continental 
projections (0.7 Mg ha-1yr-1) (Freibauer et al., 2004; Smith et al., 2005) resembles a 
strong overestimation, particularly when extrapolated to more than 20 years. 
Alternative use of crop residues, such as bioenergy production, is currently discussed. 
Considering the low effect of long-term residue incorporation on SOC stocks, at least a 
partly removal might be the more climate-smart use of this resource (Lemke et al., 
2010). The average amount of incorporated residues in this study was 5 Mg DM ha-1 yr-1. 
The heating or fuel value of 1 Mg straw dry mass corresponds to 0.33 or 0.24 Mg Diesel 
(Larson, 1979; Lal, 1997). When used for heating or as fuel, the crop residues from this 
study could thus annually replace 1.41 or 1.02 Mg C emitted from fossil sources. This is 
18 and 13 times more than would be compensated by SOC sequestration after 
incorporation, which is in agreement with the calculations by Powlson et al. (2008), who 
predicted a seven-fold higher CO2 saving potential when straw is used for electricity 
production. In a fertile, C-rich soil, Villamil et al. (2015) did not find any consistent 
degradation of any soil property after seven years of residue removal and suggested that 
such a practice would not cause any threat to the sustainability of the cropping system. 
This might however only be true for fertile soils, since straw incorporation is 
acknowledged for its positive effects on numerous soil properties, such as soil structure, 
earthworm abundance, aggregate stability and water holding capacity (Karlen et al., 
1994; Roldán et al., 2003). The relative stable NPP in the unfertilised treatments over 
the study period of the investigated experiment suggests a high fertility. Therefore, the 
results of this study suggest that straw removal for bioenergy production would be 
more sustainable at sites with comparable characteristics. For SOC sequestration, other 
management practices would most likely be more effective. As an example, (Poeplau et 

al., 2015a) found an average retention coefficient of 0.32 for cover crops, which is 
approximately tenfold higher than found for crop residues in this study. Furthermore, in 
a meta-analysis they did not find any indication for saturation of SOC sequestration after 
54 years of cover crop cultivation (Poeplau and Don, 2015). Similarly high coefficients 
were found for farmyard manure and sewage sludge (Kätterer et al., 2011). The point in 
time and the magnitude of SOC stock change at which a new equilibrium after any 
management change is reached, is currently hardly predictable, since the mechanisms 
leading to such an equilibration are not sufficiently understood. 

 

Conclusions 

Forty years of crop residue incorporation did significantly increase SOC stocks. 
However, the positive effect occurred only during the first 20 years of residue 
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incorporation, which indicates that a new equilibrium has been reached and no further 
SOC sequestration can be expected after about two decades under prevailing conditions. 
When compared to other agricultural management practices, the long-term potential of 
crop-residues to sequester SOC is thus rather limited on this soil. Complete 
decomposition of crop residues did likely occur within one year as indicated by the 
equal sizes of the labile SOC pools among the two residue treatments. The silt and clay 
fraction was the most important fraction for SOC storage and sequestration, although 
SOC in this fraction might not be highly stable as indicated by the response to the 
rotation change in 1984 and by a complete NaOCl-oxidation of the accumulated SOC. A 
cessation of residue incorporation might thus lead to a rapid loss of a large proportion of 
the sequestered C by this management practice.     
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Abstract 

To maximise carbon (C) storage in soils, understanding the fate of C originating from 
aboveground and belowground residues and their interaction with fertiliser under field 
conditions is critically important. The use of 13C natural abundance provides unique 
opportunities to separate both C sources. We investigated the effect of 16 years of C3 
straw and C4 root input, with and without N (N) addition, on SOC stocks and C 
distribution in soil fractions in the long-term frame trial at Ultuna, Sweden. The straw C 
input was fixed at 1.77 Mg ha-1 yr-1, while the root input depended on maize plant 
growth, enabling studies on how N fertilisation affected i) stabilisation of residues and 
ii) plant C allocation to belowground organs. Four treatments were investigated: only 
maize roots (Control), maize roots with N (Control+N), maize roots and straw (Straw) 
and maize roots, straw and N (Straw+N).  After 16 years, 5.6-8.9% of the total SOC stock 
in the 0-20 cm soil layer was maize-derived. In all four treatments, the relatively labile 
SOC fractions decreased, while the proportion of more refractory fractions increased. 
Based on allometric calculation of root inputs, retention of maize roots was 38, 26, 36 
and 18 % in the Control, Control+N, Straw and Straw+N treatments, respectively. The 
estimated retention coefficient of C3 straw in the Straw+N treatment was higher than 
that in the Straw-N treatment. We interpreted these results thus: 1) roots were better 
stabilised in the soil than straw; 2) N fertilisation caused a shift in root:shoot ratio, with 
relatively more roots being present in N-deficient soil; and 3) N fertilisation caused 
greater stabilisation of residues, presumably due to increased microbial C use efficiency.  

 

Introduction  

Soil organic matter (SOM) serves many ecosystem functions from being reservoir for 
nutrients to act as agent to increase biological activity, provides soil aggregation, retains 
moisture, and improves soil structure and tilth for reducing soil erosion. Moreover, SOM 
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comprises a significant part of the global terrestrial C pool. The world’s soils store at 
least three times as much C as is found in either the atmosphere or living plants (Lal 
2004). A small change in the SOC pool has a critical influence on atmospheric CO2 
concentration (Poeplau et al. 2011; von Lützow et al. 2006). Kell (2012) postulated that 
an overall increase in soil C of 10% would decrease atmospheric C by at least 20%. Thus, 
given the growing interest in increasing SOC stocks in soils world-wide to mitigate 
climate change and improve soil quality, better understanding of soil organic C (SOC) 
stabilisation and its dynamics in soil in response to various management practices is 
indispensable (Lal 2004).  

Conceptually, SOC is often partitioned into different pools/fractions with distinct 
physicochemical properties, different degrees of stabilisation and turnover times 
ranging from years to millennia (Bol et al. 2009; von Lützow et al. 2007). A variety of 
biochemical, physical and chemical processes protect organic C from decomposition in 
soils, and knowledge of the resulting persistence of SOC pools/fractions in soil is vital in 
understanding their contribution to the global C cycle. Stabilisation of SOC in soil 
depends on numerous factors such as soil type, climate, substrate quality, input pathway 
and  nutrient regime (Kätterer et al. 2011; Kirkby et al. 2013). In a mechanistic 
perspective, four major mechanisms may explain the stability of SOM in soil: (i) spatial 
inaccessibility of SOM to decomposers due to aggregation, (ii) recalcitrance due to the 
chemical structure,  (iii) stabilisation of SOM by interaction with mineral surfaces and 
(iv) energetical limitation microbes to decompose organic matter (Mueller et al. 2014; 
von Lützow et al. 2006; Fontaine et al. 2007). The distribution of organic matter 
between soil size fractions is affected differently when soil organic matter levels change 
due to cultivation, straw incorporation, addition of mineral fertiliser or animal manure 
(Christensen and Sorensen 1985; Christensen 1987; Gregorich et al. 1995).  

Using a detailed balancing approach, Kätterer et al. (2011) showed that root-derived C 
was preferentially retained in soil and contributed 2.3-fold more to the C pool than 
aboveground residues. Potential reasons for this, as elegantly summarised by Rasse et 
al. (2005) are that: i) roots are relatively more recalcitrant than shoots;; iii) the physico-
chemical protection of root C by aggregates and mineral surfaces is higher than for shoot 
C; and iii) the decomposability of roots is lower due to accumulation of metal ions. 
Separating shoot- and root-derived C inputs in dynamic modelling has been shown to 
increase model accuracy (Poeplau et al. 2015). However, at the same time, root biomass 
is seldom measured and has to be estimated using allometric functions involving yield-
based allocation coefficients (Bolinder et al. 2007), which are usually based on mean 
values from a limited number of studies. Shifts in plant allocation to aboveground and 
belowground organs due to e.g. alterations in management are not accounted for in 
those approaches, but are also not sufficiently studied. There is thus considerable 
uncertainty regarding root-derived C inputs and their fate in the soil in relation to shoot-
derived C inputs. Separation of these two C sources may be possible by the use of 
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biomarkers (Mendez-Millan et al. 2010), but more research is needed in this field. The 
Ultuna long-term soil organic matter field experiment in Sweden, which was established 
60 years ago, offers a unique opportunity for separate studies of root- and shoot- 
derived C turnover in the soil. Since the beginning of the experiment, aboveground 
residues of any crops grown are completely removed, so that the only direct crop-
derived C input is root-derived. In 2000 the crop rotation was shifted to maize monoculture, thereby introducing a C4 plant to a previously pure ‘C3 soil’. The 
experiment is intended to study the effect of different mineral N fertilisers and organic 
amendments on soil organic matter. Among those amendments, C3-wheat straw is 
added to the soil. This offers the opportunity to study the dynamics of straw- and root-
derived C separately by measuring the natural abundance of the stable isotope 13C and 
using the data for tracing and quantifying sources, sinks and flux rates within the 
biogeochemical C cycle (Boutton 1996). This separation of C sources is due to higher 
discrimination of 13C in C3 photosynthesis (Calvin cycle) than in C4 photosynthesis 
(Hatch-Slack pathway) (Farquhar et al. 1989). The δ13C values from plants with C3 
photosynthesis typically range from -40 to -23‰, while those in plants with C4 
photosynthesis range from -19 to -9‰ (Boutton et al. 1998). After a C3-C4 vegetation 
change, the relative contribution of new and old SOC can be estimated based on the mass 
balance of C isotope content and the isotopic signature can thus be used to follow the 
dynamics of SOC in situ. 

Soil nutrient regime influences SOC dynamics. Nitrogen fertilisation is known to increase 
net primary production and thus C inputs to the soil (Christopher and Lal 2007; Kätterer 
et al. 2012). However, N availability also influences plant C allocation to belowground 
organs, with more investment in belowground organs under N deficiency (Welbank et 
al. 1973). Furthermore, N fertilisation is reported to increase soil C retention due to 
increased microbial use efficiency (Kirkby et al. 2013; Kirkby et al. 2014). Under N 
deficiency, decomposers have been shown to use fresh organic matter as an energy 
source for the break up of more recalcitrant, but nutrient rich organic matter (Murphy et 
al. 2015, Poeplau et al. 2016). However, the relevance of each of these mechanisms for 
SOM dynamics is not sufficiently understood (Poeplau et al. 2016). In the Ultuna 
experiment, a factorial combination of straw and N fertilisation is applied. The 
prevailing effect of N fertilisation on SOM dynamics can thus be identified when using 
the approach with 13C natural abundance described above.  

The given experimental set up thus enabled us to formulate three different hypotheses 
at the same time, which are all related to aspects of soil organic matter dynamics that 
are currently debated. From such a systematic approach, the relative importance of 
specific mechanisms might be inferred. We hypothesised that i) root-derived carbon was 
generally better stabilised in the soil than straw-derived carbon, ii) nitrogen fertilisation 
did relatively reduce carbon allocation to belowground-organs and iii) nitrogen 
fertilisation did increase the stabilisation of fresh root- or straw-derived carbon. 
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Material and Methods 

Study site 

The Ultuna long-term agricultural field experiment is located in Uppsala, Sweden 
(59.82°N, 17.65°E) and was initiated in 1956 to investigate the effect of various organic 
amendments with or without addition of mineral N fertiliser. The topsoil (0-20 cm) is a 
clay loam with 36.5% clay, 41% silt (0.002-0.06 mm) and 22.5% sand (0.06-2.0 mm) 
and has been classified as a Typic Eutrochrept (USDA soil taxonomy) or Eutric Cambisol 
(FAO classification) (Kirchmann et al. 1996). At the start of the experiment, soil pH was 
6.5. The experimental design consisted of 15 treatments with four replicate plots in a 
randomised block design, giving a total of 60 plots. The plots (2 m × 2 m) are separated 
by 40 cm high steel frames inserted into the ground to a depth of about 30 cm. Inorganic 
N fertiliser as calcium nitrate is added annually during spring at a rate of 80 kg N ha-1 
yr-1 in the N-fertilised treatments. Straw (stems and leaves of winter wheat) was 
applied biannually in the autumn at a rate of 1.77 Mg C ha-1 yr-1 (Kätterer et al. 2011). 
Straw properties are described in detail by Peltre et al (2012). Although microbial 
biomass is a small part of the total soil organic carbon (SOC) pool, it plays a major role in 
its turnover. The data on microbial biomass has recently published by Börjesson et al 
(2015). The experiment also includes a control treatment that receives neither N 
fertiliser nor organic amendments. All plots receive a basic annual fertiliser application 
of 20 kg phosphorus (P) ha-1 and 38 kg potassium (K) ha-1. From 1956 to 1999, annual 
crops with a C3 photosynthetic pathway, such as oats, spring barley, beet, rape, turnip 
and mustard, were cultivated. Since the start of the experiment, tillage of plots has been 
managed manually (Kätterer et al. 2011; Kirchmann et al. 1996). Tillage was normal and homogenous across all treatments. All plots are “tilled” with a spade to 20 cm depth 
every autumn. After 1999, silage maize has been grown continuously. All above-ground 
plant material is removed every year at harvest. A sample archive of topsoil, plant 
materials and amendments has been maintained since 1956.  

Soil sampling and analysis 

In early autumn 2015, soil was sampled at 0-20 cm depth in each of the four replicates of 
the following four treatments: unfertilised (Control), calcium nitrate (Control+N), straw 
(Straw), and straw plus calcium nitrate (Straw+N). In the following, Control and Straw 
are combined and summarised as -N treatments and the Control+N and Straw+N are 
summarised as +N treatments. Since 2000, the Control and Control+N treatments have 
received only below-ground C inputs from maize, whereas C inputs in Straw and 
Straw+N derive from both C3 and C4 plants (C3 C from grain straw and C4 C from maize 
roots and rhizodeposits). From each plot, five auger samples were taken and bulked 
together to provide one composite sample. The samples were air-dried prior to further 
analysis. In addition, soil samples from 1999 taken in the same plots as those sampled in 
2015 were obtained from the historical archive of the experiment. Thus, we had soil 
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samples from two years, four treatments and four replicates, which added up to 32 
samples in total.  

SOC fractionation 

Numerous fractionation schemes have been developed to separate and analyse SOM 
fractions (von Lützow et al. 2007). One increasingly widespread scheme (proposed by 
Zimmermann et al. 2007) separates SOC into five operationally-defined pools/fractions 
analogous to the pools considered in dynamic SOC models such as the RothC model 
(Coleman and Jenkinson 1999). In this study, a 30 g portion of dry soil from each field 
plot sampled in 1999 and 2015 was subjected to the fractionation procedure proposed 
by Zimmermann et al. (2007) to obtain thefollowing five fractions: particulate organic 
matter (POM), dissolved organic C (DOC) (both considered to be active C pools), SOC 
attached to sand grains and in stable aggregates (SA), SOC attached to silt and clay 
particles without being chemically resistant (SC-rSOC) (both considered to be slow 
cycling) and a chemically resistant fraction (rSOC) (considered to be passive). An 
overview of the fractionation scheme is provided in Figure 1.. In brief, the SC fraction 
was separated from the SA fraction by wet sieving after ultrasonic dispersion, POM was 
separated by density fractionation using sodium polytungstate solution (1.8 g cm-3), 
DOC was measured in the water used for wet sieving and the rSOC fraction was obtained 
after three days of oxidation with NaOCl. Thereby, an aliquot of 1 g of the silt and clay 
(SC) fraction was used for oxidation and the remaining SOC after oxidation was 
multiplied with the total fraction mass of the SC fraction. The size of the SC-rSOC fraction 
was thus calculated by difference.  

Chemical analysis 

Soil C and N were analysed using an elemental analyser (LECO CN-2000, St. Joseph, 
Michigan, USA) and the 13C abundance in SOC was determined with a different type of 
elemental analyser (model EuroEA3024; Eurovector, Milan, Italy) coupled online to a 
continuous flow Isoprime isotope-ratio mass spectrometer (GV Instruments; 
Manchester, UK) at Lund University. The resulting δ13C values were expressed in parts per thousand (‰) relative to the international standard of Vienna Pee Dee Belemnite 
(V-PDB):  δ13C = 1000 × (𝑅𝑠𝑎𝑚𝑝𝑙𝑒−𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 ) ‰                                                                                      (Eq. 1) 

where Rsample is the isotope ratio of 13C to 12C of the sample, and Rstandard is the 13C/12C 
ratio of the international Pee Dee formation belemnite Cate standard (PDB) which is 
equal to 0.0112372 . The average recovery of total carbon and 13C in all fractions (POM, 
DOC, SA, SC) combined was 89% and 88% respectively. We assumed that each fraction 
lost a similar amount of carbon during fractionation and corrected those losses 
accordingly. The DOC concentration was determined with a liquid analyser (DIMATOC 
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2000; Dimatec, Essen, Germany). For the analysis in the mass spectrometer, the DOC 
fraction was freeze dried. An appropriate amount of each sample (depending on its C 
concentration) was enclosed in tin (Sn) capsules for isotope analysis.   

 

Figure 1: Overview of the applied fractionation scheme as introduced by Zimmermann 
et al. (2007) 

Table 1. Potential results and their possible interpretations. 

Result Retention coefficient (R) Interpretation 

A Equal for roots and shoots 
No difference in C sequestration 
efficiency  

B Higher for roots than for shoots 
Roots are better stabilised than 
shoots 

C Higher for roots and shoots in the +N treatments 
N increases microbial C use 
efficiency  

D Lower for roots and shoots in the +N treatments N  increases turnover of C 

E 
Different for roots, but equal for shoots in the +N 
treatments N fertilisation alters root/shoot ratio  

F 
Lower for roots but higher for shoots in the -N 
treatments 

N fertilisation alters root/shoot ratio 
and increases microbial C use 
efficiency. 

 

Estimation of C3- and C4-derived SOC 

The fraction of maize-derived total SOC (fM) was estimated by isotope mass balance as 
described by Balesdent et al. (1987):  
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𝑓𝑀 = δ13𝐶𝑠𝑜𝑖𝑙,2015−δ13𝐶𝑠𝑜𝑖𝑙,1999δ13𝐶𝑚𝑎𝑖𝑧𝑒−δ13𝐶𝑠𝑜𝑖𝑙,1999                                                                                                           (Eq. 2) 

where the δ13C values represent those measured in the soils in 1999 and 2015. The 
maize signature, -12.3‰ (SE <0.1), was taken from Menichetti et al. (2013), who found 
low variation in the different plant parts in maize from the Ultuna experiment. The mass 
of SOC deriving from maize was then calculated by multiplying fM by the SOC mass to 0-
20 cm depth. The SOC stocks (Table 2) were calculated from SOC concentrations in the 
soil samples from 1999 and 2014 using bulk density values that were measured in 2009 
in the different treatments (Kätterer et al. 2011).   

To estimate the mass change in C3 C stocks due to straw addition (∆𝑆𝑂𝐶 (𝑆𝑡𝑟𝑎𝑤)𝐶3) 
during the time between 1999 and 2015, the total SOC stock difference between straw-
amended and non-amended treatments in 1999 was first subtracted from this difference 
in 2015: ∆𝑆𝑂𝐶 (𝑆𝑡𝑟𝑎𝑤)𝑇𝑜𝑡𝑎𝑙 = (𝑆𝑂𝐶𝑠𝑡𝑟𝑎𝑤 − 𝑆𝑂𝐶𝑛𝑜 𝑠𝑡𝑟𝑎𝑤)2015 − (𝑆𝑂𝐶𝑠𝑡𝑟𝑎𝑤 − 𝑆𝑂𝐶𝑛𝑜 𝑠𝑡𝑟𝑎𝑤)1999   
(Eq. 3) 

To calculate the contribution of C3 straw to this difference, the difference in C4 SOC 
stock between the straw-amended and non-straw amended treatments was subtracted 
from ∆𝑆𝑂𝐶 (𝑆𝑡𝑟𝑎𝑤)𝑇𝑜𝑡𝑎𝑙: ∆𝑆𝑂𝐶 (𝑆𝑡𝑟𝑎𝑤)𝐶3 =  ∆𝑆𝑂𝐶 (𝑆𝑡𝑟𝑎𝑤)𝑇𝑜𝑡𝑎𝑙 − ∆𝑆𝑂𝐶 (𝑆𝑡𝑟𝑎𝑤)𝐶4                                            (Eq. 4) 

This was done for both +N treatments, to investigate the effect of N on SOC dynamics in 
straw and roots. 

Finally, separate retention coefficients (R) were derived for straw and maize input, to 
describe the efficiency of C retention for each of the two input types: 𝑅𝑖 = ∆𝑆𝑂𝐶𝑖𝐼𝑖                                   (Eq. 5) 

where 𝐼𝑖 is the total cumulative C input between 1999 and 2014 (C3 straw or C4 roots). 
For the straw, the cumulative input was rather exactly known (28 Mg C ha-1), while the 
root-derived C input had to be estimated using the yield-based allocation coefficients 
described in Bolinder et al. (2007), who estimated the proportion of net primary 
production to be allocated belowground for silage maize is 22.8%. Since root allocation 
according to Bolinder et al. (2007) accounts for root inputs to 40cm depth, root inputs to 
20cm depth were estimated by methodology proposed by Kätterer et al. (2011) using 
Michaelis–Menten-type function and accounted for 71 % of the total root biomass. 
However, this method of C estimation is independent of nutrient effects on C allocation, 
which have been observed before (Welbank et al. 1973). Observed differences in C4 
retention between the N-fertilized and unfertilized treatments might thus indicate a shift in root:shoot ratio due to N availability (Table 1, E and F).”Table 1 presents 
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potential results for the treatment combinations investigated and lists their most likely 
explanations, as derived from the potentially involved mechanisms listed in the 
introduction.  

Statistical analyses 

Data analysis was performed within the R statistical environment (R Development Core 
Team, 2011). Analysis of variance was conducted for each fraction. Post-hoc (Tukey’s 
HSD) tests were applied for assessing differences between treatments for which the C 
distribution showed significant treatment effects (F-test, p<0.05).  

 

Results and discussions 

Cumulative C input 

Cumulative C inputs for the period 1999-2015 were calculated from above-ground 
biomass yield (Table 2). When using the allocation coefficients for yield-based estimates 
of C inputs, the control treatment yielded the lowest C inputs from roots and 
rhizodeposition. Biomass production and corresponding C inputs from maize increased 
in response to N fertilisation and straw addition. C input through maize residues during 
the period 1999-2015 was only 5.1 Mg  ha−1 in the Control, but ranged from 7.1 to 14.1 Mg C ha−1 in the treatments amended with N, straw or both (Table 2).  

Table 2. Soil organic C (SOC) stocks (0-20 cm) and specific retention coefficient of maize 
residues and C3 straw of the selected treatments in the Ultuna long-term experiment. 
Errors given are standard deviations. 

Treatment 
SOC stocks 
(Mg C ha−1) 

Yield 
(Mg DM ha−1) C4 Input 

 (Mg C ha-1 yr-1) 

C3 Input  

(Mg C ha-1 
yr-1) 

Proportion 
of C4 C 
(%) 

C4 fraction 
retained 

C3 fraction 
retained 

  1999 2014 2000 through 2015   2015 

Control 32.9±1.9 28.9±0.7 2.9±0.3 0.31±0.03 0 
 

6.8±0.9 0.38±0.08 NA 

Control+N 36.0±1.8 33.9±1.1 6.4±0.2 0.73±0.03 0 
 

8.9±1.1 0.26±0.03 NA 

Straw 42.7±1.5 40.3±1.4 3.9±0.2 0.44±0.03 1.77 
 

6.2±0.6 0.36±0.04 0.04±0.08 

Straw+N 45.8±0.6 46.0±0.4 7.5±0.4 0.88±0.04 1.77   5.6±1.7 0.18±0.04 0.1±0.05 

 

Cultivation of grain maize can provide an annual C input of 5-15 Mg ha-1 (Clapp et al. 
2000; Liang et al. 1998). However, the C input from forage maize is usually much lower, 
since most of above-ground biomass is harvested. Our C input estimates (0.31-0.88 Mg C 
ha-1 yr-1, Tab. 2) correspond to those presented by others for forage maize.Kristiansen et 
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al. (2005) estimated that roots and stubble together left annually0.25-0.48 Mg C ha-1 
during a period of 14 years, while Wang et al. (2015) estimated average annual C input 
for the periods of 1990–2002 and 2003–2009 through maize residues to be 0.27-0.39 Mg C ha-1 and 0.59-1.52 Mg C ha-1 under unfertilised and fertilised mono-cropping, 
respectively.  

Total SOC stock changes and the contributions of C3 and C4-C 

The stocks of SOC for each treatment in the two years compared here are presented in 
Table 2 and Figure 2. During the 16-year period considered, the soil C balance was 
negative in all treatments except Straw+N, which gained a non-significant amount of C 
(0.2 Mg ha-1) (Table 2). After 60 years, this treatment may be close to steady state. Both 
N fertilisation and straw addition increased the SOC stock in the 0-20 cm layer, to a great 
extent during the whole experimental period but also slightly during the 16-year period 
considered here. The SOC stocks in 2015 were 5.0 and 5.7 Mg C ha-1 higher in N-
fertilised treatments than their unfertilised counterparts without and with straw 
addition, respectively. The corresponding change in SOC during the 16-year period was 
1.9 and 2.6 Mg ha-1, respectively. The long-term (from 1956 to 2015) increase in SOC 
due to straw addition was 11.4 and 12.1 Mg ha-1 in -N and +N treatments, respectively, 
and the corresponding short-term effect (recent 16 years) was 1.6 and 2.3 Mg C ha-1, 
respectively (Fig. 2, Eq. 3). The isotopic analysis revealed that between 5.6 and 8.9% of 
SOC in 2015 was derived from maize (Table 2).  Very similar values (7, 8, 7 and 5% for 
Control, Control+N, straw, and Straw+N treatments, respectively) were quantified in the 
same field experiment in 2009, 10 years after the introduction of maize (Menichetti et al. 
2015). In contrast to what we expected, the C4-derived C pool had not significantly 
increased during the intervening six years. Nevertheless, our results are in line with 
those reported by others. Kristiansen et al. (2005) found that the proportion of soil total 
C originating from maize roots and stubble was 7-18% (corresponding to 3.5-6.9 Mg C ha−1) after 14 years of continuous cropping. However, our findings are in contrast to the 
22-42% maize-derived C in the whole soil reported in other studies (Balesdent et al. 
1988; Gregorich et al. 1997; Haile-Mariam et al. 2008). This discrepancy was partly due 
to a shorter period of continuous maize cultivation in our case (16 years) compared with 
other studies (e.g. continuous grain maize cropping for ∼30 to 36 years; Balesdent et al. 
1988) and partly to the relatively low net primary production of maize under the cold 
climate conditions of Central Sweden. The fact that all aboveground residues of maize 
were removed also contributed to the relatively low accumulation rate of C4 C observed 
in the present study. 
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Figure 2. Effect of treatments on maize-derived (C4) and C3 soil organic C (SOC) stocks. 
Treatments labelled with different letters are significantly different (Tukey's HSD, α = 
0.05). Error bars indicate standard deviations. 

 

Figure 3. Effect of straw C addition on the dynamics of C3 and C4 C stocks in the 
treatments without (-N) and with (+N) fertilisation (as calculated by Equations 3 and 4). 
Error bars indicate standard deviations. 
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Figure 4. Effect of treatments on distribution of C4-derived SOC into different fractions. 
A) Absolute values and B) percentage distribution among fractions. Treatments labelled 
with different letters are significantly different (Tukey's HSD, α = 0.05) regarding the 
total C4-derived SOC stocks.  

The observed increases in 13C abundance in the experimental treatments corresponded 
to 2.0-3.0 Mg ha-1 (Fig. 2). By subtracting these amounts from the observed change in 
SOC between 1999 and 2015, we were able to calculate the C3-derived C stock changes 
in the four treatments. Since straw was the only C3 source during that period, 
differences between straw-amended and unamended C3 stock changes could be 
attributed to straw alone (Equation 4). According to this calculation, 1.0 Mg SOC ha-1 was 
attributable to straw in the -N treatment and 2.8 Mg SOC ha-1 in the +N treatments. The 
negative C4-C value in the +N treatments (Fig. 3) resulted from higher C4-SOC stocks in 
the N than in the Straw+N treatment. This reflects the fact that the fertilisation effect of 
straw was higher in the -N than in the +N treatments. As a result of straw addition, 
maize yield was on average 39 and 21% higher in the -N and +N treatments, 
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respectively, over the 16 years. This positive effect  can be attributable to mineralisation 
of additional plant nutrients and  to improved soil structure (Kumar and Goh 1999). 
Furthermore, the four investigated treatments did already differ in SOC stocks in 1999. 
It is likely, that SOC mineralisation was higher in those treatments with higher SOC 
stocks, which could also explain the higher retention of C4 roots in the Control 
treatments as compared to the straw amended treatments (Tab. 2) and finally the calculated “negative” effect of straw addition on C4 carbon.   
Retention of straw and root C  

In agricultural ecosystems, management practices such as crop rotation or mineral and 
organic fertilisation can have effects on C sequestration (Smith et al. 2005, Jagadamma 
and Lal 2010 ). Soil C sequestration efficiency or retention rate of C inputs can be 
determined from the proportion of applied C that is retained as SOC. Our study 
demonstrated that N fertilisation resulted in lower retention of C4-C input than in the 
treatment without N (Fig. 3). The percentage of C4-C input retained through maize 
residues was 38, 26, 36 and 18 % in the Control, Control+N, Straw and Straw+N 
treatments, respectively, with the value in the -N treatments being significantly higher 
than in +N treatments. The high retention coefficient for maize roots in the Straw 
treatment and the low value in the Straw+N treatment are in agreement with Menichetti 
et al. (2015), who reported an average retention coefficient for maize roots of 0.30 ± 
0.09 in the Ultuna field experiment. The higher retention coefficient of roots in the -N 
treatments (Control and Straw) than the +N treatments (Control+N and Straw+N) (Tab. 
2) indicates that for roots, the effect of N fertilisation on microbial C use efficiency was 
masked by shifts in C allocation to aboveground and belowground plant organs. Since 
total root C inputs were not measured, but estimated using treatment-independent 
allocation coefficients, the observed differences in C retention suggest that this 
allocation was affected by N fertilisation. This effect has been reported previously for 
cereals (Welbank et al. 1973), but also for perennial grasses (Sochorová et al. 2016) and 
can be explained by the fact that under N deficiency, plants need to invest more in roots 
to optimise nutrient acquisition. Furthermore, also a higher investment of the maize 
plants into symbiosis with mycorhiza under nutrient deficiency could play a role, since 
those have been found to be important for SOC sequestration (Hobbie and Hobbie 
2006). Thus, apart from the obvious influence of N fertilisation on net primary 
productivity (NNP), it also alters the ratio at which plants allocate their assimilates 
above- and belwoground as well as potentially the rate at which C is incorporated into 
microbial biomass and ultimately into the SOC stock (Miltner et al. 2012). In the present 
study both processes were observed, which corresponds to result F in Table 1 and 
points to the complexity of nutrient effects on SOC cycling. The fact that the likely effect 
of N fertilisation on root biomass opposed the N effect on straw retention may indicate 
that the absolute influence of altered plant C allocation overrode the influence of altered 
microbial C use efficiency. It should however be mentioned, that the investigated 
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treatments did potentially also vary in soil moisture due to different SOC contents and 
plant water uptake, which might have affected SOC decomposition. This influence was 
however not quantified and both, differences in plant water uptake and differences in 
SOC across treatments, should have balances each other to some extent. 

The estimated retention coefficient of C3 straw (28 Mg C ha-1 for 16 years) in the 
Straw+N treatment (10%) was about three-fold higher than in the Straw-N treatment 
(4%) (Fig. 3, Tab. 2). These values are slightly lower than those obtained using the ICBM 
model in the Ultuna frame trial, for which Poeplau et al. (2015) estimated ‘humification coefficients’ of 0.12 and 0.16 for the Straw and Straw+N treatment, respectively. We 
found 10-fold (Straw) and 1.6-fold (Straw+N) higher retention of root-derived C than 
shoot-derived C. This confirms findings from the mass balance approach used by 
Kätterer et al. (2011), who noted that the retention coefficients of roots were generally 
higher than those of above-ground plant residue  amendments such as straw, sawdust or 
green manure in the Ultuna field experiment. The much higher retention of straw in the 
Straw+N treatment could point to higher substrate use efficiency of microbes, as 
reported by Kirkby et al. (2014). Higher substrate use efficiency (i.e. greater 
accumulation of microbial metabolites per unit of C uptake) is explained by the fact that 
microbial growth is co-limited by nutrients in a specific and relatively constant 
stoichiometric C:N:P:sulphur (S) ratio (Cleveland and Liptzin 2007; Kirkby et al. 2011; 
Tahir et al. 2016). In their study, Kirkby et al. (2014) found up to three-fold greater 
conversion of straw C into fine-fraction SOC upon nutrient addition, which is well in line 
with the results of our study (2.9-fold greater retention).  

 Soil organic C fractions as influenced by management options  

The distribution of SOC in the fractions varied considerably between treatments. The 
POM fraction had SOC stocks ranging from 1.21 to 3.46 Mg C ha-1 and accounted for 4.2 
to 7.5% of total SOC, with significant differences between treatments (Table 3). The 
highest POM stocks were found in the straw-amended treatments, which can be 
explained by the higher input of labile plant residues. In a Danish soil, Magid et al. 
(1997) incubated wheat straw for 20 months and found up to 20% of the added straw 
still remaining as POM. The speed at which the straw residues are processed by 
microbes and partly transferred to more stable SOC pools depends strongly on climate 
conditions. In an Italian long-term experiment, Poeplau et al. (2017) found no difference in POM stocks between ‘residues removed’ and ‘residues incorporated’ treatments. In 
contrast to the POM fraction, in the present study the proportions of SOC attached to silt 
and clay (SC-rSOC and rSOC) were higher in the treatments without straw addition 
(Control and N). These findings are in line with Zimmermann et al. (2007) and Poeplau 
and Don (2013), who reported that the largest fraction of SOC was the SC-rSOC fraction, 
which accounted for 58-60% in cropland, 51-59% in grassland and 41-58% in forests, 
followed by the rSOC, POM, SA and DOC fractions. Over both sampling dates and all 
treatments, we found 87.6% of the total SOC stock in the silt and clay fraction, which is 
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in line with results reported by Flessa et al. (2008), who found 88% of the total SOC in 
this fraction in two German agricultural soils. Christensen and Sorensen (1985) also 
found 50-75% of SOC to be present in clay-sized separates, while silt accounted for 
another 20-40%. This highlights the importance of organo-mineral interactions, as well 
as silt-sized microaggregates, for SOC stabilisation (Ladd et al. 1975; Christensen 1987; 
An et al. 2015; Moreno-Cornejo et al. 2015).,. Furthermore, Mueller et al. (2014) found 
that the sand-sized fraction was dominated by fresh organic matter rich in O/N-alkyl C, 
while the silt-sized fraction was dominated by highly altered SOM rich in alkyl-C, 
suggesting a clear shift from carbohydrate- to alkyl chain-dominated SOM with 
decreasing bioavailability. This fits our observations, that the SA fraction was more 
enriched in fresh organic matter as compared to the fine SC fraction.   

Interestingly, we observed a change in SOC distribution between the two sampling 
dates. In all four treatments, the more labile fractions POM, DOC and SA showed a 
relative decline between 1999 and 2015, while the more refractory fractions SC-rSOC 
and rSOC showed a relative increase (Tab. 3). Since the only factor that changed 
between the two sampling dates was the crop grown, it can be assumed that this shift to 
a more stable SOC stock was related to the introduction of maize. 

C4-C enrichment in different fractions 

The change in δ13C of bulk soil and fractions across all treatments is shown in Table 4. 
The proportion of maize-derived C was greatest in the POM fraction, with relative 
enrichment ranging from 8.1% (Straw) to 17.4% (Control+N). This is in line with several 
other studies and confirms that POM is the most active and dynamic SOC fraction. 
Kristiansen et al. (2005) reported that the POM fraction comprised 17-41% in different 
Danish soils after 11 years of maize cropping. Poeplau and Don (2014) found that after 
16 years of Miscanthus plantation, 68% of the POM in the 0-10 cm soil layer was 
Miscanthus-derived. The enrichment of 13C was less pronounced in the other fractions, in 
the order SA>SC>rSOC>DOC. Apart from the negative 13C enrichment observed in the 
liquid DOC fraction in three out of four treatments, this ranking is in agreement with 
previous results (Poeplau and Don 2014) and supports the concept of the fractionation 
method proposed by Zimmermann et al. (2007). However, the observed enrichment of 
C4 C within the rSOC fraction indicates that this pool is not passive, but its contribution 
to C cycling is detectable within a relatively short period of 16 years. This confirms the 
findings reported by several others (Dondini et al. 2009; Poeplau and Don 2013; 
Poeplau and Don 2014) and underlines that this fraction cannot directly be linked to the 
inert organic matter pool of the Rothamsted carbon model as suggested by 
Zimmermann e tal. 2007but. The negative values for C4 enrichment in the DOC fraction 
can be explained by high measurement uncertainty due to very low SOC concentrations 
in the freeze-dried DOC samples. 
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Among treatments, significantly higher rates of δ13C enrichment were found in the POM 
fraction of the Control and Control+N treatment than of the Straw and Straw+N 
treatment (Table 3). This can be explained by the POM fraction being significantly larger 
in the straw-amended treatments, where the 13C signal of the C4 C was diluted every 
second year by C3 straw inputs. However, in absolute terms, no difference was observed 
between control and straw-fertilised treatments in terms of C4-POM accumulation. The 
distribution of C4-C among SOC fractions, as influenced by management, is presented in 
Figure 4. As can be seen from Figure 4B, which depicts the relative distribution of C4 C in 
different SOC fractions, there was no clear treatment effect on the distribution of root-
derived C in different SOC fractions. 

 

Conclusion and perspectives 

The unique combination of C4 root and C3 shoot residue inputs under field conditions 
allowed these to be studied separately regarding their incorporation into total SOM and 
its fractions. The results obtained provided additional evidence that root-derived C 
inputs are preferentially stabilised compared with shoot-derived inputs. We also 
observed an opposing response of roots and shoots (straw) to N fertilisation, which 
illustrates the diversity of nutrient effects on SOC cycling potentially present in the soil. 
We concluded that allocation coefficients used to estimate root C inputs should consider 
the nutrient status of the crop. To do so, more in situ experimental data regarding 
nutrient effects on C inputs are required. The SOC fractionation we conducted revealed 
that straw addition led to relative accumulation of labile fractions such as POM. 
Therefore, the positive effect on SOC stocks might not be long-lasting once straw 
addition is terminated. In contrast, the introduction of maize roots caused a shift in 
fraction distribution towards more stable fractions, such as SOC bound to silt and clay 
particles, most likely due to a higher contribution of roots to these C fractions. We 
concluded that rotations which include crops or intercrops with large amounts of root 
biomass are probably more beneficial than straw incorporation for long-term SOC 
storage.   
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Abstract 

Soil organic carbon (SOC) plays a crucial role in the global carbon cycle as a potential 
sink or source. Land management influences SOC storage, so the European Parliament 
decided in 2013 that changes in carbon stocks within a certain land use type, including 
arable land, must be reported by all member countries in their national inventory 
reports for greenhouse gas emissions. Here we show the temporal dynamics of SOC 
during the past two decades in Swedish agricultural soils, based on soil inventories 
conducted in 1988-1997 (Inventory I), 2001-2007 (Inventory II) and from 2010 
onwards (Inventory III), and link SOC changes with trends in agricultural management. 
From Inventory I to Inventory II, SOC increased in 16 out of 21 Swedish counties, while 
from Inventory I to Inventory III it increased in 18 out of 21 counties. Mean topsoil (0-20 
cm) SOC concentration for the entire country increased from 2.48% C to 2.67% C (a 
relative increase of 7.7%, or 0.38% yr-1) over the whole period. We attributed this to a 
substantial increase in ley as a proportion of total agricultural area in all counties. The 
horse population in Sweden has more than doubled since 1981 and was identified as the 
main driver for this management change (R²=0.72). Due to subsidies introduced in the 
early 1990s, the area of long-term set-aside (mostly old leys) also contributed to the 
increase in area of ley. The carbon sink function of Swedish agricultural soils 
demonstrated in this study differs from trends found in neighbouring countries. This 
indicates that country-specific or local socio-economic drivers for land management 
must be accounted for in larger-scale predictions. 
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Introduction 

The size of the global soil carbon pool exceeds that of the atmosphere and terrestrial 
vegetation combined (Lal, 2004). Land use and land management significantly affect the 
balance between soil carbon inputs and outputs. Agriculture has been identified as the 
most intensive form of land use, both as regards the fraction of net primary production 
exported annually (Haberl et al., 2007) and the intensity of mechanical soil disturbance 
by tillage, which may increase carbon output (Baker et al., 2007). Agriculture therefore 
plays a crucial role with respect to the global carbon cycle and the concentration of 
atmospheric CO2 (Houghton et al., 1999). All countries complying with Annex I of the 
United Nations Framework Convention on Climate Change (UNFCCC) are obliged to 
report their annual carbon emissions in national inventory reports (NIR). The CO2 fluxes 
from the soil are usually estimated as the net change in soil organic carbon (SOC) stocks. 
However, annual changes in SOC are difficult to quantify in the short term (<10 years) 
and can also be costly to measure on a national scale. Thus, each country has to find 
solutions for estimating and reporting SOC changes according to their needs and the 
financial resources available for the task. Many countries estimate SOC changes after 
land use change using default methods (Tier 1) described in the IPCC guidelines on 
national greenhouse gas inventories (IPCC, 2006). To date, accounting for SOC changes 
within arable soils has been voluntary. Major trends in SOC due to changes in 
agricultural land management, e.g. in fertilisation, ploughing depth, residue 
management, crop rotation or crop type, are therefore overlooked. However, it has been 
shown that land management changes can have significant effects on soil carbon (Sleutel 
et al., 2003; Kätterer et al., 2012; Kätterer et al., 2014). Socio-economic drivers, such as 
the current demand for bioenergy crops, can lead to drastic and rapid changes in land 
management. In 2013, the European Parliament therefore decided that member states 
of the European Union must include arable land and grazing land management in their 
inventory reports (Anonymous, 2013a). Sweden is one of the countries reporting annual 
soil carbon changes in agricultural soils within the land use, land use change and 
forestry (LULUCF) sector according to an IPCC Tier 3 method. This is done by means of 
the introductory carbon balance model (ICBM), which has been calibrated on long-term 
field experiments (Andrén and Kätterer, 1997; Andrén et al., 2004). The approach uses 
national statistics on the proportion of agricultural land within different cropping and 
animal production systems, together with data on net primary productivity reflecting 
temporal changes in management practices. In addition, the Swedish Environmental 
Protection Agency (SEPA) has long had a national soil monitoring programme, with SOC 
as one of the parameters included. The first inventory was conducted during 1988-1997 
and this database was used in the initialisation calculations with the ICBM model 
(Andrén et al., 2008). In the inventory, the SOC content at 3146 sampling locations was 
determined. Now, two more inventories (2001-2007; from 2010 onwards) have been 
conducted, providing a solid base for evaluating the temporal dynamics of SOC in 
Swedish agricultural soils. Similar work is being carried out for agricultural soils in the 
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neighbouring countries of Finland and Norway (Riley and Bakkegard, 2006; Heikkinen 

et al., 2013), as well as in England and Wales, Belgium and the Netherlands (Sleutel et al., 
2003; Bellamy et al., 2005; Reijneveld et al., 2009). In the Netherlands, a slight increase 
in SOC was observed between 1984 and 2004, but could not be clearly attributed to 
specific land use, climate or management changes. In all other countries, a significant 
decline in SOC was detected for the past 3-4 decades and was attributed to increasing 
decomposition of SOC due to global warming or to changes in management. In recent 
decades, the Swedish agriculture sector has undergone a number of changes, with loss of 
total agricultural area accompanied by increasing imports of agricultural products, 
decreased milk and meat production and increased organic farming being indicators of 
ongoing extensification (official statistics of the Swedish Board of Agriculture, 
downloaded from http://statistik.sjv.se). The aim of the present study was to assess the 
temporal dynamics of SOC in Swedish agricultural land based on the results currently 
available from the ongoing soil monitoring programme and to evaluate the potential 
relationships with changes in management or climate reflected in national statistics. 

Materials and Methods 

The soil carbon datasets 

In the soil monitoring programme initiated by SEPA, agricultural soils are sampled in the 
depth intervals of 0-20 cm (topsoil), representing the plough layer, and 40-60 cm 
(subsoil) (Eriksson et al., 1997). Within a radius of 5 m around the specified sampling 
coordinate, nine core samples are taken and pooled to a composite sample. Fresh 
samples are sent to the laboratory for air-drying. The air-dry samples are passed 
through a 2-mm sieve and later analysed for pH (H2O), total carbon, nitrogen and 
sulphur content, base cations, phosphorus, soil texture (only in Inventory I) and 
different trace elements. To date, only the topsoil samples have been analysed, while the 
subsoil samples are in storage. Samples with pH (H2O) exceeding 6.7 are treated with 2 
M HCl to remove carbonates and repeatedly analysed for organic carbon content. The 
dry weight of each sample is determined by drying a sub-sample at 105°C. Carbon 
concentrations reported in this study are thus on a soil dry weight basis. As mentioned 
above, three inventories have been conducted to date, the first (Inventory I) in 1988-
1997, the second (Inventory II) in 2001-2007 and the third (Inventory III) from 2010 
onwards. Due to strategic considerations within the monitoring programme and 
budgetary constraints, Inventories I-III differ in terms of number of sampling points and 
partly also location of the sampling plots. Inventory I includes 3146 sampling points, 
whereas Inventory II only comprises 2034 sampling points. In addition, the fields from 
which the samples were taken are not the same for these two inventories. Inventory III 
was initiated as a resampling of the 2034 locations in Inventory II and is still ongoing. 
Within Inventory III, a total of 1113 locations have been resampled to date, but the last 
results are not likely to be available before 2018. An in-depth investigation of SOC 
dynamics between Inventories II and III in relation to sampling location is therefore not 



SOIL ORGANIC CARBON IN THE ‘ANTHROPOCENE’ 

126 
 
 

included in this study. Due to use of a stratified sampling grid, it can be assumed that a 
representative part of the agricultural area in Sweden has been resampled so far in 
Inventory III. In the most northern counties the resampling was completed in 2014, 
irrespective of the sampling year in Inventory II, leading to slightly higher data coverage 
there than in other Swedish counties (Table 1). All soils with a SOC content exceeding 
7% are classified as organic soils (Andrén et al., 2008) and excluded from analysis due to 
the fact that C losses or gains in organic soils cannot be accounted for by simply 
measuring the SOC concentration at a certain soil depth. To detect changes in organic 
soils, the height of the organic layer has to be monitored over time, which is not done in 
the SEPA inventories. The total amount of mineral soil samples available for the present 
study were 2923, 1878 and 932, for Inventory I, II and III, respectively. Soil carbon 
concentrations of all inventories were measured in the same laboratory by dry 
combustion with an elemental analyser (LECO, St. Joseph, Michigan, USA). For quality 
control and to exclude measurement bias, a subsample of a soil from Inventory I has 
been analysed repeatedly at regular intervals over the years. The Inventory I-III datasets are similar regarding their distribution into different ‘size classes’ of SOC concentration, 
as can be seen in Figure 1. Potential shifts in regional average SOC concentrations are 
thus not biased by e.g. relative over-representation of a certain size class. We deemed it 
appropriate to use regional mean values of SOC as the only way to evaluate temporal 
SOC dynamics over all three inventories. To assess the dynamics of the average regional 
SOC content over time and link those to certain drivers, we used county as the spatial 
unit with the highest resolution of management data. A list of the 21 counties in Sweden 
and the agricultural area represented by one sampling point (mineral soil) is presented 
in Table 1. To check whether the counties are equally represented in the county 
averages, we divided the number of points in each county by the agricultural area. The 
temporal trends in agricultural area were thereby taken into account. In Inventory I, II 
and III, each sampling point represented an average area of 918±89, 1468±233 and 
2845±1034 ha, respectively. The large standard deviation in Inventory III can be 
attributed to the low coverage of the counties Gotland and Blekinge, where only 17 (out 
of 54) and 5 (out of 20) points, respectively, have been resampled to date (Table 1). 
Carbon dynamics findings for these two counties, at least when considering Inventory 
III, have thus to be interpreted with caution. Apart from those counties, sampling points 
were rather equally distributed across the agricultural land in Sweden, which was 
achieved using a random starting point and then a fixed grid related to that point. The 
observed variance can primarily be explained by the differing abundance of organic 
soils, which were excluded a posteriori, among the counties. Furthermore, for various 
reasons, such as land use change, several sampling points could not be resampled in 
Inventory III. The management history or the current crop at each sampling point was 
not reported during sampling.  
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Table 1: List of Swedish counties and their average agricultural area since the start of 
the inventories (1988), total number of sampling points used in Inventories (Inv.) I, II 
and III and the coverage of one sampling point in each inventory. 

    
Agricultural 
area [kha] 

Total Number of sampling 
points in: 

Coverage of one point 
[thousand ha] 

Code County 
Inv. 
I Inv. II Inv. III Inv. I Inv. II Inv. III 

1 Stockholm 88 94 68 34 0.98 1.28 2.43 

3 Uppsala  157 178 107 55 0.86 1.41 3.02 

4 Södermanland 130 148 87 42 0.91 1.50 3.00 

5 Östergötland 208 205 154 74 1.03 1.36 2.73 

6 Jönköping 91 111 64 30 0.83 1.45 2.93 

7 Kronoberg 51 56 36 16 0.99 1.43 2.96 

8 Kalmar  126 147 86 46 0.89 1.48 2.64 

9 Gotland 85 82 54 17 1.02 1.60 5.03 

10 Blekinge 33 43 20 5 0.83 1.67 6.21 

12 Skåne 454 548 310 142 0.84 1.48 3.13 

13 Halland 115 133 79 33 0.91 1.47 3.32 

14 Västra Götaland 477 479 376 180 1.01 1.28 2.60 

17 Värmlands  110 123 73 32 0.90 1.52 3.34 

18 Örebro 108 109 79 37 1.02 1.36 2.83 

19 Västmanland 117 109 77 32 1.14 1.61 3.17 

20 Dalarna 61 62 39 18 1.01 1.57 3.35 

21 Gävleborg 71 74 47 41 1.01 1.52 1.64 

22 Västernorrland 53 64 33 30 0.90 1.58 1.63 

23 Jämtland 42 45 23 21 0.99 1.85 1.92 

24 Västerbotten 73 69 48 33 1.13 1.49 2.11 

25 Norrbotten 38 43 16 13 1.00 2.39 2.61 

 

Management and climate data 

In the present study, we used national agricultural statistics to derive different 
explanatory variables and evaluated them against the regional trends in SOC. The 
statistics were downloaded from the website of the Swedish Board of Agriculture 
(http://statistik.sjv.se). The regional units in which Swedish agricultural statistics are 
available are production regions (n=8) and counties (currently n=21) (Fig. 2, Tab. 1). In 
order to use the highest spatial resolution possible, we decided to compute statistics at 
county level. For each year since 1981, we compiled county-wise data for the whole 
country on the total area on which a certain crop type has been grown (20 different 
crops), expressed as proportion of total agricultural area. We also compiled data on total 
number of animals and animal categories in agriculture. As a rough characterisation of 
agricultural production in each county and an overview over Swedish agriculture, we 
summarised the 20 different crops into three categories, (i) cereals, ii) perennial crops 
and iii) root crops, oilseed crops and other crops), and plotted their areal frequency (Fig. 
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3). Total area of fallow land was divided into green fallow and uncultivated fallow using 
a fixed ratio of 2.45 as a mean value of reported proportions over time and for different 
Swedish production regions (Thord Karlsson, Swedish Board of Agriculture, pers. comm. 
2015). Green fallow is defined as long-term (3 years or more) set-aside land that mostly 
consists of old leys, while uncultivated fallow is usually short-term (1 to 2 years) set-
aside land which is defined as arable land with the stubble is left in the field after 
harvest and weeds growing. The proportion of land under cover crops is reported in 
statistics only for the eight different agricultural production regions of Sweden instead 
of counties, and only for the last six years (Helena Aronsson, SLU, pers. comm.). We 
averaged those six years and assigned the counties to the different regions as best 
possible.    

The number of animals in each category was used to estimate total annual manure mass 
[Mg ha-1] produced in each county by applying coefficients published in a guideline 
report on manuring by the Swedish Board of Agriculture (Anonymous, 2015). These 
coefficients were also used in a model called STANK in MIND, which is the official model 
for input/output accounting on farm level in Sweden and is used in the Swedish National 
Inventory Report for greenhouse gas emissions under the framework of UNFCCC 
(Swedish Environmental Protection Agency, 2013). 

A large proportion of Swedish horses are not reported in the statistics, since they are 
associated with holdings smaller than 2 ha, which are not included in the official 
agricultural statistics. To date, only two specific horse surveys have been conducted in 
Sweden, by Statistics Sweden (SCB) in 2004 and 2010 (Anonymous, 2005, 2011). In both 
surveys, the total number of horses and the number of horses in agriculture are given 
for each county. The number of horses in agriculture exactly matched the value in the 
animal statistics published by the Swedish Board of Agriculture and accounted for less 
than one-third of the total number of horses in Sweden. In the present study, the county-
specific ratios (horses in agriculture/total horses) in 2004 and 2010 were averaged and 
applied to all other years in the agricultural statistics to obtain an estimate of the 
temporal change in total number of horses in Sweden from 1981 to 2013. However, only 
horses in agriculture were considered in the manure statistics, based on the assumption 
that manure from non-agricultural horses would not find its way to fields on farms 
larger than two hectares. 

Daily climate data from 1980-2009 (to create 30-year averages) across Sweden were 
obtained from 23 different weather stations managed by the Swedish Meteorological 
and Hydrological Institute (SMHI). These stations were initially selected to cover all 
agricultural land in Sweden and were linked to the eight production regions, but were 
not perfectly equally distributed over all counties. Eleven of the 21 counties were 
associated with one climate station, six counties had two (values from which were 
averaged) and four counties had none. For those counties which had no climate station, 
we used average climate data for their neighbouring counties to the north and south. 
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Figure 1: Histogram of measured carbon concentration (0.5% C increments) for (A) 
Inventory I, (B) Inventory II and (C) Inventory III. 

Statistics 

To assess the potential impact of different variables on SOC concentrations, we 
correlated management and climate variables averaged over the whole period 1988-
2013 to average SOC concentration (Inventories I-III) per county. We used the Spearman’s-Rho Test to assess the significance of the correlations. The explanatory 
variables used were: proportion of a certain crop to total agricultural area, total manure 
production, soil pH, soil texture, mean annual temperature (MAT) and mean annual 
precipitation (MAP). For pH and soil texture we used county-averaged measured values 
from the Inventories. To test the hypothesis that the change in SOC concentration 
between two inventories for all of Sweden differs from zero, we calculated differences in 
arithmetic county means between two inventories and tested them against zero in a 
weighted one-sample Students’ T-test. As a weighting factor we used the amount of 
sampling locations in each county (in Inventory I) to account for the different size and 
agricultural area of each county. A normal distribution was obtained for all three cases 
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(Inventory I vs. II, I vs. III and II vs. III). Temporal changes in SOC and as changes in 
management and climate over time were expressed as response ratio (RR): 

RRV=V2013)/Vyear,                                       Eq. 1 

where V2013 is the magnitude of an explanatory variable in 2013 and Vyear that of the 
same variable in a previous year, 1991 in most cases, which was the year with the 
highest data coverage of all years considered in the approximate centre of the period 
1988-1997 (sampling period for Inventory I). The area of ley was not reported for the 
years 1992-1995, so a robust average of the whole period in Inventory I would have 
biased the RR values of this variable. For the management variables of the counties 
Skåne and Västra Götaland, we used the years 1997 and 1998, respectively, as reference 
years, since both counties were founded only in these years. Thus, the total time span of 
all management variables (excluding Skåne and Västra Götaland) was 22 years. Those 
ratios, as well as the mean predictors mentioned in the previous section and the starting 
carbon concentrations (SOCStart), were used in maximum likelihood estimations (MM-
estimations) to fit robust multiple linear regressions explaining the variability of 
observed changes in SOC (RRSOC) between counties. Robust regressions are not overly 
affected by the violation of assumptions such as heteroscedasticity and slight non-
normal distributions of the variables or single outlying data points, and are therefore an 
advantage when combining variables with differing dimensions (Andersen, 2008). We 
used p=0.05 as the significance limit in all tests. All analyses were performed using the R 
software. 

 

Results and Discussion 

Effect of management and climate on average soil carbon concentrations 

Among all crops grown, only the proportion of leys (including green fallow) was able to 
explain a significant part of the variation in average carbon concentration between 
counties (R=0.64) (Table 2). The average SOC concentration was found to be highest in 
the counties with the highest proportion of leys grown (Fig. 2). This might be explicable 
by the fact that leys produce much more belowground biomass and exudates than most 
other crops (Bolinder et al., 2007b). For example, a review by Bolinder et al. (2012) 
found an average below-ground biomass of 7.8 Mg ha-1 for perennial forage crops, 
compared with only 2 Mg ha-1 for small-grain cereals. Roots and their exudates are 
known to contribute more to the stable soil carbon pool than aboveground plant 
material (Rasse et al., 2005; Kätterer et al., 2011). It is also well known that ley-based 
crop rotations are less susceptible to SOC losses through erosion, because of the 
permanent surface cover. Indeed, numerous studies have reported higher SOC 
concentrations under grassland soils compared with arable soils, despite similar 
aboveground net primary productivity (Leifeld and Kögel-Knabner, 2005; Bolinder et al., 
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2012; Poeplau and Don, 2013). A recent review of SOC stocks under Nordic conditions 
(Kätterer et al., 2013) showed that on average 0.52 Mg ha-1 yr-1 more carbon was 
retained in soils in ley-arable systems than in exclusively annual cropping systems 
(mostly cereals). In the present study, the average areal application rate of manure by 
county, which was directly derived from the number of animals, was also positively 
correlated to SOC concentration. Farmyard manure has been shown to be among the 
most effective organic amendments for carbon sequestration in soils (Smith et al., 2005; 
Kätterer et al., 2012), so this positive correlation is reasonable. There was a tendency for 
a negative correlation between MAT and SOC concentration, but this was not significant. 
A colder climate usually leads to decreased soil biological activity and thus decreased 
SOC decomposition (Bolinder et al., 2007a). However, lower C inputs as a result of lower 
net primary production are likely to compensate for much of the difference in 
decomposition. Finally, we found that soil pH was a strong predictor of soil carbon 
content. However, all predictors were intercorrelated, and comparisons are not 
straightforward (Table 2). Agricultural management is always adapted to climate. In 
colder regions, mostly in the northern counties of Sweden, the proportion of ley is 
higher than in milder southern parts, because the short northern growing season and 
low growing season temperature sum exclude the production of typical cash crops 
(Bolinder et al., 2010). In Jämtland, Västerbotten and Norrbotten, the most northerly 
counties of Sweden, ley as a proportion (averaged over the past two decades) of total 
agricultural area was 78%, 62% and 67%, respectively (Fig. 2). Consequently, farms in 
the north tend to specialise in livestock farming, which in turn leads to higher manure 
application to fields. Liming is probably carried out more regularly in highly productive 
regions (Southern Sweden), where the proportion of ley is lower, which might explain 
the negative correlation between pH and soil carbon content. In addition to that, 
calcareous bedrock leads to high pH values in certain parts of Southern Sweden. 
However, soil biological activity, and thus carbon decomposition, decreases with 
decreasing soil pH, further indicating that a direct link between soil pH and soil carbon 
is also possible. A negative effect of perennial grasses on soil pH due to a strong base 
cation consumption  has also been found (McIntosh and Allen, 1993), which might 
explain the strong negative correlation between pH and proportion of ley. Since 
management is adapted to climate and affects both abiotic and biotic soil properties, this 
highlights the relevant and difficult question of whether management or abiotic 
conditions are the most important driver of SOC dynamics. However, the datasets used 
here indicate that even at the national scale, changes over time in the proportion of leys, 
manure application, soil pH and possibly climate can be used as potential predictors of 
changes in SOC.  
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Table 2: Correlation matrix showing rank correlation coefficient (R value) for the 
different predictors of SOC in each county (averaged over Inventories I-III), with +/- 
indicating the direction of the correlation. The selected predictors were: Average mass 
of manure produced and potential application rate [Mg ha-1 yr-1], ley as a proportion of 
total agricultural area [%], the condensed climate variable re and average soil pH. MAT = 
mean annual temperature 

  Ley MAT pH SOC 
Manure 0.51 (+) ns ns 0.53 (+) 
Ley  0.61 (-) 0.66 (-) 0.64 (+) 
MAT   ns ns 
pH       0.56 (-) 

 

 

 

Figure 2: (Left) Map of Sweden showing the current division into counties, numbered 
according to the codes listed in Table 1. (Right) Relative proportions of different crops 
grown on the agricultural area in each county, averaged for the period 1988-2013.  

Temporal dynamics of soil organic carbon and its causes  

The average county-scale SOC concentration significantly increased between Inventory I 
and Inventory II (p<0.001) in 16 out of 21 counties (Fig. 3A). This positive trend 
continued between Inventories II and III, with the SOC concentration increasing in 13 
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out of 21 counties (p<0.001). Finally, between Inventory I and III, representing the 
longest period of observations, SOC concentration increased in 18 out of 21 counties 
(Fig. 3B, p<0.001). The country-average SOC concentration increased from 2.48 to 2.67 
% during the whole period (Fig. 4), which constitutes a relative increase of 7.7%, or 0.38 
% yr-1. This provides evidence that Swedish agricultural soils have indeed acted as a net 
carbon sink over the past two decades. This is in contrast to the trends observed in 
neighbouring countries, e.g. for Finland Heikkinen et al. (2013) reported a net SOC loss 
of 0.2-0.4% yr-1 from 1974-2009. They attributed this loss partly to a shift in agricultural 
management and farming structure, with less perennial ley in the rotation and more 
monoculture in recent years. Severe losses of SOC from agricultural soils have also been 
observed in south-east Norway and have been attributed to land drainage, climate 
change and changes in the rotation (Riley &  Bakkegard, 2006). In Belgium, Sleutel et al. (2003) identified the “Manure Action Plan” introduced by the Belgian government, 
which placed restrictions on the excessive use of manure, as the major cause of declining 
SOC stocks in that country. However, Bellamy et al. (2005) claimed that climate change 
was the driver for soils in England and Wales acting as a carbon source over recent 
decades. Consequently, SOC in agricultural soils on a national scale has shown to be 
mainly sensitive to changes in the presence of ley in the rotations, the amount of manure 
applied and climate conditions. All these factors were also tested as predominant 
predictors of SOC concentration in the present study.  

The data showed that the proportion of ley in Swedish agriculture has increased steadily 
since 1981, the earliest year investigated in this study (Fig. 4). In all counties, ley has 
become more abundant over time, with increases ranging from 24% in Norrbotten to 
96% in Stockholm county. In 2013, 47% of the agricultural area in Sweden was used for 
ley and green fallow, whereas in 1981 it was only 32% (Fig. 4). In the same period, the 
average amount of manure applied to soils in Sweden decreased by 5% (1981-2013) or 
remained stable (+1%, 1991-2013), presumably because of the decreasing numbers of 
cattle and pigs. During recent decades, meat imports have become more important in 
Sweden (Cederberg et al., 2009). Therefore, the observed positive trend in soil carbon 
cannot be explained by recent trends in manure production and application rates to soil. 
Furthermore, averaged over the 22 SMHI stations, the climate conditions did not change 
within the study period. Soil pH increased by only 1.7% as an average for all counties 
and is thus unlikely to be of any relevance for the trend in SOC. The most likely 
explanation for the increasing trend observed for SOC is thus the increase in ley. 

When using the pedotransfer function reported by Kätterer et al. (2006) to estimate 
bulk density, the average SOC stock in the first Inventory was 66 Mg C ha-1 in 0-20 cm 
soil depth. The found annual increase of 0.38% would thus correspond to 0.25 Mg C ha-1. 
The proportion of ley and green fallow increased between 1991 and 2013 by 33%, so 
the expected change in SOC stock would be 0.17 Mg C ha-1, when the reported 
accumulation rate of Kätterer et al. (2013) (0.52 Mg ha-1) is considered. (Conant et al., 



SOIL ORGANIC CARBON IN THE ‘ANTHROPOCENE’ 

134 
 
 

2001) reported an annual increase in SOC stock of 1 Mg C ha-1after cropland to grassland 
conversion, which would account for 0.33 Mg C ha-1. The calculated accumulation of 
0.25 Mg C ha-1 is the exact mean of those two estimates. Furthermore, Heikkinen et al. 
(2013) report an annual decrease in SOC of 0.4%, which equals the annual increase of 
0.38% found in our study. As the first reason for this decline, they mention significant 
changes from permanent grasslands and perennial crops to cultivation of annual crops. 
We conclude that attributing the increase in SOC to the increase in ley and green fallow 
area is reasonable.      

 

Figure 3: County-average carbon concentrations from Inventories I-III plotted against 
each other, with 1:1 line to visualise shifts in carbon concentration. 
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Figure 4: Country-average carbon concentrations for Inventories I-III and trends in ley 
and green fallow as a proportion of total agricultural area. 

Having identified ley as a major predictor, we tested this by correlating the change in 
SOC in each county over the whole period (RRSOC) to the change in ley area in each 
county (RRLey). We found a weak, non-significant positive correlation (R=0.31) between 
the two, indicating that higher SOC accumulations occurred in counties with strong 
increases in the proportion of ley. We then applied several different explanatory 
variables in a robust linear regression model in an attempt to explain more of the 
observed variation in SOC concentration across counties. The best model fit explained 
41% (adjusted R2=0.41) of the variance and consisted of: RRLey+RRManure+SOCStart-
Organic farming area (Fig. 5), in which all four variables were significant. The positive 
response of soil carbon to the increase in the proportion of ley was thus less pronounced 
in counties where the strongest decreases in manure production occurred, which is 
reasonable. The variables RRManure and RRLey were not correlated. The negative effect of 
the proportion of organic farming could be explained by the fact that since it bans the 
use of mineral fertilisers, it generally leads to a reduction in yield (Kirchmann et al., 
2008) and thus to lower carbon inputs to the soil (Leifeld et al., 2013). Furthermore, 
Ammann et al. (2007) showed that nitrogen deficiency can lead to increased 
decomposition of the existing soil carbon pool. The increase in organic farming in the 
past decade may therefore explain why the response of soil carbon to an increasing 
proportion of ley was weaker between Inventory II and III than between Inventory I and 
II (Fig. 4). The average starting concentration of SOC (SOCStart) as a predictor of the 
response of SOC to an increase in ley is not easy to understand, but it was the most 
powerful explanatory variable, leading to significance of all other variables considered 
even without being correlated to RRSOC as such. A link to soil texture, with e.g. the 
highest starting carbon concentration and the highest accumulation of carbon in fine-
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textured soils, was not found. A weak positive, but not significant, correlation (R=0.33) 
was found between the change in soil carbon and the proportion of agricultural area 
under cover crops. This confirms recent findings by Poeplau and Don (2015) that cover 
crops can be an efficient measure to increase SOC. In the southern counties of Sweden, 
where cover crops were introduced in 2001 to prevent nitrate leaching during humid 
autumns, up to 17 % of the total agricultural area was cultivated with cover crops during 
the period 2007-2013. However, including cover crops as an explanatory variable did 
not increase the predictive power of the multiple regression model in this study.      

Socio-economic drivers for the observed land management change 

Ley is primarily used as animal feed, especially for cattle and horses. Therefore the 
increase in the proportion of ley seems to run contrary to the decrease in cattle numbers 
in Sweden since 1981 (-23%) and 1991 (-11%). However, the number of horses has 
more than doubled since 1981 (+124%), and has increased by 48% since 1991. At 
present, the estimated number of horses in Sweden is 370 000, while it was only 165 
000 in 1981. A horse with normal activity (1 hour of daily activity) needs 8 kg hay or 
silage and 1.5 kg oats per day (Anonymous, 2013b). With the average ley yield of 2013, 1 
hectare of ley could feed 1.06 horses for a year. Thus 30% of the ley area and 13% of the 
total agricultural area in 2013 were used for horses alone. The increase in ley area 
(288 000 ha) is in fact of the same order of magnitude as the estimated increase in 
horses (205 000). Considering the area and yield statistics against the need for forage 
for the official number of animals in agriculture in Sweden, it has been estimated that 
there is overproduction of ley corresponding to 200-300 000 ha yr-1 (Anonymous, 2008). 
This is perfectly explained by the number of horses not included in the agricultural 
statistics (those kept on holdings of <2 ha) and thus not included in the calculations by 
Anonymous (2008). More than two-thirds of the 370 000 horses in Sweden are not kept 
on officially recognised farm holdings but on private property, e.g. around urban areas. 
With increasing wealth, an increasing number of people can afford to keep a horse. The 
increase in the Swedish horse population was found here to be highly correlated with 
the increase in ley per county, with Stockholm, the wealthiest county, having the highest 
rise in both (R2=0.72) (Fig. 6). This correlation provides evidence that horses may be the 
most important driver for the increase in the proportion of ley in total Swedish 
agriculture. While farmers may not own most of these horses, they can sell hay at a good 
profit to (often wealthy) horse owners, leading to increased interest among farmers in 
producing hay. The Swedish predilection for owing horses may thus have contributed 
significantly to the observed increasing trend in SOC, indicating a link between 
national/regional/local socio-economic trends and soil carbon sequestration. The 
amount of fallow land, particularly green fallow, has also contributed to the temporal 
changes in leys. This type of land use is dependent on farm subsidies in member countries of the European Union (EU). For example, because the clause on ‘obligatory’ 
fallow in the EU was removed in 2007, by 2008 the total area of fallow in Sweden 
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declined drastically (by 33%) to 134 000 ha, its lowest level since 1994, the year before 
Sweden became a member of the EU. In the intermediate years, green fallow had 
increased from about 100 000 ha in 1995 to a little more than 200 000 ha in 2007 
(Anonymous, 2008). A certain proportion of the ley increase could also be explained by 
the increase in organic farming during the last 10 years, when many conventional farms 
switched their production to organic farming. The proportion of total agricultural area 
used for organic farming was literally non-existent in the beginning of the 1980s, but by 
the end of the 1990s had increased strongly due to subsidies. This increase was most 
pronounced during the period between Inventory II and III, where the areal share of 
organic farming increased from 6.9% in 2005 to 16.5% in 2013 (http://statistik.sjv.se). 
However, as in many other European countries (Olesen et al., 2000; Maeder et al., 2002), 
organic farming in Sweden concentrates on milk and beef production (Kirchmann et al., 
2014), so the main change occurred in a sector that was already forage-based. Thus, 
although the typical rotation in organic farming includes more ley than in conventional 
farming (Olesen et al., 2000), the increase in organic farming can only explain a small 
proportion of the countrywide increase in ley. Poeplau et al. (2011) have shown that 
land use change from arable to grassland can double the SOC stocks in topsoil and that 
this sequestration effect can last for more than 100 years, depending on climate and soil 
texture. Thus, even if the trend for increasing ley area levels off in the near future, the 
trend for increasing SOC will probably persist for decades. In a global context, the 
explosion of the Swedish horse population may be exceptional and reflect the wealth of 
a rich country However, incentives for increasing the area of leys or other perennial 
crops may be also be provided elsewhere, e.g., by substituting annual crops grown for 
bioenergy by perennials.  To cope with a steadily increasing food demand, the potential 
to increase the proportion of ley in global agriculture is limited. Other options, such as 
cover crop cultivation might be more realistic and were shown to have a comparable 
positive effect on SOC (Poeplau and Don, 2015).  

Further research  

We did not calculate SOC dynamics in terms of stock changes, since this requires data on 
bulk density and stoniness, which were not measured in this study, and since the 
uncertainty introduced by estimating both parameters would have been too large. This 
most likely did not affect the trends observed, since SOC stock changes when calculated 
on an equivalent soil mass basis are directly proportional to changes in SOC 
concentration. Only in cases of severe compactions or heavy erosion, the fixed sampling 
depth of 20 cm would lead to a certain amount of subsoil added during the resampling. 
Most Swedish croplands are however ploughed to a depth of at least 23 cm. However, 
stoniness is an important factor to account for in certain regions of Sweden, and 
estimates of both bulk density and stoniness in future sampling campaigns would 
improve determination of the absolute sink strength of Swedish agricultural soils. At this 
degree of resolution, two decades is a fairly short period and it is important to maintain 
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the monitoring programme. A longer period, with potentially higher response ratios for 
soil carbon and the different drivers, might yield a higher degree of explanation. A 
striking example of this is the strong correlation for the trends in horse population and 
ley proportion. When using the response ratio 2013/1981, an R2 of 0.72 was found, 
while when using the response ratio 2013/1991, the R2 decreased to 0.21 (data not 
shown). When estimating the total sink strength of Swedish agricultural soils, the 
subsoil should also be taken into account, especially due to the fact that a large part of 
the accumulated carbon is most likely root-derived. Finally, we are in the process of 
obtaining gridded temperature and precipitation data from climate models that could 
better characterise the climatic conditions of each county. 

This database will be used in continuous validation of the Swedish national system for 
reporting quantitative changes in SOC stocks, which uses the ICBM model within the 
IPCC Tier 3 methodology. In addition to the conventional driving variables currently 
used in that system, such as the total amount of manure produced and the yield of 
different crop types, this study indicates that national/regional socio-economic 
conditions and trends are important factors contributing to the changes in some of the 
other variables used. The challenge is to obtain good input data with high temporal and 
spatial resolution. This study also showed that the introduction of carbon stock changes 
after management changes in the IPCC reporting scheme is reasonable.  

 

Conclusions 

This study provided firm evidence that Swedish agricultural soils have acted as a net 
carbon sink over the past two decades, which is in contrast to trends in neighbouring 
countries. This is attributable to a strong increase in ley production in each Swedish 
county of up to 96% during the last three decades. The main driver for this increase has 
been the rise in the horse population. These results indicate that not only continental 
scale socio-economic drivers, such as the demand for bioenergy crops, but also national- 
or regional-scale divers can lead to drastic land management changes with effects on 
SOC. In post-industrial and wealthy societies in particular, local lifestyle ‘fashions’ can 
have strong impacts on land management and can play a significant role in large-scale 
predictions of land management change.   
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Figure 5: Measured versus modelled county-average carbon concentration changes 
(RRSOC) with model equation: RRSOC = -0.04+0.29*RRLey + 0.38*RRManure + 0.17*CStart - 
0.8*Organic farming area.  

 

Figure 6: Change in ley as a proportion of total agricultural area (RRLey) as a function of 
the increase in horse population (RRHorses) for each Swedish county, 1981-2013. 
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Abstract 

Soils contain the largest terrestrial carbon pool and thus play a crucial role in the global 
carbon cycle. Grassland soils have particularly high soil organic carbon (SOC) stocks. In 
Europe (EU 25), grasslands cover 22% of the land area. It is therefore important to 
understand the effects of grassland management and management intensity on SOC 
storage. City lawns constitute a unique study system in this context, since they provide a 
high functional diversity and thus a wide range of different management intensities per 
unit area. In this study we investigated frequently mown (on average 8 times per 
season) utility lawns and rarely mown (once per season) meadow-like lawns at three 
multi-family housing areas in each of three Swedish cities, Uppsala, Malmö and 
Gothenburg. The two different lawn types were compared regarding their aboveground 
net primary production (NPP) and SOC storage. In addition, root biomass was 
determined in Uppsala. We found significantly higher aboveground NPP and SOC 
concentrations and significantly lower soil C:N ratio for the utility lawns compared with 
the meadow-like lawns. On average, aboveground NPP was 24% or 0.7 Mg C ha-1 yr-1 
higher and SOC was 12% or 7.8 Mg ha-1 higher. Differences in SOC were well explained 
by differences in aboveground NPP (R2=0.39), which indicates that the increase in 
productivity due to more optimum CO2-assimilating leaf area, leading to higher carbon 
input to the soil, was the major driver for soil carbon sequestration. Differences in soil 
C:N ratio indicated a more closed N cycle in utility lawns, which might have additionally 
affected SOC dynamics. We did not find any difference in root biomass between the two 
management regimes, and concluded that cutting frequency most likely only exerts an 
effect on SOC when cuttings are left on the surface.    

  

 



SOIL ORGANIC CARBON IN THE ‘ANTHROPOCENE’ 

145 
 
 

Introduction 

Soils contain the largest terrestrial carbon pool (Chapin et al., 2009). The balance of soil 
organic carbon (SOC) inputs and outputs is therefore critical for the global carbon 
balance and thus for the concentration of greenhouse gases in the atmosphere. Globally, 
3650 Mha or 68% of the total agricultural area is under permanent pasture or meadows 
(Leifeld et al., 2015). In Europe (EU-25), grassland covers 22% of the land area 
(Soussana et al., 2007). Grassland soils store among the highest amounts of SOC, which 
is primarily related to the high belowground carbon input by roots and their exudates 
(Bolinder et al., 2012). Soils rich in SOC are potential hot-spots for CO2 emissions, when 
a management or land-use change-induced imbalance in carbon input and output 
occurs. It is therefore important to understand the effect of management practices on 
grassland SOC storage. It has been demonstrated that the type, frequency and intensity 
of net primary production (NPP) appropriation (harvest) can play a crucial role for the 
carbon balance and SOC stocks of grassland ecosystems (Soussana et al., 2007).  

One direct management intensity effect on SOC, which is mediated by grazing, cutting or 
fertilisation regime, is obviously the change in carbon input via the degree of biomass 
extraction and altered photosynthetic activity (Wohlfahrt et al., 2008a). Furthermore, 
above- and below-ground allocation patterns may change with cutting frequency (Seiger 
and Merchant, 1997). Recently, Leifeld et al. (2015) reported faster root turnover in 
moderately and intensively managed alpine grasslands than at less intensively grazed 
sites. They concluded that management is a key driver for SOC dynamics and should be 
included in future predictions of SOC stocks. Nutrient status, species composition and 
diversity are highly management-dependent and interfere with the carbon cycle in 
several ways, including effects on the decomposer community and its substrate use 
efficiency (Kowalchuk et al., 2002; Ammann et al., 2007).  

Management effects on SOC are presumably smaller than land use change effects such as 
conversion from permanent pasture to arable land (Poeplau and Don, 2013) and might 
not be visible in the short term. To assess those changes, it is therefore important to find 
suitable study systems with long-lasting strong contrasts in management intensity over 
a limited spatial scale and with limited soil variability. For agroecosystems, this situation 
is usually created in long-term experiments, which are designed to study such questions. 
In a global compilation of all existing agricultural long-term field experiments, only 49 
out of >600 experiments are listed as including permanent grassland (pasture or 
meadow) (Debreczeni and Körschens, 2003). Thus, the current quantitative and 
mechanistic understanding of grassland management effects on SOC stocks is certainly 
limited, since existing studies are often strongly confounded by external factors such as 
elevation gradients (Zeeman et al., 2010; Leifeld et al., 2015). As an alternative to long-
term plot experiments, urban areas can be appropriate study systems. Lawns, public 
green areas and parks are omnipresent in urban areas and are usually managed in a 
similar way for a long time, so that depending on the prior land-use type equilibrium 
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SOC stocks might be approximated (Raciti et al., 2011). Over a comparatively small 
spatial scale, a wide range of different management intensities can be present. 

Urban areas are more rapidly expanding than any other land-use type (Edmondson et 

al., 2014). Turfgrass lawns cover the majority of all green open spaces in urban 
landscapes (70-75%) according to Ignatieva et al. (2015). It has been estimated that 
turfgrass lawns cover approximately 16 M ha of the total US land area, which in the 
1990s was three-fold the area of irrigated maize (Milesi et al., 2005; Qian et al., 2010). 
Although robust global estimates of the coverage of turfgrass lawns are scarce, these few 
existing figures indicate the potential importance of lawn management for the global 
carbon cycle. Furthermore, several studies reported higher SOC stocks under urban 
land-use as compared to surrounding soils, which might be a feature of high 
management intensity in urban ecosystems (Pouyat et al., 2009; Edmondson et al., 
2012). There is thus a need to quantify the carbon footprint of differently managed 
lawns, for which SOC is of major importance. In the transdisciplinary Swedish LAWN 
project (http://www.slu.se/lawn), lawns were studied from social, ecological and 
aesthetic perspectives (Ignatieva et al., 2015).  

In this study, as part of the LAWN project, we analysed two types of lawn under different 
management intensity (cutting frequency) associated with multi-family housing areas, 
which were intensively monitored at three sites in each of three Swedish cities. The 
objectives of the study were: i) to examine how cutting frequency affected NPP, SOC and 
soil carbon to nitrogen ratio (C:N), and ii) to disclose involved mechanisms causing 
differences in SOC between the two management regimes. 

  

Materials and Methods 

Study sites 

Public lawns in multi-family housing areas were investigated in three different cities, 
Gothenburg, Malmö and Uppsala, and at three different sites in each city (Table 1). The 
nine selected multi-family housing areas were established at approximately the same 
time during the early 1950s. At each site, triplicate plots of two different lawn types 
were studied: utility lawn and meadow-like lawn, with each plot comprising one 
complete lawn. The utility lawn was kept short during the year and was mown on 
average every 18 days within the mowing period (8 times), which approximately 
corresponds with the growing period (May to mid-October in Uppsala, April to late 
October in Gothenburg and Malmö). The meadow-like lawns were only cut once, or 
twice in the single case of one lawn in Uppsala (Tuna Backar). Grass cuttings were left on 
the surface on both lawn types. None of the lawns received any fertiliser. Grass species 
composition did not differ greatly between the cities, with about 5-10 different grass 
species abundant in utility lawns and meadow-like lawns. Utility lawns consisted of 
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sparser, low-growing species such as Poa annua, Agrostis capillaris, Lolium spp. and 
Festuca rubra, while the most abundant grass species in meadow-like lawns were 
Phleum pratense, Alopecurus pratensis and Arrhenatherum spp. (J. Wissman, pers. comm. 
2015). The size of the individual lawns was highly unequal with a range of 0.05-2.5 ha 
due to the heterogeneity of urban landscapes. To obtain representative average values 
for the whole individual lawn, we conducted all samplings described below adjusted to the size of the lawn, instead of using a “fixed grid”.  
Table 1: Site characterisation with year of establishment, clay, silt and sand content [%], 
soil pH for utility lawns (U) and meadow-like lawns (M) and mean annual temperature 
[MAT, °C] and mean annual precipitation [MAP, mm] (1961-1990) for all three Swedish 
cities studied 

City Site Age MAT MAP C:N  Clay   Silt    Sand   pH   

            U M U M U M U M 

Uppsala Eriksberg 1949 5.5 527 12.8 36 46 43 44 21 10 ~6 ~6 

 Sala backe 1950   12.5 45 45 47 51 8 4 ~6 ~6 

  Tuna backar 1951     13.1 33 23 47 45 20 32 ~6 ~6 

Malmö Kirseberg 1950 8.4 540 12.7 12 10 49 46 39 45 7.2 7.2 

 Sibbarp 1953   13.8 15 15 48 47 38 38 7.4 7.8 

  Augustenborg 1952     13.9 13 10 49 45 38 45 7.4 7.7 

Gothenburg Guldheden 1950 7.4 714 14.1 16 14 45 44 39 42 5.5 5.4 

 Kyrkbyn 1955   12 16 22 62 55 21 23 5.8 5.7 

  Björkekärr 1950     12.8 14 16 49 58 37 27 5.5 5.7 
xyear only approximate. *pH values for the Uppsala sites were not measured, and the values shown 
are estimates based on typical values for soils in Uppsala (e.g. Kätterer et al., 2011). 

Estimation of aboveground net primary production and root biomass 

Aboveground NPP in the utility lawns was estimated by repeated sampling of 
aboveground biomass after the first mowing in spring by the local authority. Sampling 
was conducted on average 12±6 days after each mowing event. For the meadow-like 
lawns, biomass was collected on several occasions even before the mowing to determine 
total growth at that specific time. After the first cut, meadow-like lawns were treated as 
utility lawns. The plots were sampled at four locations using a 50 cm x 50 cm square 
frame. Sampling locations were selected to be representative of the total lawn area, so 
therefore sampling under trees or in proximity to other vegetation was avoided. 
Repeated sampling was not conducted on the identical sampling locations. The 
harvested biomass was dried at 70°C, weighed and multiplied by 4 to obtain the biomass 
for 1 m2. The mean of the four replicates was divided by the number of days between the 
last cutting and sampling to obtain daily growth rate. This growth rate was extrapolated 
to cover all days between previous sampling and next mowing for which no growth rate 
was determined. On average, this period accounted for 7±6 days after each cutting 
event, and thus data coverage (time for which the actual growth rate was measured) 



SOIL ORGANIC CARBON IN THE ‘ANTHROPOCENE’ 

148 
 
 

was more than 82±6% for the period between 1 January and the last sampling date, 
which was on average on 5 October ±7 days. On the basis of these daily growth rates, we 
calculated cumulative growth until the last sampling. Since this day varied slightly 
between plots and sites, we fitted a simple vegetation model based solely on the plant 
response to air temperature, as developed by Yan and Hunt (1999) to each growth curve 
in order to determine the regrowth after the last sampling until the end of the vegetation 
period. The original equation is: 

𝑟 = 𝑅𝑚𝑎𝑥 ( 𝑇𝑚𝑎𝑥−𝑇𝑇𝑚𝑎𝑥−𝑇𝑜𝑝𝑡) ( 𝑇𝑇𝑜𝑝𝑡) 𝑇𝑜𝑝𝑡𝑇𝑚𝑎𝑥−𝑇𝑜𝑝𝑡 ,                                                                                      Eq. 1 

where r is the daily rate of plant growth, T is the measured temperature at any day, Tmax 
is the maximum temperature (which was set to 30°C in this study), Topt is the optimal 
temperature (which was set to 25°C in this study) and Rmax is the maximal growth rate at 
Topt. Instead of using Rmax, which is used in eq. 1 to scale the temperature response 
function to actual observed maximal plant growth at optimal temperature, we scaled the 
model by forcing the cumulated r through the cumulated NPP value on the date of the 
last sampling, as illustrated in Figure 1 using the example of the Björkekärr site in 
Gothenburg. The good fit indicates that: i) the growth dynamics, and thus absolute 
growth, were well captured by the method used; and ii) the model fits provide an 
unbiased and standardised extrapolation of aboveground NPP for the entire growing 
period. Daily mean air temperature values for the closest weather stations of the 
Swedish Meteorological Service (SMHI) to Malmö and Gothenburg were downloaded 
from http://www.smhi.se/klimatdata. Daily average air temperature values for Uppsala 
were obtained from the Ultuna climate station run by the Swedish University of 
Agricultural Sciences (SLU). 

Root biomass was only determined once, and only in Uppsala. In each lawn, four 
cylindrical soil cores of 7 cm diameter and 10 cm depth were taken at 0-10 cm soil 
depth. Aboveground plant material was removed and soil cores were thoroughly rinsed 
and then put in a water bucket to completely separate roots from soil. Roots were dried 
at 105°C weighed and analysed for carbon (C) and nitrogen (N) content. Assuming a 
carbon content of 45% for plant biomass, we were able to determine and subtract the 
adhering soil in the weighed root samples mathematically, as described in Janzen et al. 
(2002). 
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Figure 1: Example of the vegetation model (equation 1) fit to a calculated cumulative 
growth curve for a utility lawn in Björkekärr, Gothenburg. 

Soil sampling, analysis and SOC stock calculation 

Soils were sampled in autumn 2014 to a depth of 20 cm using an auger (2.2 cm 
diameter). In each plot, 10 randomly distributed soil cores were taken and pooled to one 
composite sample. Soils were dried at 40°C, sieved to 2 mm and visible roots were 
manually removed. Soil pH was determined in water and samples with a pH value 
exceeding 6.7 were analysed for carbonates. Soil texture was determined with the 
pipette method according to ISO 11277. As a slight modification, wet sieving prior to 
sedimentation was done to 0.2 mm compared to 0.063 mm prescribed in the ISO 
method. Total soil carbon and nitrogen were determined by dry combustion of 1 g of soil 
using a LECO TruMac CN analyser (St. Joseph, MI, USA) and carbonate carbon was 
determined using the same instrument after pretreatment overnight at 550°C. Organic 
soil carbon was calculated as the difference between total carbon and carbonate carbon. 
Soil bulk density [g cm-3] was determined by taking undisturbed cylindrical soil cores of 
7 cm diameter and 10 cm height in an approximate soil depth of 5-15 cm, drying them at 
105°C and weighing them. Four samples were taken in each plot. To account for the fact 
that SOC stocks under contrasting management regimes should be compared on the 
basis of equivalent soil masses (Ellert and Bettany, 1995), we conducted a simple mass 
correction in which we first calculated the soil mass (SM) [Mg ha-1] of each plot using the 
equation:  𝑆𝑀 = 𝐵𝐷 × 𝐷 × 100,                                                                                                                        Eq. 2 

where BD is the soil bulk density [g cm-3] and D is the sampling depth [cm]. The lower 
average soil mass measured at each pair was then used as the reference soil mass (RSM) 
to which the other treatment of each pair (three pairs per site) were adjusted.   
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SOC stocks [Mg ha-1] were then calculated using the equation: 𝑆𝑂𝐶𝑠𝑡𝑜𝑐𝑘 = 𝑅𝑆𝑀 × 𝐶100                                                                                                                 Eq. 3  

where C is carbon concentration [%]. At one site in Gothenburg (Kyrkbyn), one pair of 
lawn types had a large difference in soil texture, with 15% clay in the utility lawn and 
30% in the meadow-like lawn. The SOC concentration varied by a similar amount 
(2.46% compared with 4.58%), which was an outlying high difference when compared 
with that of all other pairs. We attributed this to differences in soil texture and excluded 
this pair from the analysis. Apart from slight differences in soil texture, the basic 
assumption was that the underlying pedology and initial soil carbon stocks were similar 
for both lawn types, or at least not systematically biased. Differences in soil texture 
between lawn types at each site was further not correlated to differences in SOC 
concentration (R2=0.02). 

Statistics 

All statistical analyses were performed with the R software version 3.1.2. We used linear 
mixed effect models to analyse the effect of lawn management on aboveground NPP and 
SOC concentration and stocks using the R Package nlme (Pinheiro et al., 2009). 
Management (utility vs. meadow-like lawn) was used as the fixed effect, while city and 
site were used as nested random effects (site nested in city). We used Tukey-type 
multiple comparison Post-Hoc analysis (R Package multcomp) to test the management 
effect at each site for significance (p<0.05). Average differences in SOC stocks between 
the different lawn types at each site (dependant variable) were calculated and related to 
different explanatory variables (independent variables), such as average clay content, 
differences in clay content between lawn types (absolute and relative), soil pH, mean 
annual temperature (MAT), mean annual precipitation (MAP) and differences in 
aboveground NPP. Generalised linear models with Gaussian error distribution were 
used for multiple regression analysis. Model performance was evaluated using the Akaike Information Criterion (AIC). The variable “clay content” had to be transformed to 
approximate normal distribution. For both model approaches (mixed effect model and 
generalized linear model) we used residual plots to study whether i) the regression 
function was linear, ii) the error terms had constant variance, iii) the error terms were 
independent, iv) there were outliers or v) the error terms were normally distributed. All 
values in the text and diagrams represent mean±standard deviation.  

 

Results 

Effect of lawn management on net primary production and soil carbon and nitrogen 
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The intensively managed, i.e. frequently mown, utility lawns produced significantly 
(p=0.003) more aboveground biomass (NPP) than the meadow-like lawns, which were 
cut only once a year (Figure 2). At seven out of nine sites, NPP was higher in the utility 
lawns than in the meadow-like lawns. The difference between the lawn types was most 
pronounced in Uppsala, where the average NPP of the utility lawns (4.2±0.9 Mg C ha-1) 
was twice that of the meadow-like lawns (2.1±0.3). In contrast, two out of three sites in 
Gothenburg showed higher NPP on the meadow-like lawns. Across all sites, the NPP of 
the utility lawns was 24% higher. Total root biomass, as investigated at the three sites in 
Uppsala, was not significantly influenced by management intensity and indicated a 
smaller ratio of belowground to aboveground NPP in meadow-like lawns (Figure 3). 

Concentrations of SOC were also positively affected by greater cutting frequency. Utility 
lawns had significantly higher (p=0.01) SOC concentration than meadow-like lawns 
(Figure 4). Again, the difference between the two lawn types was most pronounced in 
Uppsala, with an average SOC concentration of 3.9±0.6% in the utility lawns and 
2.9±0.9% in the meadow-like lawns. In both Malmö and Gothenburg, we found one site 
with higher average SOC concentration in the meadow-like lawns. The calculated SOC 
stocks are listed in Table 2. The average SOC stock difference between the two 
differently managed lawn types was 7.8 Mg ha-1 or 12%. The very similar patterns 
observed for the variables NPP and SOC suggest that the SOC changes were driven by 
NPP and thus carbon input. In fact, the difference in SOC stock between management 
regimes at each site was significantly correlated to the difference in NPP (Figure 5). No 
other parameter did add significant explanation to the model fit. Although clay content 
did not improve the model fit of the generalized linear model, difference in SOC stock did 
also increase with average clay content (R²=0.26, p=0.1, not shown). This correlation is 
however strongly driven by the sites in Uppsala, which showed the highest increase in 
both NPP and SOC. Thus, also local management differences, which are however not 
available in detail, might have influenced the observed treatment effect on SOC to some 
degree. 
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Figure 2: Bar plot showing estimated aboveground net primary production (NPP) of the 
two different lawn types at each site. Errors bars indicate standard deviation and stars 
indicate significant difference between treatments at the specific site (p<0.05).  

 

Figure 3: Bar plot showing total root biomass at 0-10 cm depth for the two different 
lawn types at the study sites in Uppsala. Errors bars indicate standard deviation. 
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Figure 4: Bar plot showing measured soil organic carbon (SOC) concentration in the two 
different lawn types at each site. Error bars indicate standard deviation and stars 
indicate significant difference between treatments at the specific site (p<0.05). 

 

Table 2: Soil bulk density (BD) [g cm-3] and SOC stocks [Mg ha-1] according to equation 3. 
Standard deviation is given in brackets 

City Site Utility lawn 
Meadow-like 
lawn 

Utility lawn 
Meadow-like 
lawn 

    BD    BD    SOC stock SOC stock 
Uppsala Eriksberg 1.13 (0.04) 1.13 (0.16) 74.8 (11.4) 63.1 (8.7) 

 Sala Backe 1.14 (0.03) 1.1 (0.07) 96.2 (9.3) 69.8 (24.2) 

 Tuna Backar 1.15 (0.07) 1.21 (0.06) 72.4 (13.3) 47.6 (19.5) 
Malmö Kirseberg 1.03 (0.07) 1.02 (0.08) 69.4 (4.5) 52.7 (0.95) 

 Sibbarp 1.04 (0.06) 0.98 (0.06) 75 (8.3) 96.4 (3.5) 

 Augustenborg 1.03 (0.06) 1.18 (0.15) 59.1 (9.4) 50.3 (22.4) 
Gothenburg Guldhelden 0.87 (0.14) 0.88 (0.21) 86.2 (2.3) 78.4 (21.3) 

 Kyrkbyn 0.99 (0.09) 0.88 (0.06) 68.2 (8.1) 77.9 (7.8) 

  Björkekärr 0.96 (0.1) 0.99 (0.08) 67 (14.4) 61.2 (3.1) 

 

The soil C:N ratio of the meadow-like lawns (13.2±1.2) was significantly higher 
(p=0.007) than that of the utility lawns (12.6±0.7), indicating that the soil organic matter 
under the utility lawns was relatively enriched in nitrogen (Figure 6).  
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Figure 5: Difference in soil organic carbon (SOC) stock between utility and meadow-like 
lawns as a function of difference in aboveground NPP for all sites. 

 

Figure 6: Bar plot showing measured C:N ratio of the two different lawn types at each 
site. Error bars indicate standard deviation.  

 

Discussion 

Effect of cutting frequency on aboveground productivity 
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We showed that cutting frequency significantly altered the aboveground biomass 
production in urban lawns. This can be explained by the fact that canopy CO2 
assimilation is a function of the amount of assimilating plant matter (Wohlfahrt et al., 
2008b). Wohlfahrt et al. (2008a) showed that when the green area index (GAI) of an 
alpine grassland exceeded 4 m2 m-2, the gross primary production (GPP) decreased due 
to shading, but also due to plant phenology. Directly after cutting (three cuts per 
season), their grassland had a GAI of 0.5-2 m2 m-2, while directly before cutting it had a 
GAI > 6 m2 m-2. The meadow-like lawns in our study were only cut once, which indicates 
that the period in which the GAI of the canopy exceeded the optimum for CO2 
assimilation was very long. In contrast, the GAI of the utility lawn remained relatively 
close to the optimum throughout the entire growing period. Furthermore, Klimeš and Klimešová (2002) found that frequent mowing promoted the dominance of efficiently 
regrowing plant species, which might provide an additional explanation for the higher 
NPP in our utility lawns. Our results are also in agreement with Kaye et al. (2005), who 
found five-fold higher aboveground NPP in an urban lawn than in a short-grass steppe. 
However, the urban lawn in that study was fertilised and irrigated, while the urban 
lawns in our study were not. In a long-term field experiment on cutting frequency effects 
on grass yield, Kramberger et al. (2015) found the lowest yield in plots with the highest 
cutting frequency (2-week intervals) and the highest yield in plots with moderate to low 
cutting frequency (8- to 12week intervals). This is in contrast to our results from 
Uppsala and Malmö, but in line with the results from Gothenburg, where we found 
higher aboveground biomass in the meadow-like lawns. However, we are unable to 
explain the much higher NPP of the meadow-like lawns in Kyrkbyn. 

Effect of cutting frequency on soil organic carbon in relation to similar management 

contrasts  

The higher aboveground NPP in the utility lawns had a significant positive effect on soil 
carbon. This was expected, since the clippings were not removed and were thus able to 
contribute directly to soil organic matter formation. For this reason, the results of our 
study are not directly applicable to mown grasslands or leys, which are usually 
harvested. The responses of SOC to management intensity in those systems are not well 
studied, but studies performed to date show mixed results ranging from no effect 
(Kramberger et al., 2015) to significantly positive effects of high cutting frequency 
(Ammann et al., 2007). In the latter case, the difference in SOC stocks between 
intensively and extensively managed grassland was attributed to differences in N 
fertilisation, which caused N deficiency and thus N mining in the extensive grassland, 
leading to stronger mineralisation of stable organic matter. The effects of grazing 
intensity on SOC are much better studied than the effects of mowing intensity. Both 
positive (Smoliak et al., 1972; Reeder et al., 2004) and negative (Abril and Bucher, 2001; 
Su et al., 2005) effects of low compared with high grazing intensity on SOC have been 
reported. However, many of the studies reporting negative effects of intensive grazing 
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refer to overgrazing in semiarid areas, which is associated with strongly reduced 
vegetation cover and soil erosion. The actual effects seem to be context-specific, as found 
in a global meta-analysis conducted by McSherry and Ritchie (2013). The found positive 
correlation of difference in SOC and average clay content across sites has to be 
interpreted with caveats, since a clear causality is not given. It is realistic, that more of 
the C input is stabilised in clay-rich soils (Poeplau et al., 2015d). However, this 
correlation did not hold within the three sites at each city, which indicates that the found 
correlation of clay and difference in SOC, as well as of clay and difference in NPP across 
all sites might as well resemble a random city effect.  

Overall, our findings and those of previous studies (Christopher and Lal, 2007; Poeplau 

et al., 2015a) confirm that plant input driven by NPP is the major driver for SOC 
dynamics. Root carbon input is recognised as being of major importance for building up 
soil organic matter, since a higher fraction of root-derived carbon is stabilised in the soil 
than in aboveground plant material (Kätterer et al., 2011b). In temperate grasslands, up 
to 70% of the total NPP is allocated to roots and their exudates (Bolinder et al., 2007b). 
However, in the present study, management intensity did not significantly influence root 
biomass, indicating that root production was relatively favoured in the meadow-like 
lawns. A similar finding has been reported in a study which found higher root biomass 
under diverse swards than under conventional, intensively managed ryegrass-clover 
pastures (McNally et al., 2015). Altered root production could therefore not explain 
observed differences in SOC stocks in our study. However, the informative value of the 
obtained root data is certainly limited, since root biomass was only determined in one 
city, to a depth of 10 cm and at one point in time. It can thus not be assumed that the 
measured root biomass measured is representative for root growth throughout the 
season (Ziter and MacDougall, 2013). Furthermore, potential management effects on the 
depth distribution of belowground biomass cannot be inferred.  

The proportion of aboveground plant material stabilised in the soil has been estimated 
to be 13% in a Swedish long-term agricultural field experiment (Andrén and Kätterer, 
1997). Similar values, i.e. around 10%, have been reported in other studies (Lehtinen et 

al., 2014; Poeplau et al., 2015d). It can be assumed that lawn clippings undergo slightly 
lower stabilisation than straw in agricultural systems, due to the lack of mixing of 
residues with stabilising mineral soil particles (Wiesmeier et al., 2014c). The mean 
annual difference in SOC sequestration between the two lawn types we studied was 120 
kg C ha-1yr-1. Assuming a constant stabilisation rate of 10% across all sites, the 
calculated difference in SOC sequestration due only to different amounts of recycled 
clippings would have been 69 kg C ha-1yr-1, which is only slightly more than half the 
observed difference. Several studies report accelerated root turnover in more 
intensively managed grassland (Klumpp et al., 2009; Leifeld et al., 2015). However, 
accelerated root turnover could result in either more or less root-derived SOC, 
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depending on the effect on total root growth and exudations throughout the year, which 
is difficult to investigate (Johnen and Sauerbeck, 1977).  

Interestingly, the soil C:N ratio was significantly lower in the utility lawns than in the 
meadow-like lawns, although neither system was fertilised and both were equally 
exposed to N deposition. Furthermore, the proportion of N-fixing leguminous plants was 
higher in the utility lawns than in the meadow-like lawns only in Gothenburg. This might 
indicate that nitrogen cycling was more closed in the utility lawns. Potentially, more 
nitrogen is lost via leaching in the meadow-like lawns, because N mineralisation and 
plant N demand occur asynchronously (Dahlin et al., 2005). The peak in N 
mineralisation usually occurs around midsummer (Paz-Ferreiro et al., 2012), which 
might be too late for plant uptake when the grass is not mown and would lead to N 
losses from the system. Another pathway of N loss is ammonia (NH3) volatilisation, 
which increases in later development stages of the plant due to ontogenetic changes in 
plant N metabolism (Morgan and Parton, 1989). Whitehead and Lockyer (1989) showed 
10% N losses from decomposing grass herbage by NH3 volatilisation. The consequences 
of N deficiency for SOC dynamics are twofold: i) decreased NPP and thus decreased 
carbon input (Christopher and Lal, 2007) and ii) increased heterotrophic respiration 
due to N mining in more recalcitrant organic matter (Ammann et al., 2007). In an 
incubation experiment, Kirkby et al. (2014) showed that more aboveground residues 
were stabilised in the soil when nitrogen was added. Thus, negative effects of lawn 
management on soil N storage can feed back onto SOC, which might also explain a 
certain proportion of the observed differences in SOC. 

Implications for urban soil management 

During the past decade, several studies have investigated biogeochemical cycles in 
urban soils, since their relevance for the global carbon cycle and as a fundamental 
ecological asset in an urbanising world is becoming increasingly evident (Lehmann and 
Stahr, 2007; Lorenz and Lal, 2009). Compared with data on agricultural land with 
similarly textured soils in the surroundings of the study sites extracted from a national 
soil inventory database, we found on average 55% (utility lawns) and 35% (meadow-
like lawns) higher SOC stocks in the lawns we investigated. Furthermore, it has been 
found in several studies that urban soils have higher carbon stocks than native soils in 
adjacent rural areas, which can be attributed in particular to more optimised, but also 
resource-consuming, management, including fertilisation and irrigation (Kaye et al., 
2005; Pouyat et al., 2009; Edmondson et al., 2012). However, in the present study we 
were able to show that SOC storage in urban lawns can be increased at comparatively 
low cost under temperate climate conditions by optimising NPP and leaving residues on 
the lawn. Losses of carbon and nutrients are thereby minimised. Milesi et al. (2005) used 
the BIOME-BGC model to compare different lawn management scenarios and found that 
applying 73 kg N and recycling the clippings was more efficient for SOC sequestration 
(+40%) than applying 146 kg N and removing the clippings. For the sites in Uppsala, 
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Wesström (2015) calculated that the management of utility lawns creates 54 kg ha-1 yr-1 
more C emissions than the management of meadow-like lawns. Subtracting this value 
from the annual difference in SOC sequestration that we found (120 kg C ha-1 yr-1), the 
utility lawns in our study sequester a non-significant amount of 66 kg ha-1 yr-1 more 
carbon than the meadow-like lawns. However, for a full greenhouse gas budget, the 
effects of lawn management on other trace gases, primarily nitrous oxide (N2O), have to 
be considered (Townsend‐Small and Czimczik, 2010). In that case management of the 
clippings will most likely play a key role, since coverage of the soil with organic material 
increases soil moisture and the availability of labile carbon but decreases soil oxygen, all 
of which favour N2O formation (Larsson et al., 1998; Petersen et al., 2011). 

 

Conclusions 

This investigation of urban lawns in three Swedish cities showed that cutting frequency 
alone can exert a significant influence on soil carbon, mainly by increasing net primary 
production and thus carbon inputs. However, this is most likely only true when cuttings 
are left on the lawn, since belowground production did not show any differential 
response to cutting frequency. Moreover, the observed difference in soil carbon could 
not be fully explained by the expected stabilisation of aboveground-derived carbon 
input differences, which might denote that either root-derived carbon dynamics or 
nitrogen mining also play an important role. If clippings are left on the lawn, nitrous 
oxide emissions might comprise a significant fraction of the greenhouse gas budget of 
lawns and have to be accounted for to judge the climate mitigation potential of 
contrasting lawn or grassland management strategies.  
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Abstract 

Increasing soil organic carbon (SOC) in agricultural soils can mitigate atmospheric CO2 
concentration and also contribute to increase soil fertility and ecosystem resilience. The 
role of major nutrients on SOC dynamics is complex, due to simultaneous effects on net 
primary productivity (NPP) that influence crop residue carbon inputs and on the rate of 
heterotrophic respiration (carbon outputs). This study investigated the effect on SOC 
stocks of three different levels of phosphorus and potassium (PK) fertilisation rates in 
the absence of nitrogen fertilisation and of three different levels of nitrogen in the 
absence of PK. This was done by analysing data from 10 meta-replicated Swedish long-
term field experiments (>45 years). With N fertilisation, SOC stocks followed yield 
increases. However, for all PK levels, we found average SOC losses ranging from -
0.04±0.09 Mg ha-1 yr-1 (ns) for the lowest to -0.09±0.07 Mg ha-1yr-1 (p=0.008) for the 
highest application rate, while crop yields as a proxy for carbon input increased 
significantly with PK fertilization by 1, 10 and 15%. We conclude that SOC dynamics are 
mainly output-driven in the PK fertilised regime but mostly input-driven in the N 
fertilised regime, due to the much more pronounced response of NPP to N than to PK 
fertilisation. It has been established that P rather than K is the element affecting 
ecosystem carbon fluxes, where P fertilisation has been shown to: i) stimulate 
heterotrophic respiration, ii) reduce the abundance of arbuscular mycorrhizal fungi and 
iii) decrease crop root:shoot ratio, leading to higher root-derived carbon input. The 
higher export of N in the PK fertilised plots in this study could iv) have led to increased 
N mining and thus mineralisation of organic matter. More integrated experiments are 
needed to gain a better understanding of the relative importance of each of the above-
mentioned mechanisms leading to SOC losses after P addition. 
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Introduction 

Maintaining or increasing soil organic carbon (SOC) stocks in agricultural soil is 
important for ecosystem resilience, soil fertility and sustainable crop production. 
Sequestration of SOC is also an important climate mitigation option (Lugato et al., 2006). 
The annual export of plant biomass demands a sufficient nutrient supply, mainly of 
nitrogen (N), phosphorus (P) and potassium (K). To cope with steadily increasing global 
food demand and limitations to spatial expansion of agricultural area, the optimal 
balance between production and sustaining soil fertility has to be found. The magnitude 
and dynamics of SOC stocks are determined by the ratio between inputs and outputs of 
carbon. It is a well-established fact that mineral (NPK) fertiliser has a strong positive 
effect on net primary production (NPP) and thus on carbon inputs (Kätterer et al. 2012). 
In three global meta-analyses, the increase in topsoil SOC following mineral nitrogen 
fertilisation was reported to range from 3.5 to 8% (Alvarez, 2005; Ladha et al., 2011; Lu 

et al., 2011). Mineral fertilisation is therefore generally recommended as a suitable 
management practice for SOC sequestration (Lugato et al., 2006). In many long-term 
experiments with differing fertiliser treatments, SOC stocks have been well explained by 
measured or estimated NPP (e.g. Kätterer et al. 2013). However, the effect of N 
fertilisation on the corresponding C output by heterotrophic respiration and the 
mechanisms involved are still not fully understood. Nitrogen fertilisation has been 
shown to decrease respiratory C losses, especially in combination with a labile C source amendment. This is mostly explained by the “N mining”-theory, which predicts 
accelerated microbial decomposition of more recalcitrant, energy-poor organic matter 
in the search of nitrogen under N deficiency. Energy for this break-down is thereby 
derived from labile C, which in turn cannot efficiently be used for biosynthesis (Schimel 
and Weintraub, 2003; Craine et al., 2007; Bradford et al., 2008; Milcu et al., 2011). 
Cleveland and Liptzin (2007) reported a globally well constrained microbial biomass 
C:N:P ratio of 60:7:1, which indicates stoichiometric constraints for microbial growth. 
Recently, Murphy et al. (2015) observed that specific N-rich compounds of soil organic 
matter were primed after glucose addition. This observation can be interpreted as 
selective N-mining. The opposite effect, i.e. acceleration of C mineralisation by N 
addition, has also been reported (Allen and Schlesinger, 2004; Milcu et al., 2011; Reed et 

al., 2011), indicating that N can be a limiting factor for microbial breakdown. To date, 
studies about the effect of mineral fertiliser on SOC have mainly focused on N or 
combined N, P and K fertiliser, because nitrogen has the most obvious effects on the 
carbon cycle and NPK is the most common fertiliser combination used in commercial 
agriculture. However, it has recently been shown that P or PK fertilisation can have 
stimulating effects on heterotrophic respiration (Cleveland et al., 2002; Cleveland and 
Townsend, 2006; Fisk et al., 2015; Nottingham et al., 2015). These studies were 
conducted in forest ecosystems, mostly on P-limited tropical soils, short-term and biased 
towards carbon output, since changes in carbon input after fertilisation are more 
difficult to measure in forest systems and the assessment of net effects on SOC requires 
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long-term observation. The response of SOC to P and K fertilisation of arable soils is not 
well documented, although these elements are considered to be the most important 
plant nutrients after nitrogen. As such, PK fertiliser application does usually have a 
positive effect on NPP, which should hypothetically counterbalance eventual losses via increased heterotrophic respiration. “P mining” at the cost of C, as the equivalent to “N mining” under P limited conditions has not been observed in soils (Craine et al., 2007). 
The Swedish long-term Soil Fertility Experiments were established between 1957 and 
1966 (Carlgren and Mattsson, 2001). These experiments are located across the country 
and cover a wide range of climatic and pedological conditions. They are unique because 
all of them have an almost identical experimental design consists of a combination of 
different N and PK levels. Due to this meta-replication and the length of the experiments (˃45 years) they have provided good opportunities to examine different hypotheses 
under in situ conditions throughout several decades (Simonsson et al., 2009; Williams et 

al., 2013). The effect of PK without N or N without PK, as examples for two extremely 
opposing nutrient regimes, has not been assessed. This comparison has the potential to 
provide powerful insights on long-term nutrient effects on SOC dynamics. The main 
question asked was: How did long-term N and PK fertilization in absence of the 
respective other influence SOC stocks and how did pedo-climatic factors affect those 
responses?  

 

Materials and Methods 

Dataset 

The dataset covered 10 sites from the ongoing Swedish long-term soil fertility 
experiments (Table 1), all located in central and southern Sweden (with five sites in 
each region). A total of 16 combinations of mineral fertiliser applications (NPK), 
including four different N levels and four different PK levels, are being compared in two 
crop rotations (i.e. with or without manure application) with two replicates in a 
randomised split block design. The N levels (applied as ammonium nitrate before 1989 
and as Nitro Chalk afterwards) are 0, 50, 100, and 200 kg for the southern Swedish sites 
and 0, 41, 82, 125 kg for central Sweden and will be referred to as 0N, 1N, 2N and 3N in 
the text. The PK levels (P applied as mono superphosphate before 1994 and as triple 
superphosphate afterwards and K applied as potassium chloride) are 0 kg, replacement 
of the harvested PK, replacement plus 15 kg P and 40 kg K and replacement plus 30 kg P 
and 80 kg K for the southern Swedish sites, and 0 kg, replacement, replacement plus 20 
kg P and 50 kg K and replacement plus 30 kg P and 80 kg K for the central Swedish sites. 
These respective levels are referred to as 0PK, 1PK, 2PK and 3PK in the text. In this 
study, we analysed the effect on SOC of the four PK levels with no N fertiliser 
(Unfertilised control, 1PK0N, 2PK0N, 3PK0N) and the four N levels with no PK fertiliser 
(Unfertilised control, 1N0PK, 2N0PK, 3N0PK) in the rotation without farmyard manure. As a 
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positive reference, we also assessed the 1NPK, 2NPK, 3NPK treatments. A total of 88 
pairs of unfertilised vs. fertilised was investigated, with 3PK0N only being present in 8 
experiments, while all other treatments were present in all 10 experiments. The four-
year rotation investigated in the southern Swedish experiments consisted of barley, 
oilseed rape, winter wheat and sugar beet, while the six-year rotation investigated in 
central Sweden consisted of barley, oats, oilseed rape, winter wheat, oats and winter 
wheat. Initial soil characteristics and climate data are presented in Table 2. A detailed 
description of the soil profile and mineralogical composition of the soil at the sites is 
provided in numerous publications (Carlgren and Mattsson, 2001). A summary is 
provided in Table 2. The soils are sampled regularly to a depth of 20 cm (plough layer), 
air-dried and sieved to 2 mm. Initial plot-wise carbon data were available for all 
experiments. Samples with pH (H2O) exceeding 6.7 were treated with 2 M HCl to remove 
carbonates. Total carbon and nitrogen was determined by dry combustion using an 
elemental analyser (LECO-CNS-200, St. Joseph, MI, USA), P and K were both extracted 
using two different methods, according to Swedish standards: 0.1M NH4-lactate and 
0.4M HOAc adjusted to pH 3.75 and subsequently analysed using an inductively coupled 
plasma apparatus (ICP-AES Optima 5300, Waltham, MA, USA). 

Table 1: The 10 experimental sites used in this study with coordinates [°N / °E], starting 
year (starting year in this study), year of last sampling, time span between first and last 
sampling [years] and length of the rotation [years].     

Site Coordinates 
Start of 
experiment 

Last 
sampling Time span 

Rotation 
Length 

Fjärdingslov 55 40 / 13 23 1957 (1962) 2011 49 4 

Orup  55 82 / 13 50 1957 (1962) 2011 49 4 

Örja 55 88 / 12 87 1957 (1962) 2011 49 4 

S. Ugglarp 55 63 / 13 43 1957 (1962) 2007 45 4 

Ekebo 55 98 / 12 87 1957 (1962) 2011 49 4 

Vreta Kloster 58 50 / 15 50 1966 2007 45 6 

Högåsa 58 50 / 15 45 1966 2007 45 6 

Bjertorp 58 23 / 13 13 1966 2007 45 6 

Kungsängen 59 83 / 17 67 1963 2011 49 6 

Fors 60 33 / 17 48 1963 2011 49 6 

 

Calculation of carbon stocks and dynamics  

The SOC stocks were calculated by multiplying soil bulk density, sampling depth and 
SOC concentration. To account for the fact that equal soil masses should be compared 
within one experiment (Ellert and Bettany, 1995), we used the initial average bulk 
density value for all treatments, which mathematically equals a depth adjustment to 
obtain the same soil mass from individual bulk density values (Poeplau et al., 2011). 
Bulk density values are reported for all experiments (Table 1) and did not change 
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significantly over time (data not shown). The difference in SOC stocks between the 
unfertilised control and the respective treatment was then determined. The N and PK treatment effects on SOC stocks (ΔSOCtreatment) was calculated treatment-wise from the 
difference between initial (ΔSOCinitial) and final (ΔSOCfinal) SOC stock in treatment and 
control plots:  ΔSOCtreatment = ΔSOCfinal - ΔSOCinitial                                                                                                                                           (Eq. 1) 

The southern Swedish experiments were initiated in 1957 but the experiment was first 
divided into subplots as they exist today in 1962, which was the first year in which plot-
wise soil sampling was conducted. Thus for these five sites, 1962 was the reference year used to calculate ΔSOCtreatment. The difference in annual net flux of carbon (ΔCfluxnet) was calculated by dividing ΔSOCtreatment by the number of years between the first and the 
latest sampling. This represents the mean annual SOC stock change rate in a certain 
treatment compared with the unfertilised control. As a proxy for carbon inputs 
(Bolinder et al., 2007b), we calculated relative differences in annual yields between any 
considered fertilizer treatment and the unfertilised control, and averaged those 
differences over the whole period.  

Statistics  

Linear mixed effect models were used to assess whether any of the fertiliser treatments 
had a significant effect on yields and SOC stock changes across sites. Treatment was used 
as the fixed effect, while site was used as a random effect. We calculated the model twice 
for both fertiliser regimes (N and PK fertilised soils), either using all levels as individual 
treatments or using levels 1-3 together as one treatment (fertilised) testing it against the 
unfertilised control. Multiple linear regression models were used to explain the 
observed variability in the response to PK fertilisation with different explanatory 
variables for all three PK levels and all N levels separately. These were: clay content, 
sand content, average initial C, N, Pavailable, Kavailable contents, stoichiometric ratios of 
those elements, average initial soil pH, average losses of available phosphorus and 
potassium in the unfertilised control between the first and last sampling, final 
differences in available phosphorus and potassium between the unfertilised control and 
the fertilised treatment, final differences in soil pH between the control and the fertilised 
treatment and relative yield increase after fertilization. Due to the high number of 
potential explanatory variables, multi-model inference (R package MuMIn) was used for 
a-priori model selection and model averaging based on the Akaike Information Criterion 
(AIC).  Error ranges shown in the text and in diagrams are standard deviations. All 
statistics were performed using the R software. 

 

Table 2: Basic soil parameters and climate data for the 10 study sites at the beginning of 
the experiments: clay and sand content [%], soil organic carbon content [%], soil pH, 
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bulk density [g cm-3], mean annual temperature (MAT) [°C] and mean annual 
precipitation (MAP) [mm].   

Site Clay Sand SOC pH Bulk density MAT MAP 

Fjärdingslov 14 62 1.4 7.9 1.66 7.7 550 

Orup  12 59 2.4 6.6 1.51 8.3 769 

Örja 23 52 1.1 7.8 1.72 8.3 593 

S. Ugglarp 12 63 1.5 6.7 1.50 7.7 686 

Ekebo 18 47 3.1 6.9 1.44 8.2 622 

Vreta Kloster 48 8 2.1 6.2 1.43 6.4 527 

Högåsa 7 78 2.4 6.7 1.38 6.4 527 

Bjertorp 30 16 2.2 6 1.37 6.5 593 

Kungsängen 56 4 2.1 7.1 1.31 6 543 

Fors 18 24 2.2 7.7 1.49 5.5 613 

  

Results 

As expected, we observed an average increase in yields of 1% (1PK0N), 10% (2PK0N) and 
15% (3PK0N) (Fig. 1A) following PK fertilisation. This increase was significant for 2PK0N 
(p=0.012), 3PK0N (p=0.007) and for all pairs together (p=0.002). An equal, yet more 
pronounced response of NPP to fertilisation was observed for the different N levels (30 
pairs) with significant increases of 45%, 80% and 86% for 1N0PK, 2N0PK and 3N0PK 
respectively.  

Despite these expected positive effects on yields under both fertiliser regimes, we found 
contrasting responses of SOC stocks. In the PK fertilized soils, we detected a relative SOC 
stock depletion over time for 22 pairs out of 28 pairs (Figure 1B), which was statistically 
significant (p=0.004). All experiments have been running for more than 40 years and 
since we accounted for the initial differences in SOC between experimental plots, we 
considered that any influence of prior land use would be negligible. Only at one site, 
Fors, no decrease in SOC as a consequence of PK fertilisation was observed at all. On 
average, the negative effect of PK fertilisation increased with PK level: With 1PK0N, SOC 
stocks decreased by 2.0±4.3 Mg ha-1 or 0.04±0.09 Mg ha-1yr-1 (ns); with 2PK0N they 
decreased by 2.3±5.8 Mg ha-1 or 0.05±0.12 Mg ha-1yr-1 (ns); and with 3PK0N they 
significantly (p=0.008) decreased by 4.2±3.3 Mg ha-1 or 0.09±0.07 Mg ha-1yr- (Fig. 2). 
SOC stocks under PK fertilisation alone did thus develop directly disproportional to 
yields, which is in contrast to the observations in the N fertilised soils (Fig. 2). Although 
SOC stock changes were not significant after long-term N fertilisation and even 1N0PK did 
lead to slight losses of SOC, the trend of increasing yields with increasing N level was 
tracked by the trend in SOC stocks (Fig. 2).  

The effect of NPK fertilisation on NPP was synergistic, thus higher as the sum of the 
increases after PK and N fertilisation alone (Fig. 1 (a)).  This strong increase in C input 
did also positively affect SOC stocks.  
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Observed annual SOC stock changes at different PK0N levels were partly explained by the 
variables considered, although the degree of explanation varied across PK levels. The 
changes in the 1PK0N treatments were best explained by mean annual temperature 
(MAT), average initial SOC concentration and average initial C:Pavailable ratio, whereby all 
three variables were negatively correlated with annual SOC stock changes. The variables 
used explained 92% of the observed variation (R2=0.92) (Fig. 3). Losses of SOC were 
thus most pronounced at sites with high SOC concentration, a relatively warm climate 
and low available P. The effect of 2PK0N fertilisation on annual SOC stock changes was 
only significantly correlated with average initial soil pH (Fig. 3) (R2=0.23), while that of 
0N 3PK was significantly correlated with mean annual precipitation (MAP) and initial 
soil carbon, achieving 70% explanation.  

 

 

Figure 1: A) Average relative yield differences and B) Average soil organic carbon (SOC) 
stock differences between fertilised and unfertilised soils for all investigated levels of 
fertilisation with standard deviations. 
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Figure 2: Correlation of average SOC stock differences between fertilised and 
unfertilised soils and average yield differences in fertilised and unfertilised soils with 
regression lines for the P and N fertilised regimes separately.  

 

Figure 3: Comparison of measured and modelled annual soil organic carbon (SOC) stock 
change [Mg ha-1yr-1] for all phosphorus-potassium (PK) levels and two N levels, with 
model equations in which MAT is mean annual temperature [°C], MAP mean annual 
precipitation [mm], pH average initial soil pH, C average initial SOC concentration [%], 
CP the average initial C:Pavailable ratio and RYI the relative yield increase [%].  
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In contrast to the PK0N fertiliser levels, we found significant explanatory power of 
relative yield increases on SOC stock change in the 1N0PK levels, which indicates the link 
between carbon input and carbon stock dynamic. Furthermore, 1N0PK was negatively 
influenced by the C:Pavailable ratio in the soil, with more negative changes in P-poor soils 
adding up to a total explanation of 39% of the observed variance. C:Pavailable ratio was 
also the only variable, which significantly explained some of the variability in observed 
SOC repsonses to 2N0PK (R2=0.34, Fig. 3).  

Discussion 

In most agricultural long-term experiments assessing the effects of mineral fertilisers on 
SOC, the focus is on the application rates or sources of nitrogen (Malhi et al., 1997; 
Lugato et al., 2006), because they might be more directly related to applied agronomy 
issues. The majority of existing studies did observe increased yields and SOC stocks with 
increased N or NPK fertilization, leading to the perception that carbon input is the major 
driver for SOC dynamics in agricultural systems (Christopher and Lal, 2007). This 
pattern has been similarly observed in our study. Our finding that phosphorus and 
potassium (PK) in the absence of nitrogen fertilisation can have a negative net effect on 
SOC stocks, significantly so at the highest rate of PK fertilisation, has not been 
highlighted before. However, in several studies, P fertilisation was one among many 
other investigated fertiliser treatments without receiving much attention in the 
respective discussion. In those long-term experiments, mixed responses of P or PK 
fertilisation on SOC stocks have been observed. Some studies showed losses of SOC (Zhu 

et al., 2007; Wyngaard et al., 2012; Yan et al., 2013), while others found gains 
(Zhengchao et al., 2013; Shao and Zheng, 2014). The effect of P or PK fertilisation on 
yields was mostly slightly positive, which is in line with our findings for the Swedish 
sites. It is however a new observation that SOC stock changes do not always seem to 
follow changes in NPP and annual C inputs to soil, as the major source of SOC. This 
requires explanation. We considered four different mechanisms, each of which could 
explain parts of this observed depletion in SOC stocks under presumed increased carbon 
inputs:   

1.  Fertilisation with P stimulates heterotrophic respiration. A strong microbial 
response to P addition has been observed in several studies, mostly conducted in 
P-limited tropical forests (Cleveland and Townsend, 2006; Nottingham et al., 
2015), but also in northern hardwood forests (Fisk et al. 2015). Craine et al. 
(2007) tested the effect of N and P addition on mineralisation for a wide range of 
different plant materials in different soils and found that C mineralisation 
decreased with N availability, while P fertilisation increased short- and long-term 
C mineralisation. They concluded that basic stoichiometric decomposition theory 
needs to be revised and carbon cycling models restructured to take into account 
the effect of P on SOC turnover.  It is not entirely understood, why N and P 
additions show opposing effects on microbial activity, but shifts in microbial 
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community structure could play an important role (Ramirez et al., 2012). 
Recently, Hartman and Richardson (2013) found that the metabolic quotient of 
microbes (i.e., respiration per biomass) increased significantly following the 
addition of inorganic P, which could indicate that microbial activity in soil is 
largely controlled by P availability. In addition to microbial metabolism, the 
availability of P an N has also shown to trigger the resource allocation to exo-
enzymes that are breaking down organic matter (Sinsabaugh and Moorhead, 
1994). Extractable phosphorus has been a stronger predictor for C mineralization 
than land use (Strickland et al., 2010). Cleveland and Townsend (2006) reported 
an in situ increase in CO2 efflux of 37% after P fertilisation and an in vitro 12% 
higher respiration in the P fertilised than in the unfertilised soil after adding 
glucose. Fisk et al. (2015) reported 28-122% higher CO2 efflux in the P-fertilised 
soil than in the unfertilised soil, depending on added labile C substrates. 
Considering these observations, it is not an unrealistic hypothesis that an 
increase in respiration could be the most important mechanism underlying the 
observed changes in SOC stocks. Furthermore, the average relative phosphorus 
demand of microbial biomass corresponds to C:P ratio of 60:1 and a global 
average C:P ratio of 186:1 in soils is globally well constrained (Cleveland and 
Liptzin, 2007). In our study, the average C:Pavailable ratio in the unfertilised control 
soils was 706:1. Thus, the stimulating effect of P on microbial activity might 
override the stimulating effect on plant growth, leading to net losses of SOC.  

2. Colonisation of roots with arbuscular mycorrhizal fungi (AMF) is reduced when 

easily available P is applied to soil (Nagahashi et al., 1996; Grant et al., 2005). The 
main role of AMF hyphae is to increase root uptake capacity for nutrients, 
including P, by enlarging the surface area of the root system (Pearson and 
Jakobsen, 1993). In return, the fungi receive carbon assimilates from the plant in 
the form of carbohydrates. It has been shown that plants can provide up to 17% 
of their photosynthetic carbon to the fungi (AMF, among other mycorrhiza types) 
(Hobbie and Hobbie, 2006). Clemmensen et al. (2013) identified root-associated 
fungi as important regulators of ecosystem carbon dynamics. In addition to the 
higher C input to soil through greater AMF colonisation, AMF-derived carbon 
(glomalin) may lead to the formation of more stable aggregates, protecting 
organic matter (Miller and Jastrow, 2000) and thereby preserving the SOC pool 
(Nagahashi et al., 1996; Rillig et al., 2001; Grant et al., 2005). Therefore, a 
decrease in AMF colonisation as a consequence of PK fertilisation can potentially 
have negative effects on SOC stocks. 

3. Fertilisation with P decreases plant root:shoot ratio. A deficiency in major 
nutrients (N, P and K) generally leads to an increased root:shoot ratio (Wilson, 
1988). Under N deficiency, a typical increase in root:shoot ratio is in the range of 
15 to 50% (Welbank et al., 1973; Hansson et al., 1987). There is also evidence 
that P fertilisation can decrease the root:shoot ratio of crop plants (Ericsson, 
1995; Marschner et al., 1996) compared with unfertilised soil. This change in 
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root:shoot ratio occurs because nutrient deficiency forces crops to develop larger 
root systems than under conditions of sufficient nutrient supply (Marschner et 

al., 1996). Moreover, root-derived carbon has been found to contribute more to 
the stable soil carbon pool than shoot-derived carbon (Kätterer et al., 2011b). 
Carbon inputs to the soil are usually yield-based estimates assuming stable 
carbon allocation coefficients to different plant parts across fertiliser regimes. 
This is common practice in soil carbon modelling, although there are indications 
that it might be erroneous . The observed increase in yield for the 0N PK 
treatments which was 1, 10 and 15% for 1PK0N, 2PK0N and 3PK0N, respectively 
lead to increased C input to the soil when assuming stable ratios of plant carbon 
allocation. However, relative to the unfertilised control, if a certain shift in 
root:shoot ratio did occur, PK fertilisation could actually have caused a decrease 
in total NPP. Thus, despite higher aboveground NPP, the smaller root inputs and 
the associated qualitative shift of the total carbon input might have significantly 
contributed to the observed SOC losses after PK0N fertilisation. However, the 
disproportional trend of yields and SOC stocks seams unrealistic to be explained 
by root:shoot ratio shift. Unchanged SOC stocks over all PK0N levels could be 
expected, but most likely not decreases.  

4. Stronger N mining leads to higher mineralisation of C. In the 0N PK-fertilised plots 
with higher yields, more N is lost from the system through export by harvest. 
Such a negative effect of PK fertilisation on soil N has been observed by 
Glendining et al. (1997). This could have increased the N deficiency in the soil, leading to stronger “N mining” by microbes, a process in which nutrients are 
mobilised via decomposition of more stable organic matter (Fontaine et al., 
2004). This might lead to loss of C from this pool and is in line with the findings of 
Kirkby et al. (2011) and (2013), who found that SOC sequestration relies on the 
availability of nutrients and that the stoichiometric ratio of C:N:P:S of stable soil 
organic matter is globally well constrained. We did not find any negative effect of 
PK fertilisation on SOC stocks in the presence of nitrogen fertilisation. This is in 
support of the hypothesis that the decreasing SOC stocks we observed were 
rather induced by a indirect response to PK fertilisation. However, the estimated 
surplus of N extraction in the fertilised plots (with an average crop C:N ratio of 
70) accounted for only 2-20% of the total soil N loss (average soil C:N ratio of 11) 
after 0N PK fertilisation. Consequently, this mechanism was probably only of 
minor importance in this study. Furthermore, Cleveland et al. (2006) found 
higher respiration when adding glucose with N+P as compared to the addition of 
glucose and N. This does indicate, that the stimulating effect of P on heterotrophic 
respiration is not restricted to N–deficient soils. 

The relative importance of each of the first three mechanisms for SOC dynamics in the 
PK fertilised but N deficient regime remains speculative, since CO2 efflux, abundance of 
AMF and belowground biomass production were not measured. However, the observed 
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explanatory power of available C, available P, soil pH and the climate parameters MAT 
and MAP provide support for mechanisms (1) and (2), i.e. increased soil respiration and 
less AMF colonisation due to 0N PK fertilisation. Temperature, moisture, substrate 
availability and nutrient availability are key drivers for microbial activity. Surprisingly, 
SOC dynamics of the PK0N fertilised treatments were independent from relative yield 
increase and thus carbon input, while the variability in SOC dynamics in 1N0PK was 
partly explained by differences in relative yield increase. This fits the observation, that 
carbon dynamic in the PK0N treatments was decoupled from aboveground NPP, while it 
was positively correlated with aboveground NPP in the N0PK treatments. Furthermore, 
Clark et al. (1999) found twice the amount of AMF biomass in a soil with pH 4 compared 
with a soil of pH 5, which is in line with the more pronounced SOC losses we observed in 
low pH soils. Attributing the losses completely to changes in heterotrophic respiration, 
as developed above, appeared realistic when compared with the strong stimulations 
observed in other studies. However, the tendency of SOC losses after 1N 0PK fertilisation 
might support the hypothesis of significantly altered root:shoot ratio, which has been 
equally observed for N and P deficiencies (Wilson, 1988). However, these losses could 
also be explicable by P mining due to a higher extraction of P in the N fertilised soils. 

Craine et al. (2007) provided evidence for the N mining theory, but did not find any 
indications for P mining. This could potentially be related to the fact, that soil N is mainly 
stored in organic matter, while considerable fractions of soil P are also stored in 
anorganic forms, thus P mining would be less related to the break-down of organic 
matter. However, the fact that P availability did significantly trigger SOC responses to N 
fertilisation (Fig. 3, higher C:Pavailable ratio led to less increase or more decrease in SOC) 
could denote that P mining did play a role in the studied experiments to some extent. 
The positive effect of N on NPP was much more pronounced than the effect of PK, which 
was most likely enough to overshadow any nutrient control on SOC decomposition. 
Differences between the two fertiliser regimes on carbon output or any of the above 
mentioned mechanisms is thus not possible to disclose in the present dataset. It can 
however be concluded, that SOC dynamics were input-driven under N fertilisation but P 
deficiency, but output-driven under PK fertilisation with N deficiency.  

In this study, we were unable to separate the effect of P from a potential effect of K, since 
the two elements were applied in combination. Previously, Shao and Zheng (2014) 
found a slightly positive effect of K fertilisation on SOC stocks, whereas Yan et al. (2013) 
found no changes in yield and SOC stock compared with the unfertilised soil. Several 
studies have shown that K has an opposing, but less pronounced, effect on root:shoot 
ratio than P (Hackett, 1968; Ericsson, 1995). Van Cleve and Moore (1978) found 
strongly increasing soil respiration with N and P fertilisation, but slightly decreasing soil 
respiration with K fertilisation. These studies indicate that the negative effect of PK0N 
fertilisation we observed in the Swedish experiments is most likely related to P 
fertilisation, while K could have even counterbalanced this effect to a certain degree. A 
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pH effect on SOC decomposition due to different fertiliser regimes (especially due to K 
fertilisation) could be excluded, since no systematic difference in pH was observed 
across treatments. This might be due to the fact that the soils were repeatedly limed, 
according to local agricultural practices. We cannot anticipate any other mechanism 
following K fertilisation in our study that could have led to SOC losses. However, it is 
recognized that the combined fertilisation of P and K used in this study does not allow a 
clear separation of the individual effects of these two elements. In the few available 
studies in which specifically P effects were studied, P was however also applied in 
combination with K as KH2PO4 (Cleveland and Townsend, 2006; Craine et al., 2007).   

 

Conclusions 

For soils receiving no N fertiliser, a negative effect of phosphorus and potassium (PK) 
fertilisation on soil organic carbon (SOC) stocks was observed in nine out of the 10 
meta-replicated Swedish long-term experiments studied. To our knowledge, it is the first 
study that shows a significant depletion of SOC stocks after PK fertilisation in the 
absence of N fertilisation. The processes involved might be diverse and are certainly not 
well studied, in contrast to the rising awareness of the importance of soil nutrients for 
net ecosystem carbon fluxes (Reed et al., 2011). According to the literature, of these two 
elements, P rather than K is likely to have the highest impact on ecosystem carbon 
fluxes. This finding requires attention, since a positive effect of N on NPP and SOC stock 
changes is widely accepted. It might be helpful to predict SOC stock changes after 
sudden stoichiometric imbalances in ecosystems as induced by fires, atmospheric 
deposition, or enhanced soil P extraction by legumes. Many studies focus on certain 
aspects of SOC cycling, such as soil respiration or the contribution of arbuscular 
mycorrhizal fungal (AMF) to the total SOC pool. The results obtained from these studies 
are obviously helpful in identifying potential processes involved in soil responses, e.g. to 
certain management practices. However, as long as the relative contribution of each 
process remains unknown, it is difficult to refine our holistic knowledge on SOC 
dynamics. The observed negative effect of PK0N fertilisation, with its diverse potential 
causes, calls for a more integrated approach for studying SOC dynamics. 
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Abstract 

Nitrogen (N) and phosphorus (P) availability plays a crucial role for carbon cycling in 
terrestrial ecosystems. However, the role of nutrient supply in soil organic carbon (SOC) 
decomposition and microbial metabolism is generally not well understood. In this study, 
we incubated soils with three contrasting nutrient regimes from each of three Swedish 
long-term agricultural experiments (>45 years, 7-30% clay), namely an unfertilised 
control (0NPK), high P but no N fertilisation (PK0N) and high N but no P fertilisation 
(N0PK). In the laboratory, we amended all soils with no fertiliser or with N, P and N+P, 
with and without glucose, and monitored CO2 and heat production over five hours. 
Significant effects of the treatments were observed when nutrients were added in 
combination with glucose. Averaged over all field treatments, Glucose+N addition 
reduced CO2 and heat production by -14% and -14%, respectively, compared with 
glucose addition alone, while glucose+P addition increased CO2 and heat production by 
17% and 9%, respectively. Similar results were found comparing the contrasting long-
term field-treatments: PK0N showed higher glucose-induced CO2 and heat production 
per unit SOC than 0NPK, while both these parameters were suppressed in N0PK-fertilised 
soils. Basal respiration per unit SOC proved to be linked to long-term losses in SOC 
stocks, which were highest in the PK0N-fertilised plots at all three sites. Combined 
analysis of field and laboratory treatments revealed that N mining only occurred in N-
deficient soils. No indications of P mining were found. In conclusion, N and P showed 
opposing effects on the balance of microbial metabolic processes, including respiration. 
The observed effects were similar in the short- and long-term and across different soils, 
indicating that direct physiological controls on nutrients may overshadow any shifts in 
community composition regarding microbial metabolism and thus SOC turnover. These 
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findings are of specific importance for nutrient-poor but carbon-rich ecosystems 
exposed to nutrient inputs. 

 

Introduction 

Soil nutrients influence CO2 exchange between terrestrial biosphere and atmosphere, 
which is one of the major fluxes in the global carbon cycle (Reed et al., 2011). Today, the 
amount of anthropogenic nitrogen (N) annually applied to the biosphere (~150 Tg yr-1) 
is 10-fold higher than 100 years ago (Schlesinger, 2009; Ramirez et al., 2012). The 
response of net primary production to nutrient supply has been extensively studied, 
while nutrient effects on plant litter and soil organic carbon (SOC) decomposition are 
less well understood (Craine et al., 2007; Schlesinger, 2009; Reed et al., 2011). This 
hampers the ability to accurately predict net ecosystem responses to nutrient additions. 
However, with rising pressure on global land resources due to increasing food demand 
and climate change (Trostle, 2010), as well as rising deposition of nutrients in natural 
ecosystems (Bragazza et al., 2006), we need to further our understanding of the effect of 
nutrients on SOC decomposition. There are currently two competing theories regarding 
the effects of major nutrients on SOC decomposition.  

Basic stoichiometric decomposition theory predicts that SOC decomposition is driven by 
the microbial stoichiometric demand for resources, with an optimal C:N:P ratio of 60:7:1 
(Cleveland and Liptzin, 2007). This theory implies that decomposition is optimised 
when material undergoing decomposition contains this C to nutrient ratio. It has been 
observed that in nutrient-limited soils, decomposition of C is stimulated when nutrients 
are added, counterbalancing positive effects on carbon inputs. Several studies have 
shown that N addition leads to increased heterotrophic respiration (Melillo et al., 1982; 
Dilly, 2001; Milcu et al., 2011). The same is true for phosphorus (P) addition, yet P 
interactions with SOC decomposition have been less well studied and the mechanisms 
between the two are not well understood. Studies to date have mainly been carried out 
in P-limited tropical forest soils (Cleveland and Townsend, 2006; Reed et al., 2011; Liu et 

al., 2013). Recently, Poeplau et al. (2015b) reported a significant net decrease in SOC 
stocks after long-term PK but no N fertilisation (PK0N) compared with unfertilised 
control soils in Swedish agricultural long-term experiments. Thus net primary 
production was positively affected by PK0N fertilisation, which questions the paradigm 
that SOC build-up is directly proportional to C input (Christopher and Lal, 2007; Kätterer 

et al., 2012). Poeplau et al. (2015b) suggested four different mechanisms that are 
potentially involved, of which stimulated heterotrophic respiration was hypothesised to 
be the major cause. Since the relative importance of each mechanism is not known, 
however, controlled experiments are needed in this area.    

Microbial nutrient mining theory is also based on microbial stoichiometry, but predicts 
the direct opposite effect of nutrient availability on SOC decomposition (Schimel and 
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Weintraub, 2003; Craine et al., 2007). According to this theory, under nutrient-limiting 
conditions, the nutrients needed for biosynthesis are acquired by decomposing more 
recalcitrant organic matter using energy from labile, but nutrient-poor, C sources. This 
process to obtain nutrients at high C costs, which is also described as the priming effect 
after the addition of fresh plant material (Löhnis, 1926; Fontaine et al., 2004), leads to 
low microbial C use efficiency, i.e. a high rate of respiration per unit substrate 
assimilation, leading to less C being retained in the soil per unit C input. This theory has 
been used to explain: (i) observed decreases in SOC decomposition after N addition 
(Ammann et al., 2007; Griepentrog et al., 2014) and (ii) increased stabilisation of plant 
litter (Kirkby et al., 2014; Poeplau et al., 2015c), and has been confirmed in many studies 
during the past 10 years. Recently, Murphy et al. (2015) showed that organic matter 
decomposed due to priming had a C:N ratio of 5, while the organic matter decomposed 
during basal respiration had a C:N ratio of 20, which indicates that microorganisms have 
the ability for compound specific priming.  However, since the opposite effect of N addition has also been observed, the mechanism of ‘nutrient mining’ cannot be 
generalised and constitutes a major uncertainty in predicting ecosystem responses to N 
addition. Furthermore, a similar mechanism for P has not been reported. Craine et al. 
(2007) found N but no P mining in a leaf litter decomposition experiment, where P 
addition was instead found to increase SOC mineralisation. It is not clear why N, but not 
P, mining should occur and which conditions trigger N mining. Based on this theory, 
Poeplau et al. (2015b) suggested that increased N mining after PK0N fertilisation due to 
higher harvest N exports could also be driving SOC losses.  

Carbon dioxide (CO2) is the end product of microbial decomposition of organic material. 
However, microbial metabolism consists of many anabolic and catabolic processes. 
Measuring the heat efflux (Q) from soil samples with isothermal calorimetry quantifies 
the net balance of all catabolic and anabolic reactions (Herrmann et al., 2014). Such a ‘microbial energetics’ approach has been found to provide complementary insights on 
microbial metabolism in comparison with determination of CO2 production alone. Most 
obviously, not only heterotrophic respiration, but the entire microbial metabolism 
should be affected by nutrient availability, while this has not been investigated 
comprehensively in a soil system context. The calorespirometric ratio, i.e. the ratio of 
heat production (RQ) to CO2 production (RCO2), can be of use as an indicator of microbial 
C use efficiency (Hansen et al., 2004; Herrmann et al., 2014). Herrmann and Bölscher 
(2015) developed a method whereby heat and CO2 production can be determined 
simultaneously in soil samples without any methodological bias. Another recent study 
(Fisk et al., 2015) showed opposing effects of short-term N and P addition on CO2 
production. In order to advance understanding of how major soil nutrients influence 
microbial metabolism and SOC cycling, in the present study we used the coupled 
approach described to determine short- and long-term effects of contrasting N and P 
availability on: i) CO2 production, ii) heat production and iii) calorespirometric ratio in 
three contrasting agricultural soils from long-term field experiments. We further tested 
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the hypothesis proposed by Poeplau et al. (2015a) that increased microbial activity is 
the key mechanism driving SOC losses after long-term P fertilisation. 

 

Materials and Methods 

Study sites and soil sampling 

In March 2015, we sampled three out of 12 sites of the meta-replicated (same 
experiment at all sites) Swedish long-term soil fertility experiments established during 
the period 1957-1969 (Carlgren and Mattsson, 2001). These experiments were 
established to study the effect of mineral and organic fertiliser application on soil 
fertility-related properties. In total, they consist of 16 combinations of mineral fertiliser 
(NPK) including four different N levels and four different PK levels, which are compared 
in two different crop rotations (with or without manure applications). In this study we 
only investigated soils from the rotation without manure addition. All treatments are 
replicated (n=2) and randomised in a split-block design. Five experiments are located in 
southern Sweden, five in central Sweden and two in northern Sweden. In this study, we 
sampled two central sites (Högåsa, Bjertorp) and one southern site (Ekebo), which are 
described in detail elsewhere (Kirchmann et al., 1999; Kirchmann et al., 2005). A 
summary of basic soil properties is provided in Table 1. We selected these field 
experiments in order to obtain a large gradient in soil texture (7-30% clay) and we 
sampled three contrasting combinations of NPK: i) no NPK (0NPK); ii) no PK but highest 
N level (N0PK); and  iii) no N but highest PK level (PK0N). The highest N and PK levels 
provide on average 200 kg N, 45 kg P and 120 kg K ha-1 year-1 at the southern site 
(Ekebo) and 125 kg N, 45 kg P and 120 kg K at the central Swedish sites (Högåsa, 
Bjertorp). Five soil cores (8 cm diameter) were taken randomly in each plot to a depth of 
20 cm and pooled per treatment at each site. The field-fresh soil was sieved to 2 mm and 
stored cool (5°C) for two months. Before the start of the experiments, soil moisture was 
adjusted to 45% of water-holding capacity (WHC) and the soils were incubated for 10 
days at 25°C to re-establish steady-state conditions after the preceding disturbances, i.e. 
sampling, pooling, sieving and cooling. 

Experimental set-up and measurements 

We combined each field treatment (n=3) at each field site (n=3) with eight laboratory 
treatments: a control with no nutrient addition (Control) and +N, +P, +NP, Glucose, 
Glucose+N, Glucose+P and Glucose+NP addition. All combinations (n=72) were prepared 
in triplicate, making a total of 216 samples. All amendments were mixed in deionised 
water, while the control samples received the same amount of deionised water as was 
added to the other samples (0.5 mL per sample). The amount of glucose added 
corresponded to 10% of the SOC content in the SOC-richest soil, which is suggested to be 
the saturation point for microbial respiratory metabolism in agricultural soils (Lerch et 
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al., 2013). Nitrogen was applied as ammonium nitrate (NH4NO3) and P as K2HPO4 
(Cleveland and Townsend, 2006). To avoid nutrient deficiency, the amounts of added N 
and P were always adjusted to C in a C:N:P ratio of 60:7:1, which was found to be a 
globally well-constrained stoichiometry of microbial biomass (Cleveland and Liptzin, 
2007). All amendments were adjusted to the pH value of deionised water (6.3 at room 
temperature) using HCl and NaCl to exclude a pH effect on microbial metabolism, for 
which 5 g of soil (dry weight) were added to 20-mL glass reaction vials and the solution 
was added dropwise. Soil moisture was thereby increased to approximately 80% WHC. 
On top of the soil in the glass vial, we placed a CO2 trap in a 300 µL microtitre well 
(ThermoScientific, Vantaa, Finland) with indicator dye consisting of potassium chloride, 
sodium bicarbonate and cresol red (Campbell et al., 2003). Detection of CO2 relied on the 
change in pH in the indicator dye after reaction with CO2 in the vial headspace, leading 
to a colour change. Immediately after placing the trap on the sample, the vials were 
sealed and placed into a TAM Air calorimeter (TA Instruments, Sollentuna, Sweden) set 
to a temperature of 25°C. Heat production was recorded during five hours, after which 
samples were removed and CO2 traps were immediately read in a spectrophotometer 
(SPECTRA Max Plus384 Micro Plate Reader, Molecular Devices, Wokingham, UK) at 572 
nm. This was also done prior to placing the trap in the reaction vial to account for initial 
differences in absorbance. We used the calibration curve of absorbance (x) as a function 
of CO2 concentration in the headspace (y) as fitted by Herrmann and Bölscher (2015) in 
the same laboratory (y=3.19x-3, R2=0.99). To calculate RQ [mJ g soil-1 h-1], we used only 
the heat production between 1.5 hours and 5 hours, as the calorimeter requires at least 
45 min until the signal can be considered correct. Cumulative heat output was 
approximately linear and earlier work has shown that this is equally true for CO2 
production (Herrmann and Bölscher, 2015). We were able to process 16 samples in one 
day, giving a total experimental period of 14 days. Samples were processed in a fully 
randomised approach.    

Total microbial biomass carbon (Cmic) was determined by the standard method of 
chloroform (CHCl3) fumigation extraction (CFE) (Vance et al., 1987) with minor 
modifications (Dahlin and Witter, 1998), whereby 10 g of each soil (dry weight) were 
exposed to CHCl3 for 24 hours. The fumigated samples and corresponding unfumigated 
controls were extracted with 50 mL K2SO4 and dissolved organic carbon in the extracts 
was then measured with thermal oxidation in a DIMATOC 2000 (Dimatec, Essen, 
Germany). We assumed an extraction efficiency of 0.45 (Wu et al., 1990). The metabolic 
quotient (or specific respiration) (qCO2=ng CO2-C µg Cmic-1 h-1) and the Cmic:Corg ratio 
were used as eco-physiological indicators of soil metabolic status (Anderson and 
Domsch, 1989, 1993). To calculate the specific respiration and heat release (mJ µg Cmic-1 
h-1), we used the average basal respiration (laboratory treatment ‘Control’) of each field 
treatment (Table 2).  

Statistics 
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To investigate the short-term effect of nutrient addition on the three dependent 
variables RCO2, RQ and RQ/RCO2, we used linear mixed effect models with (nested) 
random effects to test the difference between laboratory-treatments for significance. For 
this, we split the dataset into treatments with glucose and without glucose and 
conducted the analysis with two separate models (Fig. 1). In addition to the overall 
model across all field treatments, we tested the laboratory effect for each field treatment 
separately, for which we used site as a random effect. By doing this, we were able to test 
interactions between soil long-term nutrient status and the short-term response to 
nutrient addition. To investigate the long-term fertilisation effect on the three 
dependent variables, we first normalised RCO2 and RQ by SOC content to achieve direct 
comparability between field treatments. We then investigated the long-term effects for 
the laboratory treatments Con and Glucose to exclude confounding effects of nutrient 
addition. Again, site was used as a random effect. Statistics were performed in R, using 
the package lme4 (Bates et al., 2007). 

 

Figure 1: Scheme of the experimental designand datasets used to address the posed 
hypotheses and research questions. 

Table 1: Soil characteristics of the contrasting treatments at each site with pH, C 
concentration at the beginning of the experiment [%], as well as latest C concentration 
[%], N concentration [N], CN ratio, Al-extractable P and K [mg 100 g soil-1], CPAl ratio (all 
measured 2011 the last time) and clay, silt and sand contents [%] of the investigated 
soils.  

Site Treatment pH Initial C C N CN PAl KAl CPAl Clay Silt Sand 
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Högåsa 0NPK 6.6 2.20 1.65 0.14 11.6 1.9 4.4 870       

Högåsa PK0N 6.2 2.70 1.95 0.15 13.2 12.4 21.8 157 7 15 78 

Högåsa N0PK 6.5 2.40 1.93 0.17 11.4 1.6 2.95 1206       

Ekebo 0NPK 6.4 2.74 2.08 0.14 14.6 3.4 3.4 612       

Ekebo PK0N 6.1 2.78 1.85 0.13 14.3 18.6 25.4 99 18 35 47 

Ekebo N0PK 5.9 2.99 2.26 0.16 14.2 2.8 7.3 807       

Bjertorp 0NPK 6.6 1.90 1.70 0.15 11.6 2.8 13.3 609       

Bjertorp PK0N 6.4 2.10 1.65 0.15 11.3 12.7 28.1 130 30 54 16 

Bjertorp N0PK 6.4 2.20 1.91 0.17 11.2 1.7 11.8 1123       

 

Table 2: Microbial biomass carbon (Cmic) [µg C g soil-1], specific respiration (QCO2) [ng CO2 
µg Cmic-1 h-1], specific heat production (Qq) [mJ µg Cmic-1 h-1] for the contrasting 
treatments at each site. 

Site Treatment Cmic QCO2 Cmic Ctot-1 Qq 

Högåsa 0NPK 121 2.6 0.7 14.5 

Högåsa PK0N 228 4.0 1.2 8.0 

Högåsa N0PK 170 1.7 0.9 30.3 

Ekebo 0NPK 188 7.9 0.9 43.1 

Ekebo PK0N 197 9.0 1.1 2.4 

Ekebo N0PK 186 11.2 0.8 26.9 

Bjertorp 0NPK 376 2.1 2.2 8.0 

Bjertorp PK0N 243 4.8 1.5 7.4 

Bjertorp N0PK 288 2.9 1.5 13.0 

 

 

Results 

Short-term effects of nutrient addition on metabolic activity 

Carbon dioxide and heat production in the samples without glucose addition were very 
low and highly variable. Significant differences between laboratory treatments were 
therefore not detected (data not shown). However, when nutrients were added with 
glucose, we found lower CO2 and heat production in combination with N (Glucose+N) 
than with glucose alone (Fig. 2A, 2B). On average, N addition decreased CO2 production 
by 14%. Interestingly, this was observed in the six soils with a long-term history of no 
fertiliser addition, while in the field treatments with N addition (N0PK), we found an 
increase in CO2 production at all three sites compared with glucose alone (Fig. 1A). This 
indicates that under N deficiency, CO2 production was lowered with N addition, while 
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the opposite was true when soil N was more abundant. Consequently, total soil N 
concentration was a good predictor of the effect of N addition on CO2 production in 
laboratory treatments with and without glucose addition (Fig. 3). In contrast to N, CO2 
production increased significantly when P was added together with glucose (Glucose+P) 
(p=0.045; Fig. 2A). On average, P addition led to 17% higher CO2 production, while 
plant-available soil P (PAL; Standard extraction method used in Sweden: 0.1 M NH4-
lactate + 0.4 M HOAc, adjusted to pH 3.75) did not explain any of the observed variability 
(data not shown). Heat production was also significantly reduced, by 14%, when glucose 
was applied together with N, while Glucose+P tended to increase heat production on 
average by 9% compared with glucose addition alone (Fig. 2A, 2B). Thus, also for heat 
production, N and P addition had opposing effects on microbial activity when added 
with glucose to soils. In contrast to CO2 production, no interaction of soil N and N 
addition was observed. Although Glucose+P increased heat production on average in 
eight out of nine soils in comparison with glucose alone (Fig. 2B), this effect was not 
significant. The 10% and 6% increase in CO2 and heat production, respectively, after 
Glucose+NP addition compared with glucose addition alone was not significant, but 
consistently between the values obtained for Glucose+N and Glucose+P addition.  

Long-term effects of nutrient addition on metabolic activity 

The total amount of organic C varied significantly across field sites and soil treatments 
(Table 1) and should therefore be taken into account when comparing long-term effects 
of nutrient addition on metabolic activity. On normalising the results per unit soil 
organic C, similar results (i.e. opposing effects of PK0N and N0PK fertilisation on CO2) were 
observed in the glucose-amended soils. No significant difference between field 
treatments was observed for basal respiration and heat production (i.e. no glucose 
addition), while PK0N fertilisation tended to increase CO2 and decrease heat production 
compared to 0NPK (Fig. 3A, 3B). When glucose was added, an increase in CO2 production 
similar to that in the non-glucose-amended soils was observed for the PK0N-fertilised 
soils. In contrast, long-term N fertilisation (N0PK) resulted in a significant decrease in CO2 
production (p=0.04) when glucose was added. Moreover, changes in long-term SOC 
stocks in the different field treatments were well explained by normalised basal 
respiration (i.e. RCO2 respired from control soils without glucose and/or nutrient 
addition). Long-term PK0N fertilisation resulted in both the highest basal respiration per 
unit SOC and the highest losses in SOC stocks at each of the three sites (Fig. 4).  
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Figure 2: Mean relative change in: A) CO2 production (RCO2), B) heat production (RQ) 
and C) calorespirom 

Calorespirometric ratio and other eco-physiological indicators 

We did not find any significant overall effect of laboratory treatments on 
calorespirometric ratio, since both CO2 and heat production tended to respond in similar 
directions and to similar degrees to nutrient addition. However, in both C treatments 
(glucose, no glucose), nutrient addition tended to decrease RQ/RCO2 by 4-24% (data not 
shown). Only N addition in the glucose-amended soils tended to slightly increase 
RQ/RCO2, which was also observed in the long-term treatments (Fig. 3C). Thus N caused 
stronger suppression of CO2 production than of heat production when glucose was 
added to the soil. Long-term PK0N fertilisation decreased the calorespirometric ratio in 
Control soils and Glucose-amended soils by 71% and 11%, respectively (Fig. 3C).  
Interestingly, we observed a very different response to nutrient addition in the 0NPK 
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and N0PK soils. In the unfertilised soils, any nutrient addition in combination with 
glucose tended to increase RQ/RCO2, while the opposite was observed for the soils with a 
history of N0PK fertilisation.  

 

Figure 3: Effect of long-term fertilisation (field-treatment) on A) average C-normalised 
basal and glucose-induced respiration, B) average C-normalised basal and glucose-
induced heat production and C) average basal and glucose-induced calorespirometric 
ratio with whiskers indicating standard errors. Different letters indicate significance at 
p<0.05. 

Microbial biomass carbon and Cmic:SOC ratio did not vary systematically over field 
treatments (Table 2), but specific respiration was on average 41% higher for the PK0N 
treatment than for 0NPK (Table 2). In contrast, specific heat release was reduced by 
45% in the PK0N treatment compared with 0NPK. 
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Figure 4: Changes in long-term soil organic carbon (SOC) stocks (calculated from C 
concentrations presented in Table 1) as a function of basal respiration per unit SOC, with 
whiskers indicating standard errors. Field sites Högåsa (HO, black), Ekebo (EK, grey) 
and Bjertorp (BJ, white). 

 

Discussion 

Opposing effects of N and P on microbial metabolism 

When glucose was added to the soil, addition of N and P resulted in opposing effects of 
similar magnitude on CO2 production (-14% and +17%, respectively) and heat 
production (-14% and +9% respectively) (Fig. 2a and2 b). For CO2, this was observed 
previously and underlines the importance of major soil nutrients for C cycling in soils 
(Cleveland et al., 2006; Craine et al., 2007; Bradford et al., 2008; Fisk et al., 2015). Fisk et 

al. (2015) found a -21% and +43% change in CO2 production when N and P, respectively, 
were added to glucose-amended soil and the effect was even more pronounced when 
cellulose or plant litter was used as a labile C source. Cleveland et al. (2006) incubated 
samples from a P-limited tropical forest soil adding C (as glucose), C+N, C+P and C+N+P 
and observed CO2 fluxes in the order C+P > C > C+N > C+N+P. Thus, CO2 fluxes were 
suppressed by N, but stimulated by P addition, when combined with glucose addition in 
their study (-6% and +12%, respectively). To our knowledge, the present study is the 
first to show similar effects of nutrients on heat dissipation, as a measure of the balance 
of all anabolic and catabolic reactions.    
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While N fertilisation did not suppress CO2 and heat production in the laboratory-
treatments without glucose addition, we found a strong signal when N was applied in 
combination with glucose. In all six N-deficient soils (0NPK, PK0N), Glucose+N showed 
lower CO2 production than Glucose alone. Moreover, the N-fertilised field treatment 
(N0PK) showed significantly lower CO2 production than the N-deficient treatments 
(0NPK) when glucose was supplied. This indicates that ‘N-mining’, as observed in 
several previous studies, primarily occurs with the addition of a labile, energy-rich 
carbon source that can be used to decompose more recalcitrant, but N-rich, organic 
matter, a process which is referred to as priming (Fontaine et al., 2004; Murphy et al., 
2015). In the presence of sufficient N, less priming occurs and the added carbon can be 
used more efficiently for growth (Schimel and Weintraub, 2003), leading to a higher 
sequestration rate of the added C, as observed by (Kirkby et al., 2014) after amending 
soils with straw alone or straw with N. The major reason for this is that N is critical for 
biosynthesis. When more microbial biomass is synthesised per unit carbon added to the 
soil, more microbial necromass is stabilised in the soil, which has been shown to be a 
significant source of soil organic matter formation (Miltner et al., 2012). Besides a 
suppressing effect of N addition, a stimulating effect on microbial activity has been 
reported (Allen and Schlesinger, 2004; Milcu et al., 2011; Reed et al., 2011). In our study, 
we were able to show that the response of heterotrophic respiration to N addition 
depends upon prevailing N availability in the soil. In all three soils with the field-
treatment N0PK, we found a stimulating effect on CO2 production of the Glucose+N 
treatment compared with Glucose alone. Thus, both observations and also both 
underlying theories (basic stoichiometry and N mining) might not be opposing, but 
simply a function of N availability, assuming that total N concentration is a good proxy 
for N availability (Fig. 2). The convergence of the two theories adds to our 
understanding and ability to predict ecosystem responses to altered N availability.  

While N effects depended on labile C availability, the long-term PK0N-fertilised plots 
showed equally high CO2 production with and without glucose addition. This might 
indicate that the stimulating effect of P is also present under C-limited conditions. 
Similarly to Craine et al. (2007), we did not find any indications of P mining in the soils 
investigated. This might be related to the fact, that soil P is more prevalent in inorganic 
than in organic forms (Friesen and Blair, 1988). Moreover, in contrast to N, the 
stimulating effect of P addition on heterotrophic respiration was not restricted to the P-
limited soils, but was inconsistently observed across different nutrient regimes. This 
was also observed by Fisk et al. (2015) and indicates that P addition, in the form of 
fertiliser in agriculture or atmospheric P deposition in natural systems, can lead to SOC 
losses in any ecosystem and not only in P-limited soils. Furthermore, when glucose was 
present, N and P addition resulted on average in higher CO2 production than N addition 
alone (Fig. 1a). Thus, the stimulating effect of P also occurred under N sufficiency. This 
means that the hypothesis that increased N mining after PK fertilisation, rather than a 
direct P effect, is the major cause of SOC losses in the long-term experiments (Poeplau et 
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al., 2015b) can be rejected. Phosphorus limitation in microbial carbon utilisation is often 
used to explain positive responses of heterotrophic respiration to P addition (Cleveland 

et al., 2002), while other factors, such as changes in microbial community structure in 
the long-term, cannot be excluded (Enwall et al., 2007; Cruz et al., 2009; Liu et al., 2013). 
However, the fact that the opposing effects of P and N on CO2 and heat production were 
observed after only 5 hours in the laboratory experiment suggests that changes in 
microbial physiology are most likely of major importance. Phosphorus is essential for 
the production of exo-enzymes, which break down organic matter. The observed 
stimulating effect could thus also be related to exo-enzyme activity, as proposed by 
Sinsabaugh and Moorhead (1994). However, the same is true for N. 

Hansen et al. (2004) describe the calorespirometric ratio as a useful indicator of 
microbial carbon use efficiency. In our study, RQ/RCO2 tended to decrease when P was 
added in the short-term (laboratory) treatment, but was also significantly suppressed in 
soils with a PK0N fertilisation history compared with the unfertilised soils (0NPK). The 
efficiency of microorganisms in utilising carbon tended to increase with P availability in 
our study (lower C:P led to more biosynthesis per unit CO2 respired), which was 
expected since P is crucial for protein synthesis (Wolfe-Simon et al., 2011). For N, which 
is equally important for biosynthesis, similar depression of RQ/RCO2 was only observed 
in the laboratory treatments without glucose. When N was added with glucose, CO2 
production was slightly more suppressed than heat production, leading to an increase in 
Rq/RCO2. Furthermore, Rq/RCO2 increased when nutrients were added together with 
glucose in the unfertilised soils, but was significantly suppressed in the N0PK-fertilised 
soils, a finding that deserves attention. Recently, Herrmann et al. (2014) found that 
differences in microbial carbon use efficiency are reflected in microbial community 
composition, which indicates a potential link between the two. It could be speculated 
that long-term fertilisation regimes had significantly shifted microbial community 
composition (Enwall et al., 2007), which in our study could have led to slightly different 
responses to nutrient addition among the different field treatments. Similar 
inconsistencies have been observed by (Dilly, 2001), who found more microbial growth 
upon glucose+NP addition than glucose addition alone in some soils, but not in others. 
Overall, however, the stimulating effect of P on microbial activity seemed to outweigh 
the increased carbon use efficiency with respect to its effect on SOC storage. RQ/RCO2 can 
thus not be directly linked to carbon dynamics, which is related to the fact that one 
metabolic waste product is divided by another and thus if both are equally altered, the 
ratio is not affected. Heat production was found to be less variable than CO2 production. 
This has been observed previously (Herrmann and Bölscher, 2015) and could be related 
to the fact that: i) CO2 is only the end product of decomposition, while heat is a measure 
of all metabolic processes; and ii) diffusion varies between soils, which might hamper 
equal CO2 trapping in the headspace. Thus, measuring heat dissipation might be a more 
robust way to characterise microbial activity than CO2 production. However, the 
nutrient effect on both parameters deviated slightly in glucose-amended soils, which 
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indicates that simultaneous measurement of both has the potential to further 
understanding of microbial metabolism in soils.      

 

Link between microbial activity and long-term soil carbon dynamics 

Specific respiration was consistently (at all three sites) higher in the PK0N plots than in 
the 0NPK plots, as has been reported previously (Hartman and Richardson, 2013). This 
underlines that P does indeed stimulate microbial activity. Poeplau et al. (2015a) found 
SOC depletion after long-term PK fertilisation at nine out of 10 sites and hypothesised 
that stimulated microbial activity is the key mechanism. The results of the present study 
provide evidence that the long-term SOC trends observed under contrasting fertiliser 
regimes are most likely attributable to altered SOC decomposition and altered net 
primary production. In the case of PK0N, the higher net primary production (+14%) 
found by (Poeplau et al., 2015b) was overcompensated for by stimulated SOC 
decomposition, as also found in the present study (+55% in basal respiration and +16% 
in glucose-induced respiration). Regardless of any nutrient effects on net primary 
production and related treatment-specific C input rates, we found very strong 
correlations between basal respiration per unit SOC and losses in SOC stocks over time 
(Fig. 4). This indicates that despite the high variability in basal respiration, 
decomposition (C output) rather than C input was the major determinant of differences 
in SOC dynamics over time in the PK0N-fertilised soils. The prevailing paradigm that SOC 
dynamics in agricultural soils are primarily input-driven (Christopher and Lal, 2007) is 
thus most likely only true with balanced and net primary production-optimised 
nutrition (Kirkby et al., 2011). The very similar slope of all regression lines in this study 
(Fig. 4) indicates a consistent pattern of P-stimulated heterotrophic respiration control 
on absolute SOC stock changes across the soils studied. Thus, texture-driven differences 
in SOC stability were of minor importance, which underlines the importance of soil 
nutrients for SOC stability. 

General implications for various ecosystems and concluding remarks 

Under balanced nutrition, the stimulating effect of fertilisation on net primary 
production, and thus carbon inputs, widely overshadows any nutrient effects on SOC 
decomposition (Christopher and Lal, 2007). Therefore, our findings might currently be 
of less importance for agricultural soils in industrialised countries, which are often 
overfertilised. However, reducing fertiliser inputs “back to the optimum” is already 
being considered in sustainable agriculture, which might lead to stoichiometric shifts in 
the bulk soil. Furthermore, in tropical regions, agriculture is frequently conducted on 
nutrient-poor, often unproductive soils, with fertiliser use being highly dependent on 
product accessibility. Under those conditions, any nutrient management change can 
have major impacts on SOC. In natural nutrient-poor but SOC-rich ecosystems such as 
forest, peatland or rangeland, nutrient deposition can lead to large alterations in carbon 
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fluxes. Finally, extreme disturbances, such as fires, can also lead to significant changes in 
soil nutrient concentrations. In the case of P, increased microbial activity can lead to 
significant losses of SOC. In N-poor soils, N might increase SOC stocks due to reduced N 
mining and increased carbon inputs, while in N-rich soils, the positive effect of N or NPK 
addition on net primary production overshadows any nutrient effects on microbial 
metabolism. Since the nutrient effects on CO2 and heat production were similar in the 
short- and long-term and since total microbial biomass was not systematically affected 
by the contrasting nutrient treatments, we concluded that the observed opposing 
responses to N and P were primarily related to microbial physiology, and not to shifts in 
community composition. The contrasting effects of these two important nutrients have 
still not been sufficiently elucidated, however. Long-term agricultural field experiments, 
with controlled and long-lasting contrasts in nutrient management, offer a unique 
possibility to gain a fundamental understanding of nutrient effects on carbon cycling, 
especially when an unfertilised control is present.   
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Abstract 

Estimation of inputs of belowground carbon constitutes a major uncertainty in carbon 
(C) balance models. Fixed allocation coefficients are widely used although root:shoot 
ratio is known to respond to abiotic stressors. This pot experiment investigated the C 
allocation response of spring barley (Hordeum vulgare, L.) to soil texture and nutrient 
availability. Differences in nutrient availability, induced by a long-term history of 
contrasting N and PK fertilizer application to the soil, did not affect root:shoot ratio. Soil 
texture had a significant effect; the smallest root:shoot ratio (0.10) occurred in a clay 
loam soil and the largest (0.22) was in a sandy soil. We hypothesized that this relation 
was related to hydraulic properties of the root-soil contact zone and were able to 
confirm this relation with existing datasets from the literature. The results obtained in 
this study could be useful for future estimates of root-derived C inputs, for example in 
carbon turnover models, but thorough in situ validation with different plant species is 
required.  

 

Introduction   

Root biomass is an important substrate for the formation of soil organic matter. It has 
been shown that the stabilization efficiency of root-derived carbon (C) in soil is two to 
three times greater than that of aboveground crop residues (Kätterer et al., 2011). This 
is attributable to several root-specific properties, which have been summarized by Rasse 

et al. (2005). Nevertheless, exact quantification of belowground inputs of carbon to soil 
is difficult and complex. Estimation of root-derived carbon inputs by yield-based general 
plant allocation coefficients (Bolinder et al., 2007; Gan et al., 2009; Bolinder et al., 2015) 
is usual practice, but it constitutes a major unquantified uncertainty in soil carbon 
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turnover models. Current understanding of the mechanisms by which biotic and abiotic 
factors control plant C allocation under field conditions is rather poor. Therefore, these 
factors are not addressed adequately when belowground C inputs are estimated. In 
addition, species-specific genetic control of root architecture (Warren et al., 2015), 
nutrients, especially nitrogen (N), phosphorus (P) and potassium (K), salt and water 
stress are known to affect root growth and thus change plant root:shoot ratios (Fredeen 

et al., 1989; Ericsson, 1995; Munns, 2002; Wakeel et al., 2005). Furthermore, soil bulk 
density and shear strength, which are mechanical constraints, have been found to affect 
root growth considerably (Taylor et al., 1966; Jones, 1983). In agricultural soil, all of 
these factors which potentially affect root growth and alter internal plant C allocation 
are triggered by two major site characteristics: (i) soil texture and (ii) nutrient 
availability. This study examined whether soil texture or nutrient availability, as 
influenced by long-term contrasting fertilizer treatments, is a better predictor of 
root:shoot ratio in spring barley, which is one of the major crops in northern European 
agriculture.   

 

Materials and methods 

Soil and study sites  

A pot experiment with a malt cultivar of spring barley (Hordeum vulgare L. ‘Tipple’) was 
done to investigate and compare the effects of soil texture and nutrient availability on 
root:shoot ratios in a greenhouse under climatic conditions comparable to those in 
southern Sweden. We chose a pot experiment to restrict the variation in environmental 
conditions to the two factors of interest. The soil samples used were from three long-
term fertilization experiments with almost identical treatments (Carlgren & Mattsson, 
2001). The three selected sites were in central Sweden (Bjertorp, 58°23’N 13°13’E and Högåsa, 58°50’N 15°45’E) and southern Sweden (Ekebo, 55°98’N 12°87’E) and their soil 
differed greatly in its texture. The soil at Högåsa (HO) developed from a sandy glacial 
outwash (8 % clay, 16 % silt and 78 % sand, sandy loam texture) and is classified 
according to USDA classification (https://www.nrcs.usda.gov/wps/portal/nrcs/main 
/soils/survey/class/) as a Humic Dystrocryept. The soil at Ekebo (EK) is classified as an 
Oxyaquic Hapludoll and has a loamy texture (18 % clay, 35 % silt and 47 % sand). At 
Bjertorp (BJ) the soil is classified as an Aquic Haplocryept and is a fine-textured silty clay 
loam (30 % clay, 54 % silt and 16 % sand). Since 1966 (HO and BJ) and 1957 (EK), the 
soil at each site has been under contrasting fertilizer treatments with four different rates 
of N application and four different rates of phosphorus and potassium (PK) applications. 
The N applications were 0, 41, 82 and 125 kg ha-1 at HO and BJ and 0, 50, 100 and 200 kg 
ha-1 at EK. The PK applications were 0, replacement, replacement + 15 kg ha-1 P + 40 kg 
ha-1 K, and replacement + 30 kg ha-1 P + 80 kg ha-1 K at HO and BJ; and 0, replacement, 
replacement + 20 kg ha-1 P + 50 kg ha-1 K, and replacement + 30 kg ha-1 P + 80 kg ha-1 K at 
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EK. The replacement treatments represent the amount of PK that is exported through 
the harvested crop. Those long-term treatments led to pronounced differences in N and 
available P content (Table 1). Nitrogen was applied as ammonium nitrate, P was applied 
as mono-superphosphate before 1994 and as triple super-phosphate afterwards, and K 
was applied as potassium chloride. The six-year crop rotation at HO and BJ consisted of 
barley, oats (Avena sativa, L.), oilseed rape (Brassica napus, L.), winter wheat (Triticum 

aestivum, L.), oats and winter wheat, and the four-year crop rotation at EK consisted of 
barley, oilseed rape, winter wheat and sugar beet (Beta vulgaris, L.). The slightly 
different crop rotation and amounts of fertilizers at EK were because the trials were 
considered to reflect local agricultural practices. Preceding crops were spring barley at 
HO and BJ, and oats at EK. The experimental sites are mouldboard ploughed in the 
autumn and pest management is carried out according to common local agricultural 
practices. In the present study, the plots used were the unfertilized control (0NPK), all 
PK amounts without nitrogen (1PK0N, 2PK0N, 3PK0N) and the largest rate of N without PK 
(3N0PK); this selection reflected an initial focus on PK in the research. The soil was 
sampled at each of the sites in March 2015 at three random locations in each of two 
replicate plots of each treatment; the three individual samples were pooled by treatment 
and site to form a composite sample. 

Pot experiment 

The fresh, unsieved soil was packed loosely with minimal delay into pots of 13-cm 
diameter and 15-cm height. We decided to use unsieved, but mixed soil as a compromise 
between keeping the soil relatively undisturbed (e.g. maintaining soil aggregation) and 
minimizing the field scale variation caused by crop residues, macropores or larger 
stones among replicates. Each fertilizer treatment at each site was replicated five times, 
giving a total of 75 pots (3 sites × 5 treatments × 5 pots). During the first days of the 
experiment the soil settled, especially the fine-textured soil. Nevertheless, bulk density 
measured at the end of the experiment did not vary greatly between the three soil types 
(HO 1.17 g cm-3, EK 1.24 g cm-3, BJ 1.20 g cm-3). Four barley seeds per pot were buried 3-
cm deep and close to the middle of the pot. Air temperature in the greenhouse was set to 
15°C during daytime and 10°C at night to ensure steady, but not too rapid, growth under 
the nutrient-limited conditions. No extra nutrients were applied during the experiment. 
The pots were placed on fleece to avoid drought stress and to allow excess water to 
drain off. The pots and the fleece were watered every three days at the beginning of the 
experiment and daily towards the end (June). The position of the pots was randomized 
and changed after every watering event, to ensure comparable light and water 
availability for each plant. After the seedlings had reached a height of approximately 10 
cm, the strongest individual in each pot was kept and the shoots of the other three were 
cut. Weeds were removed manually after emergence. The plants were harvested when 
they began to flower, which occurred 70–90 days after sowing. Sampling at the same 
phenological stage (start of flowering) was considered more important for a comparison 
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of the root:shoot ratio than the total life span of the plants. Date of emergence was thus 
not recorded. However, about 85 % of all plants were harvested at day 77±2 after 
sowing, and we did not observe any consistent treatment effect on the time span 
between emergence and flowering date. The aboveground parts of the plants were cut 
off at the soil surface, dried at 40°C, weighed and crushed. Subsequently, all five 
aboveground plant samples from each fertilizer treatment and soil (n=15) were pooled, 
milled, then analysed for total C and N contents with an elemental analyser (LECO-CNS-
2000, St. Joseph, MI, USA) and total P by inductively coupled plasma atomic emission 
spectroscopy (ICP-AES Optima 5300, Waltham, MA, USA) after extraction with HNO3. 
Roots were separated carefully from the soil by washing and sieving, dried at 40°C, 
weighed and ashed overnight at 550°C to distinguish root biomass from adhering soil 
particles (Misra, 1994). To visualize the spatial distribution of the living root system 
within the soil, one pot of each soil was scanned by X-ray tomography just before 
harvesting the respective plants (GE Phoenix v|tome|x m, Boston, MA, US).  

Statistical analysis 

The data (shoot biomass, root biomass and root:shoot ratio) were analysed with a two-
way analysis of variance (ANOVA) to test the effect of soil (soil texture), treatment 
(fertilizer treatment) and their interaction for significance. The statistical distribution of 
the residuals was assessed with Q–Q plots. After a potential outlier was detected, we did 
a Chi-squared test which confirmed this observation. The outlier was removed and the 
distribution of residuals was then close to normal for all three variables. Homogeneity of 
variances across groups was analysed with a Levene-test. Variances were 
heterogeneous across the soil types for root biomass and root:shoot ratio. Therefore, we 
transformed the data to common logarithms, which homgenized the variances across 
the soil types before the analysis of variance.    

The analysis of variance indicated that the effect of soil texture on root:shoot ratios was 
significant. Therefore, we did a literature review using search terms such as soil 
properties, soil texture and bulk density in combination with root growth or root:shoot 
ratio so that we could compare our results quantitatively to those in the literature and 
assess whether the results could be generalized to some extent. A total of six studies was 
identified that investigated the effect of soil texture on root:shoot ratio of a specific crop. 
Field and pot experiments were considered and the crops investigated were cotton 
(Gossypium spec., L.), maize (Zea mays, L.), wheat and switchgrass (Panicum virgatum, 
L.). To test the effect of texture for significance across studies, we applied a linear mixed 
effect model with the continuous variable clay content as a fixed effect and study as a 
random effect. Again, the residuals were approximately normally distributed. All 
statistical analyses were done in R, version 3.1.2 (R Development Core Team, 2010).   
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Table 1: List of sites and treatments, soil pHH20 values, soil organic carbon, nitrogen  and 
ammonium lactate-extractable phosphorus and potassium  contents, soil C:N and C:PAL 

ratios and shoot C:N and C:P ratios.  

Site Treatment pH C N PAL KAL C:N  C:PAL C:Nshoot C:Pshoot 

      / % / % / mg 100g-1 / mg 100g-1         

HO 0NPK 6.6 1.7 0.13 2.6 4.0 12.9 638 66 270 

HO 1PK0N 6.5 1.8 0.14 3.4 6.8 13.2 528 57 202 

HO 2PK0N 6.7 1.9 0.14 9.1 14.9 12.9 205 55 166 

HO 3PK0N 6.7 2.0 0.15 10.9 24 13.3 179 55 156 

HO 3N0PK 6.3 1.9 0.15 2.2 2.7 12.7 869 42 249 

EK 0NPK 6.4 2.1 0.14 3.4 7.5 14.9 610 54 204 

EK 1PK0N 5.9 2.2 0.14 6.1 11.6 15.8 365 54 191 

EK 2PK0N 6.0 2.3 0.16 12.1 18.8 14.4 189 61 178 

EK 3PK0N 6.1 1.9 0.13 18.7 29.5 14.2 99 57 198 

EK 3N0PK 5.9 2.3 0.16 2.8 7.7 14.1 822 54 233 

BJ 0NPK 6.6 1.7 0.15 2.8 11 11.3 600 60 339 

BJ 1PK0N 6.5 1.7 0.15 3.1 9.0 11.2 543 50 293 

BJ 2PK0N 6.5 1.8 0.16 8.3 15.6 11.0 215 54 200 

BJ 3PK0N 6.4 1.6 0.15 12.7 25.2 11.1 130 62 159 

BJ 3N0PK 6.5 1.9 0.17 1.7 8.1 11.1 1123 42 308 

HO, Högåsa; EK, Ekebo; BJ, Bjertorp; C, carbon; N, nitrogen; PAL, ammonium lactate-extractable 
phosphorus; KAL, ammonium lactate-extractable potassium; C:N, carbon to nitrogen ratio of the soil; 
C:PAL, carbon to ammonium lactate-extractable phosphorus ratio of the soil, C:Nshoot, carbon to 
nitrogen ratio of the shoot; C:Pshoot, carbon to phosphorus ratio of the shoot. 

 

Results and discussion 

The fertilizer treatments had no significant effect on root:shoot ratio of spring barley 
(Table 2). On average, the largest shoot biomass was observed for 3PK0N, followed by 
0NPK, 3N0PK, 1PK0N and 2PK0N (Table 3). A similar pattern was observed for root 
biomass. Both were affected significantly by nutrient availability (Table 2), but not 
consistently across sites (Figure 1). This resulted in a non-significant effect for fertilizer 
on root:shoot ratio. This is in contrast to previous reports of a change in C allocation in 
favour of aboveground organs with increasing nutrient supply (Welbank et al., 1974; 
Hansson et al., 1987). This discrepancy might be attributable to the fact that we did not 
fertilize the plants during growth, but aimed to investigate the effect of nutrient 
availability from contrasts in long-term fertilizer applications. Nevertheless, the long-
term effect of contrasting fertilizer treatments on nutrient availability and uptake was 
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clearly detectable, even without the addition of any fertilizer during the experiment. 
Plant C:N:P stoichiometry in aboveground biomass changed considerably: on average 
across sites, the C:P ratio decreased from 270 in unfertilized soil to 170 for the largest 
amount of PK  (3PK0N). Similarly, the C:N ratio with the largest application of N (3N0PK) 
was much smaller (46) than in the unfertilized soil (60). This indicates that nutrient 
uptake was therefore affected strongly by fertilizer regime (Table 1), despite the fact 
that measurements of element contents were done on composite samples of each soil. 
Another explanation for the absence of a nutrient effect on the root:shoot ratio and total 
biomass production could be the early harvest at the flowering stage. The effect of 
nutrient availability might become more pronounced when the plant invests most 
resources into the protein-rich grains, which have a much smaller carbon to nutrient 
ratio than straw (Mosse, 1990; Rousk & Bååth, 2007).   

 

Figure 1: Shoot and root biomass, averaged over all treatments for each site (HO = Högåsa, 

EK = Ekebo, BJ = Bjertorp). Whiskers indicate standard error. 

There was a strong and significant (P<0.001) effect of soil texture on root:shoot ratio 
(Figure 1, Table 2). This resulted from both a significant increase in shoot biomass and 
significant decrease in root biomass with the change from coarse (HO) to fine-textured 
soil (BJ) (Figure 2, Table 2). Average root:shoot ratio was 0.10 for BJ, 0.14 for EK and 
0.22 for HO. The same texture-related trend was observed for all five fertilizer 
treatments. Although the effect of texture on root:shoot ratio has not been reported 
directly previously, somewhat similar effects have been identified by other studies (Al-
Khafaf et al., 1989; Evers & Parsons, 2003; Li et al., 2005; Khan et al., 2012; Moore & 
Lawrence, 2013). When the root:shoot ratios reported in these studies were plotted 
against clay content (Figure 3), a significant (P=0.01) average negative slope of –
0.0041±0.0014 (standard error, Table 4) was obtained. A considerable proportion of the 
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observed variability across studies might be related to the different crop species used, 
which constrains a direct generalization of the results.  

 

Figure 2: Root:shoot ratio for each treatment and site (HO = Högåsa, 8% clay; EK = 
Ekebo, 18% clay; BJ = Bjertorp, 30% clay). Error bars indicate standard deviation. 

 

Table 2: Summary of the analysis of variance to determine the effect of soil, treatment 
and their interaction on shoot and root biomass and the root:shoot ratio.  

Dependent 
variable Source 

Sum of 
squares Df Mean square     F  P 

shoot biomass Soil 1.486 2 0.743 5.900 0.004 

 Treatment 1.894 4 0.474 2.993 0.025 

 Soil×Treatment 1.774 8 0.222 1.117 0.366 

 Residual 8.536 59 0.145   
  Total 11.96 73 1.584     

root biomass Soil 3.000 2 1.500 9.584 <0.001 

 Treatment 2.835 4 0.708 4.528 0.003 

 Soil×Treatment 0.808 8 0.101 0.645 0.736 

 Residual 9.235 59 0.156   
  Total 15.88 73 2.465     

root:shoot Soil 8.819 2 4.410 44.41 <0.001 

 Treatment 0.447 4 1.125 1.125 0.353 

 Soil×Treatment 0.762 8 0.095 0.959 0.476 

 Residual 5.859 59 0.099   
  Total 15.89 73 5.729     
Df, degrees of freedom. 
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A previous review of 59 studies (Bolinder et al., 2007) found an average root:shoot ratio 
of 0.13 for small-grain cereals, which is similar to the average of 0.16 determined in this 
study. This suggests (i) a large recovery rate of roots in the present study and (ii) that 
root growth was not limited by the size of the pots. Bolinder et al. (2007) also used a 
factor of 1.65 to estimate root-derived carbon (including rhizodeposition) from root 
biomass carbon. Assuming aboveground net primary production of  3 Mg C ha-1 year-1, 
which is realistic for cereals grown in a cold temperate climate (Carlgren & Mattsson, 
2001), a 10% increase in clay content would decrease the annual root-derived carbon 
input by 0.12 Mg ha-1 year-1 when the average coefficient of –0.004 (Table 4) is applied. 
When root exudates are considered and assumed to change in proportion, which 
however remains unresolved, the annual root-derived carbon input would change by 0.2 
Mg ha-1 yr-1. This illustrates that a considerable error might occur when constant values 
of root:shoot ratio are used to estimate root-derived C inputs.  

Several reasons for a soil texture-controlled difference in root:shoot ratio have been 
demonstrated or suggested: (i) differences in bulk density and thus penetration 
resistance (Al-Khafaf et al., 1989; Khan et al., 2012), (ii) differences in water-holding 
capacity and (iii) differences in nutrient availability (Moore & Lawrence, 2013). In the 
present study, bulk density varied only slightly between soil types and was less than 
under field conditions (~1.2 g cm-3). The soil in the pots was watered to excess, which 
should have limited differences in water availability. Most likely, no water-logging 
occurred at any time, because the pots were placed on a fleece which allowed excess 
water to drain. Therefore, oxygen limitation of plants in the fine-textured soil was 
unlikely. Moreover, differences in the supply and availability of plant nutrients can 
explain the observed differences in root:shoot ratio to a limited extent only  because the 
effects of long-term fertilizer application were not significant and the C:N ratio of the 
plant material did not differ between the three soil types. Plants grown in the clay-rich 
BJ soil had the largest average biomass and so might have had access to the largest 
amount of N. However, differences in nutrient uptake were much more pronounced 
between nutrient regimes than between soil types, and nutrient regime did not have any 
effect on root:shoot ratio. Furthermore, the smallest concentrations of P were in the 
plants grown on the BJ soil. The most likely explanation for the observed effect of 
texture might be differences in the direct root–soil interface. Li et al. (2005) provided 
evidence that root–soil contact is related directly to root and root interface hydraulic 
conductance. Roots in sandy soil are partly exposed to large air-filled pores, which 
create a physical discontinuity for water movement from soil to root and force the plant 
to increase the root surface (Herkelrath et al. 1977). Kooistra et al. (1992) found that 
this effect of physical discontinuity was especially pronounced in uncompacted soil, 
which does apply to the soil used in this study. However, Khan et al. (2005) found an 
effect of texture on root:shoot ratio in compacted soil with a bulk density of up to 1.7 g 
cm-3. Therefore, the effect probably also occurs under field conditions. 
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Table 3: Average shoot and root biomass (g DM plant-1) and root:shoot ratio data with 
least significant difference (LSD) for the independent variables treatment and site and 
the model standard error (SE). Root and root:shoot data are log-transformed as used in 
the analysis of variance, back-transformed means are given in brackets. 

Site Treatment Shoot Root   Root:shoot   

    / g DM plant-1   / g DM plant-1     

HO 0NPK 1.04 –0.67 (0.37) –0.66 (0.22) 

HO 1PK0N 0.74 –0.77 (0.38) –0.66 (0.23) 

HO 2PK0N 0.99 –0.82 (0.23) –0.77 (0.17) 

HO 3PK0N 1.32 –0.64 (0.39) –0.70 (0.20) 

HO 3N0PK 0.71 –0.71 (0.33) –0.58 (0.28) 

EK  0NPK 1.28 –0.72 (0.26) –1.01 (0.10) 

EK  1PK0N 0.85 –0.86 (0.19) –1.03 (0.09) 

EK  2PK0N 0.87 –1.05 (0.12) –1.05 (0.09) 

EK  3PK0N 1.38 –0.69 (0.31) –1.07 (0.09) 

EK  3N0PK 1.4 –0.84 (0.26) –1.05 (0.09) 

BJ  0NPK 1.32 –0.85 (0.18) –0.85 (0.14) 

BJ  1PK0N 1.53 –0.87 (0.25) –0.79 (0.16) 

BJ  2PK0N 0.98 –1.06 (0.11) –0.95 (0.11) 

BJ  3PK0N 1.46 –0.93 (0.19 –0.82 (0.15) 

BJ  3N0PK 1.21 –0.97 (0.17) –0.95 (0.12) 

Average 0NPK 1.21 –0.74 (0.27) –0.84 (0.16) 

Average 1PK0N 1.08 –0.83 (0.15) –0.83 (0.16) 

Average 2PK0N 0.95 –0.98 (0.15) –0.92 (0.13) 

Average 3PK0N 1.39 –0.75 (0.3) –0.87 (0.18) 

Average 3N0PK 1.11 –0.84 (0.26) –0.86 (0.16) 

LSDTreatment   0.28 0.29   0.23   

HO Average 0.98 –0.72 (0.21) –0.67 (0.22) 

EK  Average 1.18 –0.83 (0.16) –0.87 (0.14) 

BJ  Average 1.33 –0.94 (0.13) –1.04 (0.10) 

LSDSite   0.21 0.22   0.17   

SE   0.14 0.15   0.09   
g DM plant-1, gram dry matter per plant. 
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Figure 3: Root:shoot ratio in different crops as a function of clay content (%) for this 
study and seven previous studies. 

Table 4: Summary statistics for the fixed effect of the linear mixed effects model applied 
to investigate the effect of clay content on root:shoot ratio across a total of seven 
different studies with estimated coefficients (B), the standard error of the coefficients 
(SE) and P values. 

Fixed effects        B     SE      P 

Intercept 0.3671 0.1111 0.004 

Clay content –0.0040 0.0014 0.013 

 

Unfortunately, because of the size of the pots, the resolution of the X-ray scans was too 
coarse to visualize the roots, which were very fine. However, the X-ray cross-sectional 
images presented in Figure 4 reveal that spatial variation in bulk density (patchiness) 
might be more useful for characterizing potential root–soil contact than average bulk 
density or porosity in soil with different textures. In the loam and clay loam soils of EK 
and BJ, patches (aggregates) of high density and low porosity were abundant, whereas 
in the sandy HO soil pores and mineral soil particles were distributed more uniformly. 
Overall, the observed difference in root:shoot ratio might point to texture-related 
differences in water availability, despite excess watering. Sandy soil has the smallest 
water retention (Saxton et al., 1986), and unfortunately watering was not adjusted to 
the water holding capacity of the respective soil, but was approximately equal for all 
pots. Therefore, we cannot distinguish clearly between a direct matrix effect (physical 
discontinuity) and the effect of water limitation at certain points in time between two 
watering events. The pronounced and significant texture effects on aboveground 
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biomass (Tables 2, 3) indicate a texture-induced limitation for plant growth. Further 
research is needed to clarify how this effect is associated with water availability. 

 

Figure 4: Cross section X-ray scans of each soil HO = Högåsa, 8% clay; EK = Ekebo, 18% 
clay; BJ = Bjertorp, 30% clay) at a depth of approximately 2 cm, with black indicating air 
and white indicating stones. 

 

Conclusions 

Root:shoot ratios of spring barley decreased significantly with increasing clay content or 
decreasing sand content, whereas long-term fertilizer history, and thus nutrient 
availability, had no clear effect because of the similar responses of shoots and roots. This 
effect of soil texture has been observed for several other crop types and might be 
attributable to less root–soil contact in sandy soil, leading to larger plant C allocation to 
belowground organs to increase the hydraulic conductance of the root interface. 
Assuming a fixed root:shoot ratio for any soil might result in a considerable error in the 
estimation of C input. The results from this research might help to improve estimates of 
C input, but they need to be validated under field conditions. For this, lysimeter-scale 
experiments with different soil types at one site could be a suitable option.     
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Abstract 

Climate change and stagnating crop yields may cause a decline of SOC stocks in 
agricultural soils leading to considerable CO2 emissions and reduced agricultural 
productivity. Regional model-based SOC projections that include reliable C input 
estimates are needed to evaluate these potential risks. In this study, we simulated the 
future SOC development (from 2000 to 2095) in cropland and grassland soils of Bavaria 
on the basis of the A1B climate scenario of the IPCC. Soils from 51 study sites 
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representing the most important soil classes of Central Europe were fractionated and 
derived SOC pools were used to initialize the RothC soil carbon model. For each site, 
long-term C inputs were determined on the basis of the C allocation method using 
specific C allocation coefficients and county-scaled yields. Model runs were performed 
for three different C input scenarios as a realistic range of projected yield development 
in Bavaria. Our modelling approach revealed substantial decreases of SOC stocks of 11 to 
16% by the end of the 21st century under an expected mean temperature increase of 
3.3°C assuming unchanged C inputs. For the scenario of 20% reduced C inputs, 
agricultural SOC stocks are projected to decline by 19 to 24%. Remarkably, even the 
optimistic scenario of 20% increased C inputs led to SOC decreases of 3 to 8%. Projected 
SOC changes largely differed among investigated soil classes. The feedback between 
climate change and SOC losses would be even stronger if stable SOM pools react more 
sensitively to warming than more labile SOM pools. Our results indicated that C inputs 
have to increase by 29% until 2095 in order to maintain present SOC stocks in 
agricultural soils of Bavaria. This calls for a more C input-oriented agricultural 
management based on a wider application of promising C sequestration practices.  

 

Introduction 

Soil organic carbon (SOC) represents the largest carbon pool in terrestrial ecosystems 
and is a key factor that controls important soil functions, e.g. the productivity of 
agricultural soils (Scharlemann et al., 2014). The maintenance of SOC stocks in 
croplands and grasslands of the world is thus of upmost importance for ensuring global 
food security and the prevention of substantial CO2 emissions. Under long-term constant 
management and environmental conditions, agricultural SOC stocks are in a dynamic 
equilibrium between C inputs, mainly in form of crop residues and organic fertilizers, 
and a loss of C due to decomposition of soil organic matter (SOM). However, as the 
decomposition of SOM is strongly controlled by temperature and soil moisture, climate 
change imposes the risk of SOC losses (Kirschbaum, 1995; Knorr et al., 2005; Davidson 
and Janssens, 2006; von Lützow and Kögel-Knabner, 2009; Conant et al., 2011). Both a 
the global and regional scale decreasing SOC stocks were observed along temperature 
gradients from colder to warmer regions (Jobbagy and Jackson, 2000; Meier and 
Leuschner, 2010; Schubert, 2010; Wiesmeier et al., 2013b). This suggests that SOM 
decomposition rates change faster as a function of temperature than does net primary 
production (NPP). Accordingly, rising temperatures in the course of climate change are 
discussed to cause significant declines of SOC. In particular, agricultural soils could be 
affected, as observed stagnation of crop yields and associated stagnation of C inputs in 
the last decades may aggravate climate change-induced SOC losses (Grassini et al., 2013; 
Wiesmeier et al., 2015). First indications for declining SOC stocks in agricultural soils 
were already found, but due to changes of land use and the agricultural management, a 
relationship with climate change could not be confirmed to date (Lettens et al., 2005; 
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Riley and Bakkegard, 2006; Sleutel et al., 2007; Saby et al., 2008; Goidts et al., 2009; 
Hanegraaf et al., 2009; Meersmans et al., 2009; Mestdagh et al., 2009; Reijneveld et al., 
2009; Capriel, 2013; Heikkinen et al., 2013a; Taghizadeh-Toosi et al., 2014b; Chen et al., 
2015). 

The potential risk of SOC losses induced by climate change calls for a projection of 
agricultural SOC stocks under future climate change scenarios on the basis of SOC 
models. A frequently applied model is the Rothamsted Carbon Model (RothC) which was 
specifically designed to simulate SOC dynamics in temperate cropland and grassland 
soils (Jenkinson and Rayner, 1977; Coleman et al., 1997; Smith et al., 1997; Coleman and 
Jenkinson, 1999; Falloon and Smith, 2002). Several modelling approaches were 
conducted to simulate regional or global development of agricultural SOC stocks (Smith 

et al., 2005a; Zaehle et al., 2007; Alvaro-Fuentes et al., 2012; Gottschalk et al., 2012; 
Mondini et al., 2012; Lugato et al., 2014; Zhong and Xu, 2014). However, these SOC 
projections were often based on simple estimations of important input variables or 
legacy data with a relatively low spatial resolution. In particular, rough estimations for 
the C input were used, which is one of the most decisive parameters in SOC projections. 
As the determination of the total C input, particularly the belowground components 
such as roots and rhizodeposition, is difficult and elaborate, values are generally 
estimated using an inverse application of the RothC model or simply gross values from 
the literature (Coleman et al., 1997; Kuzyakov and Domanski, 2000b; Yokozawa et al., 
2010; Xu et al., 2011b; Gottschalk et al., 2012; Meersmans et al., 2013; Senapati et al., 
2013). However, large discrepancies were observed between measured and estimated C 
input values and thus an independent, more reliable approach is needed (Osborne et al., 
2010; Kimura et al., 2011; Heitkamp et al., 2012). Future projections of the development 
of C inputs in agricultural soils are even more challenging due to overlapping 
implications of crop and land use management, future trend of crop breeding and 
technology and climate change. In several SOC modelling studies it was assumed that the 
development of agricultural C inputs are simply related to NPP development, which can 
be simulated by vegetation models (Cramer et al., 2001; Sitch et al., 2003; Jones et al., 
2005b; Smith et al., 2005a; Zaehle et al., 2007; Alvaro-Fuentes et al., 2012; Gottschalk et 

al., 2012; Lugato et al., 2014). However, such an approach neglects the fact that the C 
input in agricultural soils is controlled by various factors including management 
practices. Moreover, reliable SOC projections using the RothC model require a 
reasonable initialization of the model. In terms of model initialization, SOM pools 
derived from soil fractionation is a laborious, but probably the most suitable approach 
as this method reflects the actual state of SOC pools (Skjemstad et al., 2004; 
Zimmermann et al., 2007; Dondini et al., 2009; Leifeld et al., 2009; Xu et al., 2011b; 
Shirato et al., 2013; Weihermüller et al., 2013).  

In this study, we simulated the future development of SOC stocks of cropland and 
grassland soils in Bavaria from 2000 to 2095 under a moderate climate scenario of the 
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IPCC (A1B) using a large number of investigated sites. In total, 21 cropland and 30 
grassland sites representing most important soil classes of Central Europe were 
sampled and SOC pools were fractionated following the approach of Zimmermann et al. 
(2007), who were able to empirically link SOC fractions to RothC pools. In a preliminary 
study, C inputs of major crops and grassland in Bavaria were determined with a high 
spatial and temporal resolution (Wiesmeier et al., 2014a), which enabled a calculation of 
site-specific C input values. The RothC model was then used to simulate SOC 
development under three different C input scenarios, which covered the range of 
expected crop yield development in Bavaria.     

 

Materials and methods 

Study area  

The state of Bavaria comprises a total area of 70550 km2 and is located in southeast 
Germany. The northwestern part of Bavaria is dominated by the southern German 
escarpment landscape that adjoins the low mountain ranges of the Bohemian Massif in 
the east. Southwards the Molasse basin ascends to the mountain range of the Alps. 
Elevation ranges between 107 and 2962 m above sea level. Due to its location in central 
Europe, Bavaria exhibits a sub-oceanic climate that is characterized by a transitional 
situation between a maritime climate in the northwest and sub-continental influences in 
the east. Mean annual temperature and precipitation from the escarpment landscape in 
the northwest to the Alps in the south range between 9° and 4° C and 550 and 2500 mm, 
respectively. Around half of the area of Bavaria is under agricultural use, with cropland 
and grassland accounting for areas of 22843 km2 (32% of the total area) and 9897 km2 
(14% of the total area), respectively (Figure 1). Dominant soil classes within agricultural 
land are soils with well-developed B horizons (Cambisols), soils with clay accumulation 
in the subsoil (Luvisols), soils from limestone weathering with or without loess 
coverings (Cambisols, Luvisols, Leptosols), clay-rich soils (Cambisols, Vertisols, 
Stagnosols) and groundwater-affected soils (Gleysols, Fluvisols) according to the 
German soil system (AD-HOC AG Boden, 2005) and the equivalent Reference Soil Groups 
of the WRB system (IUSS Working Group WRB, 2006). More detailed information on the 
regional agricultural management in Bavaria can be found in Wiesmeier et al. (2013a).  
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Figure 1. Locations of study sites under cropland and grassland in Bavaria.  

Selection of study sites and soil sampling 

Study sites were selected for all major soil units and land uses in Bavaria using a map 
that combines predominant soil units with main land uses (Richter et al., 2007). The 
map comprises 38 soil units within Bavaria resulting from an intersection of soil type 
and parent material with macroclimate. These soil units were subdivided to 61 units 
according to cropland and grassland use on the basis of CORINE Land Cover data. Due to 
the great effort of the fractionation approach to derive RothC pools, all soil/land use 
units were excluded which were smaller than 1% of the area of Bavaria. For each of the 
remaining 18 soil/land use units (8 soil units under cropland and 10 soil units under 
grassland)  representative locations were selected on the basis of available soil material 
and data from different soil surveys and permanent soil observation sites in Bavaria 
compiled by the Bavarian Environment Agency (Figure 1) (Wiesmeier et al., 2014b). 
Although grassland covers only about half the area of cropland in Bavaria, grassland use 
is distributed over a much wider climatic range and thus more grassland soil units were 
incorporated in this study.  For the majority of soil/land use units, three soil profiles 
provided representative data. For three of the soil units under cropland (shallow soils 
from limestone weathering with or without loess coverings; intermediate to deep soils 
from limestone weathering with or without loess coverings; soils with well developed B 
horizons from sandstone with initial podzolisation) only two representative soil profiles 
were available. In total, 51 study sites (21 sites under cropland and 30 sites under 
grassland) were selected. The selected soil profiles comprise permanent soil monitoring 
sites and a grid sampling of 8 × 8 km within Bavaria between 2000 and 2004 (Joneck et 

al., 2006). For each soil profile, a representative location was selected within a radius of 
500 m around the grid node to achieve a homogeneous sampling area in terms of 
vegetation, relief, soil type and parent material as well as a central position in the 
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particular land use type. Anthropogenic disturbances in the subsoil were excluded in a 
pre-exploratory survey using a soil auger. Within the topsoil (A horizons), soil material 
was collected as a composite sample from four sub-locations located with a radius of 6.6 
m and four sub-locations with a radius of 3.8 m around the main soil profile in order to 
cover the small-scale heterogeneity of the soils. At the main profile, soil horizons were 
additionally sampled using steel cylinders for the determination of bulk density (BD). 
The content of rock fragments >2 mm was estimated visually in the soil profiles 
according to AD-HOC AG Boden (2005). 

Parameterization of the RothC model 

Fractionation of SOC pools and determination of basic soil properties  

For each topsoil horizon (A horizons), soil material was fractionated according to the 
approach of Zimmermann et al. (2007) and Poeplau et al. (2013b) (Figure 2). Soil 
material was sieved to 2 mm and 30 g were suspended in 150 ml of deionised water and 
dispersed using a calibrated ultrasonic probe-type (Bandelin, Berlin, Germany) with an 
output energy of 22 J ml-1. This relatively low energy was applied to disrupt only weakly 
stabilized soil macroaggregates and to prevent the disruption of mineral-associated SOM 
(Amelung and Zech, 1999). The suspension was wet sieved over a 63 µm sieve until the 
rinsing water was clear and subsequently filtered through a 0.45 µm membrane filter. 
The rinsing water was collected and dissolved organic carbon (DOC) was measured 
using a TOC analyzer 5050A (Shimadzu, Duisburg, Germany). The fractions >0.45 µm 
and >63 µm were dried at 40°C and weighted. Afterwards, 50 ml of a sodium 
polytungstate solution with a density of 2.0 g cm-3 (Poeplau et al., 2013b) was added to 
the fraction >63 µm and the floating particulate organic matter (POM) was separated 
after centrifugation at 1000 g for 15 minutes. The remaining fraction >63 µm (sand and 
stable aggregates, S+A) and the POM fraction were washed with deionised water to 
remove the sodium polytungstate, dried at 40°C and weighted. The fraction >0.45 µm 
(silt and clay, s+c) was homogenized and a subsample of 1 g was oxidized with sodium 
hypochlorite (NaOCl) to separate a stable SOC fraction. 50 ml of 6% NaOCl, adjusted to 
pH 8 with concentrated HCl, was added to the subsample and after 18 hours at 25°C the 
sample was centrifuged at 1000 g for 15 minutes and washed with deionised water. The 
oxidation procedure was repeated twice. The residual SOC fraction (rSOC) was dried at 
40°C and weighted. All solid fractions were measured for SOC and N concentration by 
dry combustion on an EA 3000 analyser (Hekatech, Wegberg, Germany). Soil fractions 
that contained CaCO3 were heated to 500°C for 4 hours to remove organic carbon, and 
the concentration of inorganic C of the residual material was determined by dry 
combustion. The SOC content was calculated by subtracting inorganic C from the total C 
concentration of the untreated material. For the determination of clay contents, soil 
samples (<2 mm) were oxidized with H2O2 to remove organic matter (OM). The 
remaining material was dispersed with Na4P2O7 and shaken for 16 to 24 hours, followed 
by wet sieving to isolate sand fractions >63 µm. To determine silt and clay fractions, 
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approximately 3 g of the <63 µm fraction was suspended in deionised water using 
Na4P2O7 and an ultrasonication for 3 minutes with 75 J mL−1 was conducted. Afterwards, 
the distribution of silt and clay fractions was obtained by measuring the X-ray 
absorption of the soil-water suspension during sedimentation of the soil particles using 
a Micromeritics Sedigraph 5100 (Micromeritics, Norcross, GA, USA) (Spörlein et al., 
2004). For the determination of BD, the mass of the oven-dry soil (105° C) was divided 
by the volume of the soil cores (Hartge and Horn, 1989).  

Estimation of the C input 

The C input of selected study sites was estimated on the basis of the C allocation 
approach proposed by Bolinder et al. (2007c) using specific crop estimates for Bavaria 
(Wiesmeier et al., 2014a). This method is based on the allocation of NPP to four plant 
fractions: the agricultural product (RP), aboveground biomass excluding RP (RS), 
belowground biomass excluding RP (RR) and extra-root C (RE). The total C input as the 
sum of the C input of all plant fractions except the agricultural product (CS+CR+CE) can 
be calculated using the relative C allocation coefficients RP, RS, RR and RE as well as the 
crop yield:  𝐶𝑆 = 𝑅𝑆𝑅𝑃 × 𝐶𝑃                      (Equation 1) 

𝐶𝑅 = 𝑅𝑅𝑅𝑃 × 𝐶𝑃                      (Equation 2) 

𝐶𝐸 = 𝑅𝐸𝑅𝑃 × 𝐶𝑃                      (Equation 3) 

where CS is the C input of aboveground biomass excluding the agricultural product (t ha-

1 yr-1), CR is the C input of belowground biomass (roots) (t ha-1 yr-1), CE is the C input of 
rhizodeposition (t ha-1 yr-1) and CP is the amount of C in the agricultural product (t ha-1 
yr-1). CP can be calculated using dry-matter yields of respective crops under the 
assumption, that the C content of different plants and plant parts is 0.45 kg kg-1 
(Bolinder et al., 2007c; Kätterer et al., 2011a). 
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Figure 2. Fractionation scheme of SOC pools according to the method of Zimmermann et 

al. (2007) and Poeplau et al. (2013b) (s+c = silt- and clay-associated SOM less an inert 
fraction; DOC = dissolved organic matter; S+A = sand- and aggregate-associated SOM; 
POM = particulate organic matter; rSOC = inert SOM) and assignment to RothC pools 
(BIO = microbial biomass; HUM = humified organic matter; DPM = decomposable plant 
material; RPM = resistant plant material) using splitting ratios.    

In a preliminary study, C allocation coefficients were derived for important crops in 
Bavaria: winter and spring wheat (Triticum aestivum), rye (Secale cereale), winter and 
spring barley (Hordeum vulgare), oats (Avena sativa), early and late maturing potatoes 
(Solanum tuberosum), sugarbeets (Beta vulgaris), winter and spring rapeseed (Brassica 

napus), grain- and silage-corn (Zea mays), field bean (Vicia faba), clover (Trifolium 

pratense), alfalfa (Medicago sativa), field grass and grassland (Wiesmeier et al., 2014a). 
Annual C input values were calculated in this study for each crop on the county-scale for 
the period from 1951 to 2010 using yield data derived from long-term agricultural 
statistics. For the estimation of C inputs of the study sites, information on the crop 
rotation, return of harvest residues and the input of organic fertilizers were gained from 
farmers for each site for a 16-year period (1995 – 2010). Mean C input values for the 
initialization of RothC were calculated using C input data derived from 1995 to 1999 
before the start of the soil sampling campaign. 

Climate projections 

Projections of climate parameters for each study site for the period 2000 to 2095 were 
derived by using a multi-model ensemble approach on the basis of climate change 
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scenario A1B. The ensemble consists of 19 climate predictions for Germany. They are a 
combination of different regional climate models (RCM) that are driven by several global 
climate models (GCM). The multi-model ensemble had been developed in the European 
framework project ENSEMBLES (Van der Linden and Mitchell, 2009). As climate models 
represent reduced natural processes, one model cannot give the full range of 
information about uncertainties of future climate. To handle these model-based 
uncertainties the use of ensembles for climate impact studies is widely accepted and 
recommended (Stott and Forest, 2007; Christensen et al., 2010). The result of every 
member of the ensemble is equally probable and represents one possible future but not 
the only one. The climate data set for the 51 study sites in Bavaria, provided by the 
German Weather Service (DWD), covers the period from January 2000 to December 
2095 and consists of monthly data on air temperature, precipitation and 
evapotranspiration of the FAO (Allen et al., 1994). The latter refers to a short green grass 
completely shading the ground and with adequate water supply. The spatial resolution 
of climate data is 25 x 25 km. Every site is represented by a grid cell of 3 x 3 grid points 
with the study site in the middle. For each grid point median values were calculated for 
temperature, precipitation and evapotranspiration from the 19 climate projections. To 
account for spatial insecurity the arithmetic mean of the results of the nine grid points 
was used for this study. 

Running the RothC model for different carbon input scenarios 

To predict the SOC stock development in the topsoil, the RothC 26.3 model was used, 
which was run in the R environment using the package SoilR (Sierra et al., 2012b). The 
model simulates the turnover of SOC on the basis of five conceptual pools (Coleman and 
Jenkinson, 1999). Incoming plant material is separated into decomposable plant 
material (DPM) and resistant plant material (RPM), which are decomposed to humified 
organic matter (HUM), microbial biomass (BIO) and CO2. The HUM and BIO pools 
undergo further decomposition. Each of these compartments decomposes by first-order 
kinetics with decay rate constants of 10, 0.3, 0.66 and 0.02 per year for DPM, RPM, BIO 
and HUM, respectively. Only the inert organic matter pool (IOM) is resistant to 
decomposition. The decay rate constants are modified by temperature and soil moisture 
deficit (difference between potential evapotranspiration and precipitation with a 
maximum deficit defined by the clay content). For model initialization, the measured 
fractions from the A horizons were summed up and converted to model pools according 
to the approach of Zimmermann et al. (2007) using average RPM/DPM and BIO/HUM 
splitting ratios for temperate croplands (0.0102 and 0.0272) and grasslands (0.1271 and 
0.0259) (Figure 2). The selected 51 sites were modelled in monthly time steps using the 
default parameter set of RothC. In order to predict the evolution of SOC stocks from 
2000 to 2095, the model was run under unchanged climate conditions (reference 
scenario, mean climate conditions from the period 1971 to 1999) and a moderate 
climate change scenario (A1B). The reference scenario served as validation of the 
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estimated C input values. The difference of SOC projections between the reference and 
the climate change scenario represented the projected SOC change. As a simplification, 
the measured SOC stock obtained from soil samples taken between 2000 and 2004 was 
assumed to resemble the stock of the year 2000.  

The SOC projections were performed for three different C input scenarios as a realistic 
range of possible yield development: i) constant C input over time (mean C input from 
the period 1995 to 1999) (C0), ii) decreasing C input over time (reaching a 20% lower C 
input in 2095) (C20-) and iii) increasing C input over time (reaching a 20% higher C 
input in 2095) (C20+). These scenarios were based on present and projected crop yields 
in this study, which showed a strong correlation with agricultural C inputs so far 
(Franko, 1997; Ludwig et al., 2007; Lokupitiya et al., 2012; Wiesmeier et al., 2014a). The 
scenario C0 (constant C input) is based on recent yield stagnation of several crops in 
Bavaria. Evidence was found that yields of most important crops of Bavaria are 
stagnating since the 1990s along with stagnating C inputs (Wiesmeier et al., 2014a; 
Wiesmeier et al., 2015). Besides the Status quo of stagnating C inputs, several crop yield 
modeling approaches projected yield changes within the 21th century. For some study 
regions in southern Germany, a decline of yields of winter wheat and silage maize by 
around 10 to 20% until the mid-century was projected (Aurbacher et al., 2013; 
Kersebaum and Nendel, 2013). On the other hand, an estimation of changes of crop 
productivity in Europe assumed an increase of yields of major European crops by 15 to 
32% from 2020 until 2080 under different climate scenarios (without considering 
technology development) (Ewert et al., 2005). In order to cover the full range of 
expected crop yield development, the scenarios C20- and C20+ were included in this 
study.        

Statistics 

Descriptive statistical methods were used to analyze the soil and climate data sets for 
maximum and minimum values, mean, median, standard deviation, interquartile range, 
skewness, kurtosis, variance and coefficient of variation. In order to test the significance 
of differences of soil properties between the investigated soil units and land uses one-
way analyses of variance (ANOVA) combined with post hoc tests (Tukey and Scheffé) and Student’s t-tests were applied. Linear regression analyses were conducted to 
characterize the trend of C inputs. All statistical calculations were carried out using the 
software IBM SPSS Statistics 19 (2010, IBM Corp., Armonk). 
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Results 

Basic soil properties, SOC fractions and C input 

Basic soil properties and SOC fractions for each soil unit under cropland and grassland 
are given in Table 1. In general, cropland soils revealed higher thicknesses of the A 
horizon (29±6 cm) compared to grassland soils (23±6 cm). Clay contents ranged 
between 21 and 52% in soil units under cropland and from 19 to 45% under grassland. 
The contribution of OC in different soil fractions to bulk SOC stocks differed strongly 
among the investigated soil/land use units. Generally, DOC contributed with only 2 to 
7% to total SOC stocks of both cropland and grassland topsoils. Considerable differences 
between soil units were found for the POM fraction that contained 5 to 21% of total SOC 
stocks in soils under cropland and 3 to 16% under grassland. The highest POM-OC 
amounts were found for Cambisols from Tertiary material (C1) as well as from 
sandstone (C6, C7). For the S+A fraction distinct differences were found between 
cropland and grassland soil units. Under cropland, S+A contained only 2 to 10% of bulk 
SOC with the exception of groundwater-affected soils (G) that stored 16%. In contrast, 
grassland soil units revealed much higher OC amounts in the S+A fraction (16 to 34% of 
bulk SOC) with highest amounts in groundwater-affected soils (G, 57%). The major part 
of SOC was found in the s+c fraction that contained 50 to 83% of total SOC stocks 
independent from land use (only groundwater-affected soils under grassland revealed a 
considerably lower contribution of 30%). The inert rSOC fraction contained OC amounts 
of 3% to 10% of total SOC stocks without distinct differences between cropland and 
grassland soil units. In total, soil units under cropland revealed significantly (P<0.05) 
lower SOC stocks in A horizons (59±21 t ha-1) than grassland soils (72±24 t ha-1). The 
calculated mean C input values derived from the period from 1995 to 1999 showed no 
significant differences among soil units under cropland and grassland. The C inputs 
ranged between 3.4 and 4.1 t ha-1 in cropland soils and from 4.5 to 5.3 t ha-1 in grassland 
soils. Over a 16 year period from 1995 to 2010, C inputs in cropland showed no 
significant trend but remained on a constant level (Figure 4). In grasslands soils, C 
inputs revealed a slight increase of 8% (based on a linear trend with an R2 value of 0.23).  

Climate conditions at study sites and projected changes         

The ensemble approach on the basis of 19 climate models revealed reliable spatially 
differentiated projections of air temperature, precipitation and evapotranspiration for 
all studied sites (Table 2, Figure 3). In general, cropland sites exhibited average long-
term  values (1971 to 1999) for mean annual temperature of 8.3 to 8.9°C, for mean 
annual precipitation of 831 to 873 mm and for mean annual evapotranspiration of 707 
to 760 mm. Between 2000 and 2095 climate projections under the A1B climate scenario 
revealed increases for air temperature of 3.1 to 3.4°C, for precipitation of 35 to 82 mm 
and for evapotranspiration of 80 to 123 mm. Due to their main distribution in pre-alpine 
regions, grassland sites had slightly lower mean annual temperatures of 7.6 to 8.7°C, 
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considerably higher values of mean annual precipitation of 846 to 1331 mm and slightly 
lower mean annual evapotranspiration of 663 to 739 mm. The climate projections 
indicated for grassland sites a temperature increase of 3.2 to 3.4°C, a variable change of 
precipitation of -36 to 95 mm and an increase of evapotranspiration of 77 to 143 mm.     

 

Projected development of SOC stocks under different C input scenarios 

The projected development of SOC stocks of cropland and grassland soils under the 
reference scenario and different C input scenarios are shown in Figure 5 and 6. In 
cropland soils, the reference climate scenario (constant average climate conditions 
1970-1999) showed an increase of mean SOC stocks from 58.5±20.8 t ha-1 in 2000 to 
66.3±13.9 t ha-1 in 2095. The projection of SOC stocks under climate change and the 
constant C input scenario C0 indicated a slight increase of SOC stocks until 2020 up to 
61.7±18.1 t ha-1, followed by a slight decline down to 57.2±11.8 t ha-1 in 2095. Under 
climate change and C input scenario C20-, a noticeable decline of SOC stocks to 
52.4±11.2 t ha-1 in 2095 was determined after a peak of 60.9±18.0 t ha-1 in 2020. Climate 
change and the C input scenario C20+ revealed a slight SOC stock increase up to 
61.6±12.4 t ha-1 in 2095. The calculated net SOC change as the difference between the 
reference scenario and climate/C input scenarios showed mean losses of SOC stocks of -
9.1 t ha-1 (-16% of initial SOC stocks) under climate change and C0, of -13.9 t ha-1 (-24%) 
under climate change and C20- and of -4.7 t ha-1 (-8%) under climate change and C20+ 
(Figure 7). Distinct differences of SOC losses were found among the investigated soil 
units under cropland (Table 3). The highest relative SOC losses (compared to total SOC 
amount) were found for intermediate to deep soils with clay accumulation in the subsoil 
(L2) and Cambisols from Tertiary material (C1). For the scenarios C0, C20- and C20+, 
SOC stocks in these soil units decreased by -20 to -21%, -30 to -31% and -11 to -12%, 
respectively. For all other soil units under cropland the respective SOC decreases ranged 
between -12 to -17%, -19 to -26% and -2 to -9%. 

For grassland sites, only a slight increase of mean SOC stocks from 71.6±24.0 t ha-1 in 
2000 to 74.9±13.7 t ha-1 in 2095 was projected for the reference scenario (Figure 6). The 
climate change and C0 scenario revealed a SOC stock decrease down to 67.4±10.6 t ha-1 
in 2095 after a peak of 73.4±17.5 t ha-1 in 2020. SOC projections under climate change 
and C20- showed a considerable decline down to 61.2±10.1 t ha-1 in 2095. A slight 
increase of SOC stocks up to 73.1±10.9 t ha-1 was found for climate change and the C20+ 
scenario. The resulting net SOC changes accounted for -7.5 t ha-1 for C0 (-11% of initial 
SOC stocks), -13.7 t ha-1 for C20- (-19%) and -1.8 t ha-1 for C20+ (-3%) (Figure 7). 
Among different soil units under grassland, distinct differences of SOC changes were 
detected (Table 2). In general, soil units mainly distributed in the southern part of 
Bavaria (groundwater-affected soils, G; soils with clay accumulation in the subsoil L1, 
L2; Cambisols and Luvisols from moraine material, C2) showed considerably lower SOC 
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decreases than other investigated soil units. For C input scenarios C0 and C20-, relative 
SOC decreases ranged between -1 to -7% and -9 to -16%, respectively. Under scenario 
C20+, even SOC increases of 1 to 6% were projected for these soil units. In contrast, all 
other soil units under cropland revealed much higher declines of SOC of -11 to -23% for 
C0, -19 to -34% for C20- and -2 to -12% for C20+.    

Table 1. Depth of the A horizon, clay content, OC amount of soil fractions (DOC = 
dissolved organic matter, SA = sand- and aggregate-associated SOM, POM = particulate 
organic matter, SC = silt- and clay-associated SOM less an inert fraction, rSOC = inert 
SOM) of major soil units in Bavaria under cropland (C) and grassland (G) (mean values ± 
standard deviation). 

land 
use 

soil 
class 

sites 
(n) 

A horizon  
(cm) 

clay 
(%) 

DOC 
(t ha-1) 

SA 
(t ha-1) 

POM 
(t ha-1) 

SC 
(t ha-1) 

rSOC 
(t ha-1) 

SOC 
(t ha-1) 

C 

G 3 32±7 30±15 2.5±0.3 12.6±18.7 4.6±2.0 55.5±14.8 5.7±4.5 80.8±2.5 
L2 3 29±5 27±8 1.8±0.3 1.0±0.5 2.4±2.0 36.8±9.4 2.6±0.5 44.5±10.9 
C1 3 29±5 21±6 1.3±0.3 1.9±0.8 9.9±8.4 29.3±11.5 4.3±1.7 46.8±2.3 
C3 2 26±8 44±13 2.2±1.6 2.3±1.3 4.5±3.4 59.1±31.5 3.6±2.0 71.7±39.9 
C4 2 28±4 47±2 1.5±0.9 1.9±0.3 3.8±0.6 45.3±4.9 4.9±1.5 57.4±8.1 
C6 3 32±8 22±10 1.7±0.9 2.4±0.3 5.6±1.7 42.5±17.7 4.0±1.3 56.3±21.1 
C7 3 27±6 30±16 1.3±0 3.6±2.0 4.2±2.0 24.1±4.1 2.8±0.9 36.0±5.0 

 V 2 26±4 52±13 2.3±1.5 3.6±1.0 5.7±1.9 54.4±20.3 5.1±3.6 71.0±27.3 

G 

G 3 16±6 33±13 1.6±0.3 45.5±33.3 6.4±2.6 23.8±6.9 2.6±0.9 80.0±27.3 
L1 3 25±5 32±10 2.1±0.8 24.8±14.0 2.7±1.1 49.1±12.9 3.7±0.3 82.3±6.6 
L2 3 25±6 32±12 2.8±1.2 24.3±14.9 5.2±4.1 37.0±7.4 2.3±0.4 71.6±6.5 
C1 3 19±2 23±9 2.4±0.5 16.6±4.0 4.1±1.5 37.6±8.0 4.2±1.5 65.0±10.6 
C2 3 32±6 28±13 2.7±0.8 17.3±11.9 4.7±1.2 50.6±14.6 6.7±0.7 82.0±25.3 
C3 3 24±6 37±16 1.5±0.8 10.6±16.2 4.7±2.6 47.1±22.1 2.3±0.7 66.3±32.0 
C5 3 20±4 19±2 1.7±1.1 11.1±2.8 4.2±4.0 30.8±12.9 4.0±1.8 51.8±20.9 
C6 3 23±7 26±6 3.4±3.4 9.5±4.6 7.9±5.2 25.2±8.9 4.7±5.2 50.7±19.4 
C7 3 24±9 36±23 2.6±1.9 18.8±18.4 6.9±6.1 44.1±11.9 8.3±9.8 80.6±35.8 

 V 3 23±8 45±9 2.5±1.4 17.1±4.9 4.1±2.9 58.0±30.7 3.6±1.2 85.2±38.5 
G = groundwater-affected soils (Gleysols, Fluvisols); L1 = shallow to intermediate soils with clay accumulation in the subsoil 
(Luvisols); L2 = intermediate to deep soils with clay accumulation in the subsoil (Luvisols); C1 = soils with well developed B 
horizons from Tertiary material (Cambisols); C2 = soils with well developed B horizons from morainal material in places with 
clay accumulation in the subsoil (Cambisols, Luvisols); C3 = shallow soils from limestone weathering with or without loess 
coverings (Cambisols, Luvisols, Leptosols); C4 = intermediate to deep soils from limestone weathering with or without loess 
coverings (Cambisols, Luvisols); C5 = soils with well developed B horizons from acidic material with low base saturation 
(Cambisols); C6 = soils with well developed B horizons from sandstone with low base saturation (Cambisols); C7 = soils with 
well developed B horizons from sandstone with initial podzolisation (Cambisols, Podzols); V = clay-rich soils (Cambisols, 
Vertisols, Stagnosols) 

 

Estimation of total SOC changes in agricultural soils of Bavaria 

In order to estimate the total changes of SOC stocks for the investigated soil units on an 
area basis, projected mean SOC stocks from all studied sites for a soil unit were 
multiplied with the respective area of the soil unit (Table 4, Figure 8). In general, 
cropland and grassland topsoils of Bavaria stored 122.9 Mt and 192.9 Mt SOC in 2000. In 
croplands, the soil units intermediate to deep Luvisols (L2) and Cambisols from Tertiary 
material (C1) with the largest extend in Bavaria stored 40% of total SOC stocks. 
Moreover, the soil units groundwater-affected soils (G), shallow soils from limestone 
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weathering (C3) and clay-rich soils (V) contained 41% of total SOC stocks due to 
relatively high soil-unit-specific SOC stocks of 71.8 to 80.8 t ha-1. Estimations of total 
projected SOC changes under the scenarios C0, C20- and C20+ revealed SOC losses of 
20.3 Mt, 30.9 Mt and 10.5 Mt for cropland soils, respectively. The highest absolute SOC 
losses were found for intermediate to deep Luvisols (L2) and Cambisols from Tertiary 
material (C1) due to their spatial extent and projected high decreases of SOC.  

 

Figure 3. Projected mean annual temperature (MAT) and mean annual precipitation 
(MAP) for the study sites for the period 2000-2095 under the A1B scenario (median 
with interquartile range (IQR) derived from 19 climate models). 
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Figure 4. C input in cropland and grassland sites between 1995 and 2010 (mean values 
with standard deviation). 

 

Figure 5. Projected development of SOC stocks of cropland soils in Bavaria between 
2000 and 2095 under current climate and land use conditions (reference scenario, RS), 
climate change and constant C input (C0), climate change and decreased C input by 20% 
(C20-) and climate change and increased C input by 20% (C20+) (mean values with 
standard deviation from 21 sites). 
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Figure 6. Projected development of SOC stocks of grassland soils in Bavaria between 
2000 and 2095 under current climate and land use conditions (reference scenario, RS), 
climate change and constant C input (C0), climate change and decreased C input by 20% 
(C20-) and climate change and increased C input by 20% (C20+) (mean values with 
standard deviation from 30 sites). 

 

Figure 7. Projected average SOC changes of cropland (C) and grassland (G) sites between 
2000 and 2095 under climate change (A1B) and different C input scenarios. 
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Figure 8. Regional distribution of projected SOC changes in Bavaria between 2000 and 
2095 under climate change and constant C input (C0), climate change and decreased C 
input by 20% (C20-) and climate change and increased C input by 20% (C20+). 
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Soil units under grassland uniformly contributed to total SOC stocks. For the scenarios 
C0, C20- and C20+, total SOC losses of 11% of initial SOC stocks (7.6 Mt), 20% (13.7 Mt) 
and 3% (2.0 Mt) were estimated for grassland soils, respectively. However, for the 
scenario C20+ marginal increases of total SOC stocks of 0.1 to 0.3 Mt were estimated for 
grassland soil units in the vicinity of the Alps (groundwater-affected soils, G; soils with 
clay accumulation in the subsoil L1, L2; Cambisols and Luvisols from moraine material, 
C2). In total, the projections revealed absolute SOC losses of 27.9 Mt for the scenario C0, 
44.6 Mt for C20- and 12.5 Mt for C20+ in agricultural soils of Bavaria. These SOC losses 
correspond to total emissions of CO2-equivalents of 102.3 Mt, 163.6 Mt and 45.9 Mt, 
respectively. 

 

Discussion 

Projected SOC changes as driven by climate change and C input scenarios 

Reliable projections of SOC stock evolution using the RothC model require a reasonable 
estimation of actual SOC pool size by soil fractionation (Zimmermann et al., 2007). The 
application of proposed pedotransfer functions or equilibrium model runs as alternative 
methods for SOC pool size estimation may be adequate in long-term undisturbed land 
use systems or for long projection periods (Senapati et al., 2013; Weihermüller et al., 
2013), but are probably only partly suitable for intensively managed croplands and 
accurate projections for coming decades. Moreover, the determination of the C input on 
the basis of the C allocation method using crop-specific C allocation coefficients and 
county-specific crop yields is a promising method to estimate C inputs precisely 
(Bolinder et al., 2007c; Wiesmeier et al., 2014a).  

This was confirmed by the reference scenarios (SOC projections under constant climatic 
conditions) that indicated only a slight overestimation of C inputs (Figure 5 and 6), 
assuming that SOC stocks at all investigated sites were in equilibrium. Therefore, the 
overall accuracy of our modelling approach can be assessed as relatively high.  

Our projections of SOC stocks under future climate change and constant C inputs 
revealed substantial SOC losses for cropland (-16%) and grassland (-11%) in Bavaria 
until 2095 (Table 3, Figure 7). The projected mean temperature increase of 3.3°C at the 
study sites until 2095 and slightly increased precipitation under the A1B climate 
scenario will obviously lead to an increased mineralization of SOC stocks (Kirschbaum, 
1995; Davidson and Janssens, 2006). An anticipated decline of C inputs by 20% (C20-) 
would result in even higher decreases of SOC by 24 and 19%, respectively. Under 
cropland, projected SOC losses affected all investigated soil units, particularly Cambisols 
from Tertiary material (C1). This is mainly attributed to the fact, that these soils are 
characterized by relatively low clay contents (21±6%). As a result, these soils contain a 
much lower proportion of SOC stabilized in soil aggregates and the SC fraction and an 
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equivalent higher contribution of labile SOC (DOC+POM) than other cropland soils 
(Table 2). Under grassland, slightly lower projected SOC losses compared to cropland 
are due to generally higher C inputs (Figure 4) and considerably higher proportions of 
aggregate-protected SOC (Table 2). Among grassland soil units, noticeably lower SOC 
declines were projected for soils in relatively cool, pre-alpine regions with precipitation 
amounts >1000 mm and relatively high C input values >5 t ha-1. Remarkably, even under 
the optimistic assumption of an increase of C inputs by 20%, a decline of SOC stocks by 8 
and 3% was projected for cropland and grassland, respectively (Table 2, Figure 7). Only 
grassland soil units in pre-alpine regions revealed a slight SOC increase.  

The finding of generally declining SOC stocks under future climate change is in line with 
some other SOC projection approaches for agricultural soils. Xu et al. (2011b) modelled 
SOC changes in eight Irish grassland soils from 2021 to 2060 assuming constant C inputs 
on the basis of RothC and two different initialization methods. They estimated a 
decrease of SOC stocks by 2 to 6% for different climate change scenarios, but speculated 
that future summer droughts could reduce C inputs in grasslands. In a study in Australia, 
a SOC decrease of 10 to 11% was predicted under the A2 climate scenario for the period 
2008 to 2100 for 12 grassland sites with a constant C input using different initialization 
methods of RothC (Senapati et al., 2013). For cropland and grassland soils in Louisiana, a 
RothC simulation under different climate scenarios and unchanged C input revealed SOC 
declines of 11 to 18% and 12 to 17%, respectively (Zhong and Xu, 2014). An estimation 
of SOC changes of agricultural soils of Italy within the 21st century using legacy soil data 
indicated SOC decreases of 3.6 to 11.5% for different climate scenarios and unchanged C 
inputs (Mondini et al., 2012). A European-wide study on the basis of legacy data and 
different climate scenarios estimated SOC declines between 1980 and 2080 of 10 to 14% 
for croplands and 6 to 10% for grasslands without C input changes (Smith et al., 2005a). 
However, these authors also incorporated a simulation of NPP changes in order to 
estimate C input changes and found a lower decrease of croplands SOC stocks of 3 to 4% 
and even a slight increase for grassland due to a strong projected increase of NPP.  
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Table 2. Long-term (1971-1999) mean annual temperature (MAT), mean annual 
precipitation (MAP), mean annual evapotranspiration (Evap) projected SOC changes 
(2000-2095) under constant C input (∆SOC C0), decreased C input by 20% (∆SOC C-20%) and increased C input by 20% (∆SOC C+20%) as well as projected changes of MAT, MAP 
and Evap (2000-2095) of major soil units in Bavaria under cropland (C) and grassland 
(G) (mean values ± standard deviation). 

land 
use 

soil 
class 

MAT  
(°C) 

MAP 
(mm) 

Evap 
(mm) ∆SOC C0  

(t ha-1)  

∆SOC C-

20% (t ha-

1) 

∆SOC 
C+20%  

(t ha-1) 
∆MAT  
(°C) 

∆MAP 
(mm) 

∆Evap 
(mm) 

C 

G 8.9±0.2 862±63 747±9 -11.8±1.2 -17.1±1.3 -6.9±1.0 3.2±0.1 57±47 118±21 
L2 8.9±0.2 831±20 747±28 -9.4±2.2 -14.0±2.9 -5.2±1.6 3.1±0.1 59±52 105±19 
C1 8.9±0.1 834±55 760±11 -9.3±2.7 -13.9±3.6 -5.2±1.8 3.1±0.1 59±44 123±14 
C3 8.3±0.1 873±79 713±12 -8.5±3.6 -13.4±4.4 -4.1±3.0 3.4±0 82±10 87±10 
C4 8.8±0.1 845±70 754±17 -9.7±1.5 -15.0±1.4 -4.8±1.7 3.2±0 50±8 113±1 
C6 8.8±0.2 840±40 744±8 -8.6±1.7 -13.0±2.6 -4.4±1.0 3.3±0.1 51±11 114±31 
C7 8.3±0.5 864±105 707±47 -4.8±4.6 -9.3±4.1 -0.7±5.0 3.3±0.1 62±5 87±28 

 V 8.4±0.2 831±31 710±25 -9.3±2.7 -14.3±3.4 -4.6±2.3 3.3±0 35±33 80±20 

G 

G 8.0±0.4 1112±260 683±50 -4.4±7.7 -10.6±7.3 1.3±8.1 3.3±0 -8±92 124±29 
L1 7.6±0.2 1327±60 663±31 -1.0±5.3 -7.3±4.5 4.7±6.0 3.4±0 -27±12 143±10 
L2 7.9±0.5 1129±273 686±50 -5.1±7.7 -11.6±7.6 0.8±7.8 3.4±0 2±83 128±33 
C1 8.5±0.9 1019±231 731±48 -7.0±9.1 -13.4±9.1 -1.1±9.2 3.3±0.1 4±41 139±10 
C2 7.9±0.7 1331±267 669±30 -4.0±6.4 -9.8±6.4 1.2±6.4 3.3±0.1 -36±22 142±3 
C3 8.3±0.6 846±92 719±49 -11.4±5.6 -17.5±6.2 -5.7±5.1 3.3±0.1 60±26 94±21 
C5 8.6±0.2 856±36 739±2 -11.7±1.6 -17.5±2.3 -6.3±0.9 3.2±0.1 95±16 105±14 
C6 8.7±0.3 871±54 727±39 -9.3±1.0 -15.2±1.6 -3.8±0.6 3.3±0 28±33 112±35 
C7 8.0±0.2 875±63 698±16 -10.8±2.3 -17.2±2.7 -4.8±2.0 3.4±0 71±12 77±6 

 V 8.2±0.3 906±41 708±24 -10.2±0.6 -16.5±0.8 -4.5±0.4 3.4±0 69±10 80±5 
G = groundwater-affected soils (Gleysols, Fluvisols); L1 = shallow to intermediate soils with clay accumulation in the subsoil (Luvisols); L2 = 
intermediate to deep soils with clay accumulation in the subsoil (Luvisols); C1 = soils with well developed B horizons from Tertiary material 
(Cambisols); C2 = soils with well developed B horizons from morainal material in places with clay accumulation in the subsoil (Cambisols, 
Luvisols); C3 = shallow soils from limestone weathering with or without loess coverings (Cambisols, Luvisols, Leptosols); C4 = intermediate to 
deep soils from limestone weathering with or without loess coverings (Cambisols, Luvisols); C5 = soils with well developed B horizons from 
acidic material with low base saturation (Cambisols); C6 = soils with well developed B horizons from sandstone with low base saturation 
(Cambisols); C7 = soils with well developed B horizons from sandstone with initial podzolisation (Cambisols, Podzols); V = clay-rich soils 
(Cambisols, Vertisols, Stagnosols) 

 

Similar studies that assumed increased C inputs due to increased NPP generally found 
SOC gains. For agricultural soils of northeastern Spain, a mean increase of SOC stocks of 
6.3% was estimated for different climate projections and agricultural systems (with a 
wide range of SOC changes of -12.3 to 32.8%) for the period 2007 to 2087 under the 
assumption of large C input increases of up to 44% (Alvaro-Fuentes et al., 2012). Lugato 
et al. (2014) also estimated a slight SOC gain of 2% for European agricultural soils in the 
21st century. In this study, higher soil respiration under climate change was 
counterbalanced by an assumed 22% higher crop productivity. In SOC projection studies 
including all land uses on the global or the European scale, both increases and decreases 
of SOC stocks were projected for coming decades, but it was generally assumed that NPP 
increases and associated C input gains would offset or even outperform SOC losses 
induced by global warming, also in agricultural soils (Jones et al., 2005a; Zaehle et al., 
2007; Gottschalk et al., 2012; Nishina et al., 2014).  
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From our point of view, assumed C input increases in agricultural soils under climate 
change is a rather optimistic scenario given rising evidence for detrimental effects of 
climate change on crop productivity. In several studies, an increased occurrence of 
droughts and high temperatures above the optimum of crops and a shortening of the 
growing season were associated with a reduction of NPP (Chmielewski et al., 2004; 
Estrella et al., 2007; Lobell and Field, 2007; Battisti and Naylor, 2009; Brisson et al., 
2010; Supit et al., 2010; Olesen et al., 2011; Trnka et al., 2012; Hawkins et al., 2013; 
Asseng et al., 2015). The exceptional dry and hot year 2003 provided a first hint for such 
a development, as a dramatic decline of C inputs was determined for 2003 (Figure 4) 
(Ciais et al., 2005). As such years are projected to increase under climate change, the 
possibility of stagnating or even reduced C inputs should be considered more strongly in 
SOC projections. Moreover, socioeconomic reasons, e.g. a change of agricultural 
management as a result of the introduction of a common agricultural policy in the EU in 
the 1990s, were quoted to contribute to observed yield stagnation in Europe in the last 
25 years (Peltonen-Sainio et al., 2009; Brisson et al., 2010; Finger, 2010; Wiesmeier et 

al., 2015). Some authors assumed that future improvement of technology, which was 
mainly responsible for the obtained yield increases until the 1990s, could lead to a 
strong increase of crop productivity, but as its drivers are not clear, future technology 
development is afflicted with high uncertainty (Ewert et al., 2005; Senapati et al., 2013). 
Despite ongoing technological improvement in the last three decades, particularly 
related to plant breeding (Peltonen-Sainio et al., 2009; Olesen et al., 2011; Oury et al., 
2012), yields of many crops showed no equivalent increase.  

Implications of SOC losses and the need to increase C inputs 

The projected decreases of agricultural SOC stocks are associated with a substantial 
emission of CO2 into the atmosphere. A rough estimation for the entire agriculturally 
used land in Bavaria revealed emissions of 46 to 164 Mt CO2-equivalents for the period 
2000 to 2095 (depending on the C input scenario) (Table 3, Figure 8). On a yearly basis, 
this would increase the CO2 emissions of the agricultural sector of Bavaria by 4 to 12% 
(based on an estimated CO2 emission of approximately 14 Mt in 2012). Given the high 
projected amount of CO2 emitted by agricultural soils, climate-change-induced SOC 
changes should be included in national C accounting programs. Besides the emission of 
CO2, projected losses of SOM in agricultural soils may have negative effects on several 
important soil functions, e.g. retention of pollutants, buffering capacity, erosion control, 
water holding capacity and nutrient supply. Overall, the estimated SOC losses could have 
detrimental effects on soil fertility and ecosystem resilience, which would in turn 
aggravate crop productivity and thus residue-derived C input – a positive feedback. This 
calls for an extension of soil monitoring programs and the implementation of early 
warning indicators in order to verify projected SOC losses.   

In view of these potential risks, there is the need to increase C inputs in order to 
maintain present SOC stocks. A comparison of relative C inputs (related to the SOC 
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stock) for the reference scenario (current climate conditions) and the climate change 
scenario indicated a future increase of C inputs of 29% needed to counterbalance 
increased decomposition of SOM (Figure 9). Several options were proposed to enhance 
C inputs in agricultural soils. Promising agricultural practices comprise increased return 
of crop residues and incorporation of other organic inputs, improved crop rotation 
including legumes and cover/undersown crops, organic farming, increased cultivation of 
bioenergy and perennial crops, improved pasture and livestock management, 
agroforestry and conversion of cropland to grassland (Paustian et al., 1997; 
Vleeshouwers and Verhagen, 2002; Dendoncker et al., 2004; Freibauer et al., 2004; 
Holland, 2004; Smith, 2004; Gattinger et al., 2012; Smith, 2012; Whitmore et al., 2014; 
Poeplau and Don, 2015b). Recently, such C sequestration options were proposed to 
offset global anthropogenic CO2 emissions in form of the 4 per mill concept at the 
climate conference in Paris (COP21). This concept is based on the assumption that a 
yearly increase of global SOC stocks (first 40 cm of soils except permafrost) of four per 
mill by improved management would largely contribute to counterbalance human-
induced CO2 emissions. However, our results indicate that a distinct increase of C inputs 
by improved agricultural management would be necessary in future decades only to 
counterbalance enhanced SOM decomposition. Therefore, the potential contribution of 
improved management of agricultural soils to decrease the atmospheric rise in CO2 
should be evaluated more carefully.  

Outlook: towards more reliable SOC projections 

Although our results provide a good estimate on the potential trajectories of SOC storage 
in temperate agricultural soils under the given assumptions of climate change and C 
inputs, model predictions need independent verification and a calculation of 
uncertainty. There are different sources of uncertainty that may contribute to the final 
uncertainty in predictions, for instance, uncertainty in model parameters, and in model 
structure. Although the RothC model has been applied successfully in the past, it is still unknown whether RothC’s default parameters may need to be adapted for the study 
region. Also, the existence of a completely inert pool has been challenged (Sierra and 
Müller, 2015; Sanderman et al., 2016), and the potential slow dynamics of this pool may 
become relevant for long-term predictions.  

Particularly relevant sources of uncertainty for these types of predictions are the 
temperature- and moisture-dependent functions implemented in this model to modify 
decomposition rates. The rate modification by temperature is identical for each SOM 
pool in RothC despite indications for varying temperature sensitivity of labile and stable 
SOM pools. The temperature sensitivity of differently stabilized SOM pools is an element 
of uncertainty in current SOM turnover models and is thus a highly topical debate with 
regard to global change (Thornley and Cannell, 2001; Agren and Wetterstedt, 2007; von 
Lützow and Kögel-Knabner, 2009). The feedback between climate change and C losses 
from soil would be much stronger than suggested by equal temperature sensitivities of 
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all SOM pools - like in our calculations, if stable SOM pools react more sensitively to 
warming than more labile SOM pools. In our studied soils the stable SOM pools 
amounted for 66 to 90% of total SOC. According to the Arrhenius equation stable SOM 
pools are thought to be more temperature sensitive than less stabilized SOM pools 
(Bosatta and Agren, 1999; Davidson and Janssens, 2006). Results from laboratory 
incubations and long-term experiments indicate that the more stable SOM pools are 
indeed more temperature sensitive (Leifeld and Fuhrer, 2005; Conant et al., 2008; Rey et 

al., 2008). A higher temperature sensitivity of the stable SOM pools implies that the 
projected mean temperature increase of 3.3°C may lead to even stronger and sustained 
C losses from soils than suggested by our scenarios. Therefore, there is the need to 
integrate information on temperature sensitivity in soil carbon models. 

Table 3. Total storage of SOC (2000) and total projected SOC changes in Bavaria (2000-2095) under constant C input (∆SOC C0), decreased C input by 20% (∆SOC C20-) and increased C input by 20% (∆SOC C20+) according to major soil units under cropland (C) 
and grassland (G). 

land 
use 

soil 
class 

SOC       
(Mt) 

∆SOC C0 ∆SOC C20-  ∆SOC C20+  
(Mt) (CO2-eq.) (Mt) (CO2-eq.) (Mt) (CO2-eq.) 

C 

G 11.0 -1.6 -5.9 -2.3 -8.5 -0.9 -3.4 
L2 31.0 -6.6 -13.7 -9.8 -20.4 -3.6 -7.6 
C1 18.7 -3.7 -24.0 -5.6 -35.8 -2.1 -13.2 
C3 19.4 -2.3 -8.5 -3.6 -13.3 -1.1 -4.0 
C4 8.4 -1.4 -5.2 -2.2 -8.0 -0.7 -2.6 
C6 9.1 -1.4 -9.6 -2.1 -14.7 -0.7 -4.7 
C7 5.3 -0.7 -5.1 -1.4 -7.7 -0.1 -2.6 
V 20.0 -2.6 -2.6 -4.0 -5.0 -1.3 -0.4 

total 122.9 -20.3 -74.5 -30.9 -113.4 -10.5 -38.5 

G 

G 5.8 -0.3 -1.2 -0.8 -2.9 0.1 0.3 
L1 5.5 -0.1 -0.3 -0.5 -1.8 0.3 1.1 
L2 4.6 -0.3 -3.7 -0.7 -7.1 0.1 -0.6 
C1 9.4 -1.0 -2.6 -1.9 -6.3 -0.2 0.8 
C2 14.6 -0.7 -1.2 -1.7 -2.7 0.2 0.2 
C3 3.8 -0.7 -2.4 -1.0 -3.7 -0.3 -1.2 
C5 9.6 -2.2 -3.0 -3.3 -4.8 -1.2 -1.3 
C6 3.7 -0.7 -8.0 -1.1 -11.9 -0.3 -4.3 
C7 6.2 -0.8 -2.5 -1.3 -4.1 -0.4 -1.0 
V 6.7 -0.8 -3.0 -1.3 -4.8 -0.4 -1.4 

total 70.0 -7.6 -27.8 -13.7 -50.2 -2.0 -7.3 
total  192.9 -27.9 -102.3 -44.6 -163.6 -12.5 -45.9 

G = groundwater-affected soils (Gleysols, Fluvisols); L1 = shallow to intermediate soils with clay 
accumulation in the subsoil (Luvisols); L2 = intermediate to deep soils with clay accumulation in the subsoil 
(Luvisols); C1 = soils with well developed B horizons from Tertiary material (Cambisols); C2 = soils with well 
developed B horizons from morainal material in places with clay accumulation in the subsoil (Cambisols, 
Luvisols); C3 = shallow soils from limestone weathering with or without loess coverings (Cambisols, 
Luvisols, Leptosols); C4 = intermediate to deep soils from limestone weathering with or without loess 
coverings (Cambisols, Luvisols); C5 = soils with well developed B horizons from acidic material with low 
base saturation (Cambisols); C6 = soils with well developed B horizons from sandstone with low base 
saturation (Cambisols); C7 = soils with well developed B horizons from sandstone with initial podzolisation 
(Cambisols, Podzols); V = clay-rich soils (Cambisols, Vertisols, Stagnosols) 



SOIL ORGANIC CARBON IN THE ‘ANTHROPOCENE’ 

233 
 
 

Further critical issues are related to C input projections. Although our scenarios cover 
the range of expected C input development based on yield projections, more spatially 
and temporarily precise C input scenarios are needed. A combination of sophisticated 
yield models together with an estimation of future changes of C allocation patterns of 
crops could be a promising approach to derive more precise C input estimates. 

 

Figure 9. Relative C input in cropland (C) and grassland (G) sites vs. relative projected 
SOC change under current climate conditions (baseline, 2095) and climate change (A1B, 
2095).   
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Abstract 

Terrestrial carbon cycle feedbacks to global warming are major uncertainties in climate 
models. For in-depth understanding of changes in soil organic carbon (SOC) after soil 
warming, long-term responses of SOC stabilisation mechanisms such as aggregation, 
organo-mineral interactions and chemical recalcitrance need to be addressed. This study 
investigated the effect of six years of geothermal soil warming on different SOC fractions 
in an unmanaged grassland in Iceland. Along an extreme warming gradient of +0 to 
~+40°C, we isolated five fractions of SOC that varied conceptually in turnover rate from 
active to passive in the following order: particulate organic matter (POM), dissolved 
organic carbon (DOC), SOC in sand and stable aggregates (SA), SOC in silt and clay (SC-
rSOC) and resistant SOC (rSOC). Soil warming of 0.6°C increased bulk SOC by 22±43% 
(0-10 cm soil layer) and 27±54% (20-30 cm), while further warming led to exponential 
SOC depletion of up to 79±14% (0-10 cm) and 74±8% (20-30) in the most warmed plots 
(~+40°C). Only the SA fraction was more sensitive than the bulk soil, with 93±6% (0-10 
cm) and 86±13% (20-30 cm) SOC losses and the highest relative enrichment in 13C as an indicator for the degree of decomposition (+1.6±1.5 ‰ in 0-10 cm and +1.3±0.8 ‰ in 
20-30 cm). The SA fraction mass also declined along the warming gradient, while the SC 
fraction mass increased. This was explained by deactivation of aggregate-binding 
mechanisms. There was no difference between the responses of SC-rSOC (slow-cycling) 
and rSOC (passive) to warming, and 13C enrichment in rSOC was equal to that in bulk 
soil. We concluded that the sensitivity of SOC to warming was not a function of age or 
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chemical recalcitrance, but triggered by changes in bio-physical stabilisation 
mechanisms, such as aggregation.    

 

Introduction 

Soils contain about three-fold the amount of carbon stored in the atmosphere (Davidson 

et al., 2000). The CO2 efflux from soil as the end-product of soil organic carbon (SOC) 
mineralisation has been shown to increase with increasing temperature (Knorr et al., 
2005a; Conant et al., 2008). Terrestrial carbon cycle feedback to global warming is thus 
expected to significantly accelerate climate change. Ecosystems at high northerly 
latitudes, which have the highest SOC densities and stocks (Scharlemann et al., 2014a) 
and are predicted to be exposed to the strongest temperature rise (Stocker et al., 2013), 
are likely to act as hotspots of biospheric CO2 efflux. However, it has also been suggested 
that a global increase in air temperature can lead to higher SOC storage, due to 
stimulated net primary production (NPP) and thus higher carbon input to the soil 
(Shaver et al., 2000; Melillo et al., 2002). While the short-term temperature dependency 
of SOC mineralisation in disturbed, unvegetated and incubated soils is well established, 
the mid- to long-term effects of rising temperature on the carbon balance and SOC 
storage at ecosystem scale have not been well studied. This is especially true for soil 
warming exceeding 5°C, which might be related to the fact that in situ soil temperature 
manipulation is complex and expensive and that naturally warmed sites, e.g. warmed by 
geothermal energy (O'Gorman et al., 2014), are scarce. The resulting lack of complex 
mechanistic understanding constitutes a major uncertainty in climate models.  

Previous multi-annual field studies have reported mixed responses of SOC to elevated 
temperature. Melillo et al. (2002) increased the soil temperature in a mid-latitude 
hardwood forest for one decade by 5°C and observed that CO2 flux from the warmed soil 
was only significantly elevated in the first four years, while increased nitrogen (N) 
mineralisation stimulated plant growth in the warmed plots, leading to rapid 
compensation for SOC losses in the following six years. After two decades of a 
greenhouse experiment in the arctic tundra, which elevated soil temperatures by about 
1-2°C, Sistla et al. (2013) found no differences in total SOC storage. In a tallgrass prairie, 
Xu et al. (2012) found depleted labile SOC stocks after 8 years of soil warming (2°C) but 
little effect on total SOC stocks, while Schaeffer et al. (2013) reported significant SOC 
losses after 7 years of soil warming (4°C) in a high arctic tundra soil. The direction of the 
response (loss or gain) of SOC to increased temperature could be modulated by the 
degree of warming, but this can only be investigated in experiments with gradients of 
soil warming.  

The debate about the temperature sensitivity of different SOC pools is ongoing, with the 
old pool paradoxically concluded to be less (Lomander et al., 1998; Knorr et al., 2005a), 
more (Leifeld and Fuhrer, 2005; Conant et al., 2008; Lefèvre et al., 2014) or equally 
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(Conen et al., 2006) sensitive than young SOC. Karhu et al. (2010) reported the 
intermediate SOC pool to be most temperature sensitive. The high variability in results 
is thereby most likely attributable to the high variability in experimental approaches. 
Due to missing evidence and for reasons of simplification, most SOC turnover models do 
not distinguish between the temperature sensitivity of young and old pools. Conant et al. 
(2011a) argued that the debate should be refocused on factors controlling the 
decomposability of SOM. They listed several mechanisms responsible for SOC 
stabilisation such as protection by the soil matrix (aggregation, organo-mineral 
interactions) or chemical recalcitrance that should be studied in depth regarding their 
response to warming. Depolimerisation of complex compounds (Davidson et al., 2006), 
microbial enzyme production (Cusack et al., 2010) as well as adsorption/desorption 
(Ten Hulscher and Cornelissen, 1996) and aggregate turnover were identified processes 
that were likely to respond to temperature changes. They further stressed that long-
term field-studies are necessary to study processes controlling the temperature 
sensitivity of the SOC pools with decadal to centennial turnover times, as the major 
components of SOC stocks (Conant et al., 2011a). 

Zimmermann et al. (2007) published a SOC fractionation procedure which corresponds 
well to the model pools of the Rothamsted Carbon Model (RothC) (Coleman and 
Jenkinson, 1996), one of the most frequently used SOC models. The procedure is a 
combination of physical and chemical fractionation and yields five different fractions, 
forming a continuum from fast cycling to passive. Moreover, each of the isolated 
fractions is characterised by a dominant stabilization mechanism, ranging from no 
stabilisation to aggregate formation, organo-mineral interactions in the silt and clay 
fraction and chemical recalcitrance.  

Natural abundance of the stable isotope 13C increases with SOC age (Balesdent et al., 
1996; Menichetti et al., 2015). The underlying processes of 13C enrichment in SOC are 
diverse but predominantly related to biological fractionation. Isotopic fractionation 
occurs within the plant, during preferential decay of 13C depleted organic compounds 
but also within decomposer cells during metabolism (Gleixner et al., 1993; Ehleringer et 

al., 2000). Boström et al. (2007) hypothesised a preferential retention of 13C-enriched 
microbial necromass. The abundance of 13C is therefore a mixed indicator for SOC origin 
(plant-derived compound), decomposability, degree of recycling and thus indirectly for 
SOC turnover time and age. Menichetti et al. (2015) used five long-term bare fallow 
experiments in temperate climates to link shifts in δ13C to SOC losses and to quantify the 
shift in 13C abundance over time. They found a mean annual increase in δ13C of 0.013‰ 
which can be used as a reference for the rate of 13C enrichment along with SOC 
depletion.   

The area around the village of Hveragerđi in Iceland is located close to the Eurasian and 
North-American tectonic plate boundary that splits the country into two halves. The 
region is pervaded by shallow geothermal bedrock channels, one of which was shifted 
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after a large earthquake in May 2008 (Halldorsson and Sigbjörnsson, 2009). Since then, 
a previously unwarmed hillslope has been warmed (O'Gorman et al., 2014). A gradient 
of soil temperature increase from +0 to > +40°C has been formed, creating outstanding 
opportunities to conduct fundamental ecological and biogeochemical research on the 
effects of soil warming.   In this study, we used the natural soil warming gradient at Hveragerđi to investigate the 
sensitivity of the five different SOC fractions to soil warming. Natural abundance of 13C 
in the fractions of the unwarmed reference soil was used to test, whether the fractions differed initially in age or turnover time. Shifts in δ13C along the warming gradient were 
used to assess whether this difference among fractions had any influence on their 
temperature response. We aimed to answer the question which SOC stabilisation 
mechanism is most sensitive to temperature changes and what might drive this 
sensitivity.   

 

Materials and Methods 

Study site and soil sampling 

The study site is located on an unmanaged grassland hillslope close to the village of Hveragerđi (64°00’01’’N, 21°11’09’’W, 85-145 m a.s.l) in the Hengil geothermal area, 40 
km east of Reykjavik, Iceland. It is part of the ongoing FORHOT research project 
(www.forhot.is). Mean monthly air temperature (1961-1990) at the site is -1.1°C in the 
coldest month (January) and 10.8°C in the warmest (July) and mean annual precipitation 
amounts to 1372 mm (Icelandic Meteorological Office; www.vedur.is). The unwarmed 
unmanaged grassland is dominated by common bent (Agrostis capillaris L.), common 
meadow grass (Poa pratensis L.), meadow horsetail (Equisetum pratense L.) and meadow 
buttercup (Ranunculus acris L.). The underlying soil, classified as Brown Andosol 
(Arnalds, 2015), has a fine texture (silt loam) and is on average 38 cm thick. It lies on top 
of a hillslope moraine and has rather high stoniness. In the topsoil layer (0-10 cm) of the 
unwarmed grassland soil, pH(H2O) is 5.7, pH(KCl) is 4.2 and C:N ratio is 12.1. 

The study site is located in an area warmed since 29 May 2008, when a large earthquake 
(Halldorsson and Sigbjörnsson, 2009) shifted geothermal systems under previously 
unwarmed soils. The soil warming is caused by heat conduction from the underlying 
bedrock, which is warmed from below by hot groundwater. Due to this heat conduction, 
a gradient in soil temperature with soil depth was expected, but was for the upper 30 cm 
only detected for the most heated plots (+16.9°C and +40°C). Profiles of soil temperature 
changes have been measured at two points in time (data not shown). The soil warming, 
as constantly measured at 10 cm depth, is relatively stable throughout the year, 
resulting in normal seasonal fluctuations in soil temperature. No sign of soil 

http://www.forhot.is/
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contamination by geothermal water has been found within the soil along the warming 
gradient.  

In 2013, five 50-80 m long transects were established along the temperature gradient, 
with seven 2 m x 2 m permanent plots in each transect, in which the warming was +0°, 
+0.6°, +1.8°, +3.9°, +9.9° and +16.3°C (mean for spring 2013-spring 2015, soil 
temperature measured hourly at 10 cm soil depth) and +40°C (measured only 
occasionally by hand). Depending on the position of the geothermal warming, three 
transects ran downhill (unwarmed reference on the upper slope) and two transects ran 
uphill (unwarmed reference on the lower slope), which gave a certain natural 
randomisation of the five replicates (transects). Despite the strong gradients in 
temperature and the sloping terrain, the spatial variability in key soil parameters such 
as pH and water content was negligible below the +16.3°C warming plots (O'Gorman et 

al., 2014). However, when soil warming exceeded 10°C, the plant species composition of 
the grassland changed gradually, with mosses becoming more and more abundant and 
the warmest plots investigated (+40°C) were only vegetated with mosses.  

In December 2014, soil to a depth of 30 cm was sampled close to all permanent plots, in 
subplots that were established for destructive measurements. A thin auger (ø = 2 cm) 
was used, due to the high stoniness of the soil. Five auger cores per plot were divided 
into three depth increments (layers), 0-10 cm, 10-20 cm and 20-30 cm, and pooled per 
layer. In this study, soil from only the uppermost (0-10 cm; hereafter “topsoil”) and 
lowermost (20-30 cm; hereafter “subsoil”) layers was fractionated and analysed.  
Soil fractionation and analysis 

Soil samples were dried at 60°C, visible fine roots were removed and the soil was sieved 
to 2 mm. A 20 g subsample was taken from each of a total of 70 samples (2 depth layers 
x 7 plots x 5 transects) and SOC fractionation was performed as initially described by 
(Zimmermann et al., 2007) and modified by Poeplau et al. (2013a). A schematic 
overview of the procedure is depicted in Figure 1. For this, 100 mL deionised water 
were added to the soil in a 250 mL glass beaker and dispersed with 22 J mL-1, using an 
output power of 30 W. The dispersion was wet-sieved over a 63 µm sieve to separate the 
fine silt and clay (SC) fraction from a coarse fraction (>63 µm), using an aerosol pump 
spray to flush the sample with a fixed amount of 3000 mL water. Poeplau et al. (2013a) 
recommends using 2000 mL to flush the sample, but this was not sufficient for the 
Icelandic Andosol studied here to entirely separate into the two fractions. The 
suspension was centrifuged for 30 minutes at 1000 g. An aliquot of the decanted water 
(200 mL) was filtered through a 0.45 µm membrane filter and analysed for DOC (as one 
fraction) in a liquid analyser (TOC-VCPH, Shimadzu). The SC fraction and the coarse 
sieving residues were dried at 60°C and weighed. The coarse fraction (>63 µm) was 
further separated into a heavy sand and stable aggregates (SA) fraction and a light 
particulate organic matter (POM) fraction by density fractionation with sodium 
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polytungstate (SPT) solution at a density of 1.6 g cm-3. This is a slight modification from 
the original protocol, which recommends using a density of 1.8 g cm-3. However, a pre-
test revealed that a large amount of mineral soil aggregates floated up at a density of 1.8 
g cm-3, while the POM fraction should only consist of fairly undecomposed plant tissue. 
After adding the SPT to the coarse soil, the sample was centrifuged for 15 minutes at 
1000 g and left to rest for several hours, until the POM fraction was entirely floating on 
the SPT. The POM was then carefully transferred to sieve bags. The density fractionation 
step was repeated once to ensure complete separation of SA and POM. Both fractions 
were carefully washed to remove all SPT and then dried and weighed. Finally, a 
chemically resistant SOC (rSOC) fraction was isolated from the fine SC fraction by 
oxidation with 6% NaOCl. The NaOCl solution was first adjusted to a pH of 8 using HCl, 
before 50 mL of the solution were added to a 1 g subsample of the SC fraction. After 18 
hours of oxidation at room temperature, the sample was centrifuged (15 min, 1000 g) 
and decanted. This procedure was repeated twice and after each oxidation and 
decanting step the sample was washed once with 50 mL deionised water. To ensure 
complete oxidation and washing, a vortex shaker was used every time liquid was added 
to the soil. The NaOCl-resistent carbon (rSOC) in the 1g subsample of the SC fraction was 
multiplied with the total SC fraction mass to obtain the total amount of rSOC in the soil 
sample. Finally, we subtracted rSOC from the total carbon in the SC fraction to receive a 
fraction that is bound to silt and clay particles but not resistant to NaOCl oxidation. This 
fraction is called SC-rSOC. In the following, when the term SC fraction is used, we refer to 
total mass of carbon or soil in the silt and clay fraction. The fractionation procedure thus 
yielded five fractions, two fast cycling (POM, DOC), one intermediate (SA), one slow 
cycling (SC-rSOC) and one passive (rSOC). All solid fractions, as well as a bulk soil 
subsample, were milled and successively analysed for total C and N and the abundances 
of stable isotopes 13C in a continuous flow Isoprime isotope-ratio mass spectrometer 
(GV Instruments; Manchester, UK) coupled to an elemental analyser (EuroEA3024; 
Eurovector, Milan, Italy) at Lund University. The liquid fraction (DOC) was freeze dried and the residues were analysed for δ13C. Unfortunately, it was not possible to recover 
enough solid freeze-dried material for all samples. Therefore, the δ13C dataset was 
incomplete (67%) and has to be interpreted with caution. The total fraction masses and 
SOC contents were used to calculate absolute and relative changes of each fraction with 
increasing soil temperature.  

Statistics 

Linear mixed effect models were applied to test the effect of temperature on bulk SOC 
and all fractions for significance. This was done for the variables SOC concentration, SOC 
mass and total mass in the case of the POM, SA and SC fractions. Transect was used as a 
random effect. To test whether soil temperature had a significant effect on the 
distribution of SOC in different fractions, the relative proportion of each fraction in the 
total SOC for each sample was calculated and a MANOVA was conducted with 
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temperature as independent variable and the five fractions as dependent variables. 
Statistical analyses were conducted in R, while for mixed effect models the package lme4 
was used (Bates et al., 2007). Errors given in the text are standard deviations.   

 

Results 

Change in carbon concentration 

Continuous soil warming of more than 3.9°C for 6.5 years had a significant effect on bulk 
soil SOC concentration (Table 1). Within 6.5 years of soil warming, SOC in the bulk soil 
had been depleted by 79±14% (topsoil) and 74±8% (subsoil) in the most warmed plots 
(Fig. 2a, 2b). The average SOC concentration of 46.5±9.6 g kg-1 (topsoil) and 26.4±4.3 g 
kg-1 (subsoil) in the unwarmed plots dropped to 9.7±6.9 g kg-1 and 6.7±1.2 g kg-1, 
respectively. The C concentration in the DOC, SC-rSOC, rSOC and SA fractions also 
declined significantly, but only the SA fraction responded more strongly than the bulk 
soil, with losses of 93±6% in the topsoil and 86±13% in the subsoil of the most warmed 
plots. No significant changes in C concentration with soil warming were found for the 
POM fraction, which was related to the fact that the density fractionation method 
employed here isolates an almost entirely organic fraction with a rather stable C 
content. Interestingly, soil warming of 0.6°C led to a pronounced increase in SOC 
concentration in bulk soil in both soil layers. Additional increases in soil temperature led 
to an exponential decline in SOC, with a new equilibrium, i.e. no further changes in SOC, 
being reached at roughly 16.6°C in the subsoil. Equilibrium was not reached in the 
topsoil, although between 9.9°C and 16.6°C no significant change in SOC was observed 
for any fraction or bulk soil. The equilibration in the subsoil at a lower temperature level 
as compared to the topsoil might be related to the more pronounced soil warming in the 
subsoil due to heat conduction from below. 

 

Figure 1: Schematic overview of the applied fractionation procedure. 
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Change in fraction mass 

The fractionation procedure divided the soil into three different solid fractions of soil 
material: the fine fraction (SC), the heavy coarse fraction (SA) and the light coarse 
fraction (POM). Soil warming not only changed the C concentration within those 
fractions, but also significantly altered the distribution of the soil mass. While the 
unwarmed reference soil (topsoil) consisted on average of 64±18% SA and only 
34±18% SC, topsoil in the most warmed soil (+40°C) consisted of only 42±11% SA and 
58±11% SC (Fig. 2c). A similar shift in fraction distribution, but less pronounced, was 
observed in the subsoil, where the SA fraction decreased from 63±10% to 54±10% and 
the SC fraction increased from 37±10% to 45±10% (Fig. 2d). Since the SA fraction 
consists of sand and stable aggregates, this shift must be related to decreasing 
aggregation with increasing temperature.  

 

Figure 2: Relative change in carbon concentration [g kg-1] in each fraction (DOC = 
dissolved organic carbon, POM = particulate organic matter, SA = SOC in sand and 
aggregates, SC-rSOC = SOC attached to silt and clay, rSOC = resistant SOC) and in bulk 
soil as a function of soil warming for the (a) topsoil (0-10 cm) and (b) subsoil (20-30 
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cm). Relative fraction mass of the three solid fractions silt and clay (SC), sand and 
aggregates (SA) and particulate organic matter (POM) for (c) the 0-10 cm and (d) 20-30 
cm soil layer. Error bars indicate standard errors. 

 

Figure 3: Cumulative total soil organic carbon (SOC) in each fraction at all soil 
temperatures investigated for the (a) topsoil (0-10 cm) and (b) subsoil (20-30 cm); and 
distribution of total SOC in different fractions at all soil temperatures investigated for 
the (c) topsoil (0-10 cm) and (d) subsoil (20-30 cm). (rSOC = resistant SOC,  SC-rSOC = 
SOC attached to silt and clay, SA = SOC in sand and aggregates, POM = POM = particulate 
organic matter, DOC = dissolved organic carbon). Error bars indicate standard errors. 

Change in carbon distribution in fractions 

Despite the strong depletion of total SOC with increasing temperature (Fig. 3a, 3b), all 
fractions were present in all plots. In accordance with the previously described C 
concentration and soil mass dynamics within the fractions, the greatest losses of SOC 
occurred in the SA fraction. In the topsoil of the unwarmed reference, most SOC was 
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stored in the coarse and rather labile fraction, while the most warmed soil consisted of 
70±9% passive and slow cycling SOC (rSOC and SC-rSOC). The deeper soil layer was 
initially dominated by the stable fractions (66±11%), but showed the same pattern of 
relative enrichment of stable fractions with increasing soil temperature. The POM 
fraction was highly variable in the topsoil and was as sensitive to soil warming as the 
bulk soil; no relative enrichment or depletion was detected (Fig. 3c). In the lower layer, 
the POM fraction depleted more than the bulk soil. However, the additional SOC after 
soil warming with 0.6°C was almost entirely found in the SA fraction, confirming the 
finding that this fraction is most sensitive to soil temperature change. DOC was only of 
minor absolute importance, representing less than 5% of total SOC. However, while this 
fraction is considered labile, we found relative enrichment of DOC with increasing 
temperature in both soil layers. The response of the chemically highly recalcitrant rSOC 
fraction to soil warming equalled the response of the SC-rSOC fraction. As can be seen in 
Figure 4, rSOC was a very constant proportion (25%) of the total SC fraction, 
irrespective of the degree of warming. The total shift in SOC distribution in different 
fractions along the warming gradient was highly significant for the topsoil (p<0.001), 
but only marginally significant for the subsoil (p = 0.056).   

Change in abundance of 13C 

In the bulk soil and in all fractions except POM, a significant increase in the abundance of 
13C was observed, expressed as δ13C values in Figure 5. In the topsoil of the unwarmed reference, the δ13C value ranged from -28.6±0.2 in the POM fraction to -26.6±0.2 in the 
rSOC fraction, indicating an age gradient within the fractions. Despite this gradient, the 
shift in 13C abundance in response to warming was similar for all fractions except POM, which did not respond much to warming. On average, the change in δ13C values in the topsoil at +40°C warming was in the order SA (+1.6‰) > rSOC (+1.3‰) > SC (+1.1‰) + bulk soil SOC (+1‰) > POM (+0.4‰). Values and trends observed in the subsoil were 
similar to those in the upper layer, with a slightly less pronounced difference between 
the different fractions in the unwarmed soil and also slightly less pronounced 
differences in their responses to warming. The change in δ13C values in the subsoil was in the order SA (+1.3‰) > SC (+1‰) = Bulk SOC (+1‰) > rSOC (0.6‰) > POM (0.5‰). 
DOC was excluded from this comparison, since the dataset was incomplete and measurements highly variable. The small increase in δ13C in the POM fraction was 
related to the fact that it consists mainly of fresh plant material that has not undergone decomposition. In both soil layers studied, the δ13C value for the SA fraction was lower 
than that in the bulk soil for unwarmed soil, but exceeded that in the bulk soil in soil 
with more than +16.6°C warming. The SA fraction thus showed the strongest relative 
enrichment in 13C, which is in line with the high mass loss and C depletion in this fraction. For the subsoil, we found decreasing δ13C values for 0.6°C soil warming in the 
bulk soil and in all fractions, which is in line with the observed increased total SOC storage. However, for the topsoil we did not observe this decrease in δ13C. 



SOIL ORGANIC CARBON IN THE ‘ANTHROPOCENE’ 

251 
 
 

Table 1: Mixed effect model p-values for the significance of the difference between 
unwarmed and warmed soil in terms of: Soil organic carbon (SOC) concentration [g kg-1 
fraction] (shown as relative change in Figure 1a and 1b), SOC mass [g kg-1 bulk soil] (shown in Figure 2a and 2b), and δ13C (shown in Figure 5) in the topsoil (0-10 cm) and 
subsoil (20-30 cm) layers. ns = not significant; POM = particulate organic matter, DOC = 
dissolved organic carbon, SA = SOC in sand and aggregates, SOC-rSOC = SOC attached to 
silt and clay, rSOC = resistant SOC. 
 

  Topsoil (0-10 cm) Subsoil (20-30 cm) 

    Soil temperature increase at 10 cm [°C] Soil temperature increase at 10 cm [°C] 
Fixed 
effect Fraction 0.6 1.9 3.9 9.9 16.6 40 0.6 1.9 3.9 9.9 16.6 40 
SOC 
conc. 

Bulk 
SOC ns ns 0.02 <0.01 <0.01 <0.01 0.02 ns ns ns <0.01 <0.01 

 POM ns ns ns ns ns ns ns ns ns ns ns ns 

 DOC ns ns 0.03 0.01 <0.01 <0.01 ns ns ns ns 0.03 0.07 

 SA ns ns 0.03 <0.01 <0.01 <0.01 0.03 ns ns ns 0.2 <0.01 

 

SC-
rSOC ns ns ns 0.02 <0.01 <0.01 ns ns 0.04 0.02 <0.01 <0.01 

  rSOC ns ns 0.03 ns <0.01 <0.01 ns ns 0.04 0.03 <0.01 <0.01 
SOC 
mass 

Bulk 
SOC ns ns 0.02 <0.01 <0.01 <0.01 0.02 ns ns ns <0.01 <0.01 

 POM ns ns ns ns 0.066 0.01 <0.01 ns ns ns 0.04 0.03 

 DOC ns ns 0.03 ns <0.01 <0.01 ns ns ns ns 0.03 0.07 

 SA ns ns 0.02 <0.01 <0.01 <0.01 0.02 ns ns ns ns ns 

 

SC-
rSOC ns 0.05 ns ns ns 0.03 ns ns ns ns 0.02 0.01 

  rSOC ns 0.01 ns ns ns 0.03 ns ns ns ns 0.02 <0.01 

δ13C 
Bulk 
SOC ns ns ns ns 0.09 <0.01 ns ns ns ns <0.01 <0.01 

 POM ns ns ns ns 0.07 ns ns ns ns ns ns ns 

 DOC ns ns ns 0.04 0.03 ns ns ns ns 0.088 ns 0.09 

 SA ns ns ns ns 0.04 <0.01 0.05 ns ns ns <0.01 <0.01 

 SC ns ns ns ns <0.01 <0.01 0.08 ns ns ns 0.04 0.01 

  rSOC ns ns ns ns <0.01 <0.01 <0.01 ns ns ns <0.01 0.02 
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Figure 4: Correlation between total soil organic carbon (SOC) in the silt and clay (SC) 
fraction and resistant SOC (rSOC) in the SC fraction, with equation of the fit and the 
correlation coefficient (R2). 

 

Discussion 

Soil organic carbon response to soil warming 

Bulk soil organic carbon 

Studies on the response of SOC to soil warming in moderate climate change scenarios 
(1-4°C warming) investigated on an ecosystem scale show mixed results, ranging from 
slight losses to significant gains in SOC (Melillo et al., 2002; Xu et al., 2012; Schaeffer et 

al., 2013; Sistla et al., 2013). In the present study, we were able to investigate the SOC 
response of unmanaged grassland soil to low, moderate and extreme increases in soil 
temperature. Warming of 0.6°C for 6.5 years led to an increase in SOC, which could 
possibly be explained by relatively stronger stimulation of NPP due to higher N 
availability from increased N mineralisation (Melillo et al., 2002), rather than the 
stimulating effect of the low soil warming on SOC mineralisation. A clear increase in 
above- or below-ground biomass production at +0.6°C warming has however not been 
detected in the study plots (unpublished data, not shown). When soil temperature 
increased beyond +0.6°C, it led to exponential decline in SOC. This indicates that there 
might be a threshold between 0.6°C and 1.9°C below which soil warming has a positive 
effect on soil carbon at the investigated site. This threshold value, which is most likely 
ecosystem specific, is well in the range of projected global average air temperature 



SOIL ORGANIC CARBON IN THE ‘ANTHROPOCENE’ 

253 
 
 

changes for the next century (Stocker et al., 2013), revealing the importance of our 
findings for carbon models. The specific peak in carbon storage at +0.6°C warming will be further investigated within the FORHOT project. The IPCC “worst case”-scenario 
(RCP8.5) predicts a global average temperature rise until the end of the century of 
4±1°C, and in high northern latitudes, of  around 10°C (Pachauri et al., 2014). Therefore, 
SOC losses that occurred at +3.9°C and +9.9°C might be most relevant for predicting 
potential SOC losses under climate change. At the investigated site, we found losses of 
34% and 44% in the topsoil and of 36% and 40% in the subsoil for +3.9°C and +9.9°C of 
soil warming, respectively. However, soil warming from below cannot be compared with 
air temperature warming and enrichment of CO2 in the atmosphere, which would both 
stimulate plant growth and thus counterbalance SOC losses to some degree. The 
warmest treatments lost as much as 79% (topsoil) and 74% of their initial SOC in 6.5 
years. These losses exceed the 65% loss as observed in the Versailles experiment after 
80 years of bare fallow (no carbon inputs) (Menichetti et al., 2015), which illustrates the 
strong acceleration of SOC decomposition at elevated temperatures. The extreme 
warming treatments investigated in this study are unrealistic and might therefore not be 
meaningful for predicting terrestrial carbon cycle feedbacks to climate change. However, 
they can provide fundamental mechanistic insights into SOC dynamics. Furthermore, 
due to the absence of grass and herbaceous vegetation, the +40°C warming treatment can be regarded as a “no input”-treatment. Surprisingly, we did not observe large 
differences in SOC losses between +16.6°C and +40°C. This might be related to the fact 
that especially root biomass was also significantly reduced with warming up to +16.6°C 
(Leblans et al., in prep.), so that the difference in belowground carbon input was 
relatively small. 

The stable isotope 13C in SOC is discriminated during microbial breakdown and is 
therefore relatively enriched in more refractory SOC (Natelhoffer and Fry, 1988). The average annual change in δ13C  in bare fallow experiments due to trophic fractionation 
reported (Menichetti et al., 2015) was 0.013 ‰, while the annual change in δ13C in the 
3.9, 9.9, 16.6 and 40°C warmed plots in the present study was 3.6-, 3.7-, 10- and 12.8-
fold higher, despite the partly sustained annual input of relatively 13C poor plant 
material. This comparison shows that extreme soil warming >3.9°C may increase SOC decomposition by an order of magnitude. The difference in δ13C between the youngest SOC (POM) and the oldest SOC (rSOC) in the soil was 2‰ and 3.1‰ for the top- and 
subsoils in the unwarmed control plots, which is a result of presumably several centuries of SOC recycling. Within 6.5 years of soil warming, the bulk soil δ13C value changed by 1‰ in both soil layers in the most warmed plots, which accounted for 50% 
and 32% of the SOC recycling needed to turn POM into the most recalcitrant fraction 
(rSOC).  
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 Figure 5: δ13C values in each fraction and in bulk soil as a function of soil temperature in 
the (a) topsoil (0-10 cm) and (b) subsoil (20-30 cm). The dotted line expresses the 
uncertainty in the DOC observations due to incompleteness of the dataset. POM = 
particulate organic matter, DOC = dissolved organic carbon, SA = SOC in sand and 
aggregates, SC = silt and clay, rSOC = resistant SOC. Error bars indicate standard errors. 
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Figure 6: Proportion of total soil organic carbon (SOC) in the silt and clay (SC) fraction 
[%] as a function of relative mass of the SC fraction [%], with correlation coefficients of 
the fits (R2). 

Particulate organic matter (POM) 

The POM fraction is the youngest and most labile SOC fraction (Leifeld and Kögel-
Knabner, 2005; Poeplau and Don, 2013) and might therefore be expected to respond 
strongly to soil warming (Xu et al., 2012). However, this was not the case in the present 
study. Only in the subsoil it depleted more rapidly than in the bulk soil. This was most 
likely related to the fact that the POM pool was permanently restored to some degree by 
below-ground plant-derived C inputs. With increasing depth, the input of plant-derived 
SOC decreases (Jackson et al., 1996), which might explain the greater depletion of POM 
after warming in the subsoil layer than in the topsoil layer. Unexpectedly, we were able 
to detect POM even in the grass-free +40°C treatment, which might indicate that i) some 
carbon input persisted even under a moss cover or that ii) a part of POM had very low 
decomposability.  

Dissolved organic carbon (DOC) 

The DOC fraction, which in the fractionation procedure applied here represents water-
extractable SOC, is generally regarded as an active fraction with more rapid turnover 
than bulk soil (Zimmermann et al., 2007). However, in this study we found relative 
enrichment of DOC with increasing temperature. This is in line with (Poeplau and Don, 
2013), who found DOC to be less sensitive to land use change than bulk soil. In the case 
of warming, this finding could be related to decreased aggregation, which might have 
exposed relatively more organic matter particles to dissolution. Despite an incomplete 
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dataset for δ13C in DOC, we were able to show strong enrichment of 13C with increasing 
soil warming (Fig. 4). Since the DOC measured in this study refers to carbon dissolved 
during wet sieving, this enrichment indicates that wet sieving dissolved older material 
in the more warmed soils. Under field conditions, this increasing potential of SOC to be 
dissolved and leached might have contributed to some degree to the overall losses of 
SOC.     

Carbon stored in sand and stable aggregates (SA) 

The SA fraction was most sensitive to increased soil temperature. Soil warming not only 
led to a decrease in carbon concentration, but also to a large mass loss of the SA fraction. 
Similar sensitivity of the SA fraction to changes in environmental conditions has been 
observed by Guidi et al. (2014) and Poeplau and Don (2013), who found a strong 
decrease after conversion from grassland to forest. The results of our study clearly 
indicate destabilisation and break-up of aggregates along the warming gradient, since 
the mass of the fine SC fraction showed the opposing trend. The negative effect of soil 
warming on aggregate stability has been reported previously (Lavee et al., 1996; Rillig et 

al., 2001), but many different mechanisms may be involved. It is not even clear whether 
the depletion of SOC leads to a decrease in aggregation (Lavee et al., 1996) or whether 
the break-up of aggregates due to warming leads to destabilisation of SOC. The latter 
could have biological reasons, such as changes in soil fauna (mostly earthworms), fungal 
hyphae, the rooting system and the abundance of certain proteins or polysaccharides or 
complex biofilms fostering soil aggregation (Tisdall and Oades, 1979; Traore et al., 2000; 
Rillig et al., 2001; Qurashi and Sabri, 2012). Between +16.6°C and +40°C (grass-free) we 
found a very pronounced decrease in SA fraction mass, which might indicate the 
importance of an intact rooting system and root-associated fungal hyphae for aggregate 
stability (Tisdall and Oades, 1979). The more persistent aggregate-binding agents 
usually found in Andosols, such as allophanes and ferrihydrites, have been found to 
primarily stabilise microaggregates (<20 µm) (Lehtinen et al., 2015), which were part of 
the SC fraction in the present study. Thus, they did probably not influence the stability of larger aggregates. The change in δ13C in the SA fraction supports the theory of SOC 
decomposition due to aggregate break-up. While the SOC stored in the SA fraction consisted of younger and less decomposed SOC than the SOC in the bulk soil (lower δ13C 
value), it was enriched in 13C compared with the bulk soil after soil warming of more 
than 9.9°C in the upper and 16.6°C in the lower layer. Only the most stable aggregates 
and presumably organic coatings on sand grains remained undecomposed at higher 
temperatures. The additional SOC that was sequestered at 0.6°C warming was almost 
entirely found in the SA fraction, which further underlines the sensitivity of this fraction 
to environmental change, but also its importance for SOC accrual (Denef et al., 2001).  
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Carbon stored in the silt and clay fraction 

The SC fraction is operationally divided into a very recalcitrant, passive SOC pool (rSOC) 
and a slow-cycling SOC pool associated with silt and clay minerals (SC-rSOC). The rSOC 
fraction is isolated by a chemical fractionation step which mimics very aggressive 
decomposition. It is meant to correspond functionally to an inert pool that does not 
change under any environmental change excluding wild fires (Zimmermann et al., 
2007). However, the claim that the molecular structure of organic matter, rather than 
environmental conditions, controls its long-term persistence in the soil has been 
disproven (Schmidt et al., 2011; Dungait et al., 2012). Indeed, while rSOC was the most 
recalcitrant fraction in the present study, as revealed by the lowest δ13C value, it 
responded similarly to soil warming as the SC-rSOC fraction (67 and 78% SOC loss in 
top- and subsoils of the +40°C warmed soil, respectively). Irrespective of soil 
temperature, rSOC accounted for 25% of the total SC pool. This is in line with findings by 
Leifeld and Lützow (2013) that the activation energy of chemical and microbial 
(enzyme-catalysed) oxidation are not correlated, which indicates that they are 
determined by different sample properties. It is also in line with findings by Poeplau and 
Don (2013) that the rSOC fraction responded equally to land use change to the SC-rSOC 
fraction. It can therefore be concluded that these two fractions differ in their chemical 
composition, recalcitrance and radiocarbon age (Helfrich et al., 2007), but not, or only 
slightly, in their response to significant environmental changes. Poeplau and Don (2013) 
reported that these two fractions were about 30% less responsive to land use change 
than the bulk SOC, which is of the same order of magnitude as the relative enrichment of 
the two SC fractions in the present warming experiment. Chemical oxidation might thus 
not be appropriate to isolate a SOC fraction that is biologically stable under 
environmental change.  

Change in SOC fraction distribution after extreme soil warming and its implications  

Soil warming led to a shift in SOC fraction distribution. In both layers, the soil was 
relatively enriched in those fractions that are considered to be more stable. However, 
this was mostly due to a shift in soil mass of the fractions after aggregate breakdown. 
Altogether, the temperature sensitivity of SOC in the five fractions investigated was not 
as specific and distinct as expected, as revealed by the very similar 13C signal and thus 
relative 13C enrichment within all fractions, or at least those attached to the mineral soil 
(SA, SC, rSOC) and the bulk soil. This confirms findings by (Conen et al., 2006) that young 
and old SOC fractions were equally mineralised after warming. Likewise, Shaver et al. 
(2006) reported no significant changes in SOC distribution in different fractions after 
incubating a tundra soil at 7°C and 15°C. However, in the present study we found a 
response, especially in the lower layer, which was more decoupled from fresh C supply 
than the upper layer, that was perfectly in line with the response by fractions to land use 
change reported by Poeplau and Don (2013). They found that SOC stored in the rSOC, 
SC-rSOC and DOC fractions was less sensitive to environmental change than SOC stored 
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in POM and SA. This relative enrichment of more stable fractions is also in line with 
findings in other studies (Cheng et al., 2011; Xu et al., 2013). Yet, in agreement with 
Conen et al. (2006) and Shaver et al. (2006), we found that this was not primarily caused 
by differences in SOC turnover due to chemical recalcitrance, but by physical 
destabilisation of aggregates and thus a decline and growth of fractions as such, not only 
of the SOC stored within them. The SOC of silt or clay particle size that was previously 
stored in aggregates was found in the SC fraction after aggregate break-up. The 
successive growth of the SC fraction with increasing temperature was a very strong 
predictor for the total proportion of SOC stored in that fraction, as illustrated in Figure 6. 
Thus, carbon attached to silt and clay was not relatively enriched due to higher stability 
or lower temperature sensitivity as the bulk soil, but due to the fact that the mass of this 
fraction increased. This relationship illustrates the difficulty of matching modelled and 
measured SOC pools to predict SOC dynamics after any environmental change by 
characterising a soil in steady state conditions or at one specific point in time.  

Soil organic carbon fractions are not static reservoirs through which carbon molecules 
pass at a certain pace, even if they may be distinguishable by aggregate size or stability, 
particle size or density. On the contrary, they are dynamic fragments of a complex 
continuum that responds to environmental change in several ways. This study showed 
repeatedly that the most sensitive and most diagnostic fraction (the SA fraction) is not at 
all homogeneous with regard to the nature and age of the SOC stored within. It contains 
both the youngest and oldest SOC, which becomes subject to decomposition after the 
stabilisation mechanism is de-activated. This is in line with the claims i) that SOC 
stability is governed by its accessibility rather than by its recalcitrance (Dungait et al., 
2012) and ii) that changes in environmental conditions can trigger changes in 
accessibility, and thus decomposition (Schmidt et al., 2011). Understanding the response 
of SOC to temperature increase should thus involve a more mechanistic approach that 
targets the main mechanisms for SOC depletion besides catalysed during microbial 
metabolism. Our findings are therefore well in line with the concept raised by Conant et 

al. (2011a), who suggested to focus on the temperature response of individual SOC 
stabilization processes rather than to measure temperature sensitivity of young and old 
carbon pools alone. In this study, we have not measured aggregate dynamics directly, 
although the strong mass loss in the SA fraction indicated aggregate breakdown with 
warming. In future studies investigating climate change effects on SOC, aggregate 
dynamics should play a key role.    
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Abstract  

Estimation of soil organic carbon (SOC) stocks requires estimates of the carbon content, 
bulk density, rock fragments content and depth of a respective soil layer. However, 
different application of these parameters could introduce a considerable bias. Here, we 
explain why three out of four frequently applied methods overestimate SOC stocks. In 
soils rich in rock fragments (>30 Vol. %), SOC stocks could be overestimated by more 
than 100%, as revealed by using German Agricultural Soil Inventory data. Due to 
relatively low rock fragments content, the mean systematic overestimation for German 
agricultural soils was 2.1-10.1% for three different commonly used equations. The 
equation ensemble as re-formulated here might help to unify SOC stock determination 
and avoid overestimation in future studies.  

 

Introduction 

Size and changes in the soil organic carbon (SOC) pool are major uncertainties in global 
earth system models used for climate predictions. Accurate estimation of SOC stocks is 
vital to understanding the links between atmospheric and terrestrial carbon 
(Friedlingstein et al., 2014). Estimates of global SOC stocks are based on soil inventories 
from regional to continental scale, involving multiplication of measured carbon content 
by soil bulk density (BD, oven-dry mass of soil per unit volume) and the depth of the 
respective soil layer (Batjes, 1996). The content of elements such as carbon and nitrogen 
in soils is usually determined in an aliquot sample of the fine soil, which is defined as the 
part of the soil that passes through a 2 mm sieve (Corti et al., 1998). Coarse mineral 
fragments >2 mm, in the following referred to as rock fragments (Poesen and Lavee, 
1994), are considered free of SOC (Perruchoud et al., 2000), although this may not be 
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completely true as shown by Corti et al. (2002).  Furthermore, living root fragments 
>2mm are not considered part of SOC, but usually as part of plant biomass. It is thus 
widely accepted that accurate estimates of SOC stocks should account in some way for 
the presence of fragments >2 mm (Rytter, 2012; Throop et al., 2012).  

The accuracy of SOC estimates depends in the first instance on the available data and 
their quality. Soil organic carbon content of the fine soil is usually measured with high 
throughput and precision in elemental analyzers, while BD and rock fragments content 
are often only assessed in plot scale studies due to much more elaborate sampling 
requirements (Don et al., 2007). In regional scale studies or national soil inventories, BD 
is therefore often approximated using pedotransfer functions and the fraction of rock 
fragments is often ignored (Wiesmeier et al., 2012). Stoniness is therefore regarded as 
the greatest uncertainty in SOC stock estimates (IPCC, 2003). However, even when all 
parameters are recorded, considerable difference in SOC stocks can arise from varying 
use of the parameters in equations. Apart from the methodological bias caused by using 
different methods for determining BD and rock fragment content (Blake, 1965; Beem-
Miller et al., 2016), the different calculation approaches could lead to systematically 
different SOC stock estimates if soils contain rock fragments. Several of the approaches 
commonly used to calculate SOC stocks are not correct and inflate SOC stocks. The aim of 
this study was i) to reveal the conceptual differences in widely used methods for SOC 
stock calculation, ii) to quantify the methodological bias in SOC stocks in a regional scale 
soil inventory, iii) to identify the most affected soil layers and finally iv) to suggest the 
most adequate method for  unified and unbiased SOC stock calculation.  

 

Materials and Methods 

In a preliminary literature review we selected a total of 100 publications for which the 
method used to calculate SOC stocks was recorded. The search was restricted to publications listed in ISI Web of Knowledge, where ‘soil carbon stocks’ was used as the search term. We ordered the 4915 search results by ‘relevance’, excluded reviews and 
modeling studies and avoided redundant senior authors (Tab. S1). In the literature we 
identified four different methods, which vary in use of the parameters BD and rock 
fragments content (Wang and Dalal, 2006; Lozano-García and Parras-Alcántara, 2013; 
Poeplau and Don, 2013; Henkner et al., 2016):  

In method one (M1), a certain volume of soil is sampled, dried and weighed to determine 
BD. Thereby, no separation into fine soil and coarse soil (rock fragments, roots) fraction 
is made, while C concentration is determined in a sieved fine soil sample (usually <2 
mm). Soil organic carbon stocks are then calculated as follows: 

M1: 
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𝐵𝐷𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑚𝑎𝑠𝑠𝑠𝑎𝑚𝑝𝑙𝑒𝑣𝑜𝑙𝑢𝑚𝑒𝑠𝑎𝑚𝑝𝑙𝑒                                                                                                                (Eq. 1), 𝑆𝑂𝐶𝑠𝑡𝑜𝑐𝑘𝑖 = 𝑆𝑂𝐶𝑐𝑜𝑛𝑓𝑖𝑛𝑒 𝑠𝑜𝑖𝑙 × 𝐵𝐷𝑠𝑎𝑚𝑝𝑙𝑒 × 𝑑𝑒𝑝𝑡ℎ𝑖                                                             (Eq. 2), 

where 𝐵𝐷𝑠𝑎𝑚𝑝𝑙𝑒 is the bulk density of the total sample, 𝑚𝑎𝑠𝑠𝑠𝑎𝑚𝑝𝑙𝑒is the total mass of 

the sample, 𝑣𝑜𝑙𝑢𝑚𝑒𝑠𝑎𝑚𝑝𝑙𝑒  is the total volume of the sample, 𝑆𝑂𝐶𝑠𝑡𝑜𝑐𝑘𝑖  is the SOC stock 

of the investigated soil layer (i) [Mg ha-1], 𝑆𝑂𝐶𝑐𝑜𝑛𝑓𝑖𝑛𝑒 𝑠𝑜𝑖𝑙 is the content of SOC in the fine 

soil [%] and  𝑑𝑒𝑝𝑡ℎ𝑖  is the depth of the respective soil layer [cm]. This method does not 
account for rock fragments at all. In method two (M2), a certain volume of soil is 
sampled, dried and weighed. However, after sieving, the mass and volume of rock 
fragments and coarse roots are determined. In the following, we simplify the equations by omitting coarse roots, which is also ‘common practice’, although the volume occupied 
by roots can be considerably high. This source of error is not further discussed in this 
study. By approximating a rock fragments density (𝜌𝑟𝑜𝑐𝑘 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠) of 2.6 g cm-3 (Don et 

al., 2007) (root density is usually assumed to be close to 1 g cm-3), BD of the fine soil is 
subsequently calculated as:  

M2: 𝐵𝐷𝑓𝑖𝑛𝑒 𝑠𝑜𝑖𝑙 = 𝑚𝑎𝑠𝑠𝑠𝑎𝑚𝑝𝑙𝑒−𝑚𝑎𝑠𝑠𝑟𝑜𝑐𝑘 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠𝑣𝑜𝑙𝑢𝑚𝑒𝑠𝑎𝑚𝑝𝑙𝑒−𝑚𝑎𝑠𝑠𝑟𝑜𝑐𝑘 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠𝜌𝑟𝑜𝑐𝑘 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠                                                                               (Eq. 3), 

𝑆𝑂𝐶𝑠𝑡𝑜𝑐𝑘𝑖 = 𝑆𝑂𝐶𝑐𝑜𝑛𝑓𝑖𝑛𝑒 𝑠𝑜𝑖𝑙 × 𝐵𝐷𝑓𝑖𝑛𝑒 𝑠𝑜𝑖𝑙 × 𝑑𝑒𝑝𝑡ℎ𝑖                                                           (Eq. 4), 

Thus in M2, coarse soil content is accounted for in equation (3), not in equation (4). The 
opposite is true for the next method (M3), in which the rock fragments fraction [Vol. % 
/100] is determined, but only applied to reduce the soil volume (Eq. 5), and not to 
determine 𝐵𝐷𝑓𝑖𝑛𝑒 𝑠𝑜𝑖𝑙:  
M3: Eq. 1, 𝑆𝑂𝐶𝑠𝑡𝑜𝑐𝑘𝑖 = 𝑆𝑂𝐶𝑐𝑜𝑛𝑓𝑖𝑛𝑒 𝑠𝑜𝑖𝑙 × 𝐵𝐷𝑠𝑎𝑚𝑝𝑙𝑒 × 𝑑𝑒𝑝𝑡ℎ𝑖 × (1 − 𝑟𝑜𝑐𝑘 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛)                                              

(Eq. 5) 

In method four (M4), the coarse soil fraction is accounted for in both equations, i.e. to 
calculate 𝐵𝐷𝑓𝑖𝑛𝑒 𝑠𝑜𝑖𝑙 (Eq. 3) and the volume of the fine soil (Eq. 6) 

M4: Eq. 3,  𝑆𝑂𝐶𝑠𝑡𝑜𝑐𝑘𝑖 = 𝑆𝑂𝐶𝑐𝑜𝑛𝑓𝑖𝑛𝑒 𝑠𝑜𝑖𝑙 × 𝐵𝐷𝑓𝑖𝑛𝑒 𝑠𝑜𝑖𝑙 × 𝑑𝑒𝑝𝑡ℎ𝑖 × (1 − 𝑟𝑜𝑐𝑘 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛)                        

(Eq.6) 

It has to be noted, that when the term rock fragments fraction in Eq. 5 corresponds to the 
mass fraction of rock fragments and not to the volume fraction, results of M3 resembles 
results of M4.   



SOIL ORGANIC CARBON IN THE ‘ANTHROPOCENE’ 

266 
 
 

In the German Agricultural Soil Inventory, more than 3000 agricultural soils (cropland 
and grassland) have been sampled as described by Grüneberg et al. (2014). To date, a 
total of 2515 sites were sampled and analysed for all relevant parameters (rock 
fragments content, fine soil mass, carbon content of the fine soil) in five different depth 
increments: 0-10, 10-30, 30-50, 50-70 and 70-100 cm. Here, we excluded soils with a 
SOC content >8.7%, which are not considered mineral soils anymore (Ad-Hoc-Ag Boden, 
2005), giving a total of 2350 sites and 11,514 soil samples. The most common soil types 
sampled were cambisols (24 %), anthrosols (16 %), stagnosols (13%) and albeluvisols 
(11 %) and the parent material was at 93 % of all sites loose sediments of varying 
origins. We expected the strongest effects in soils with high stoniness and therefore 
stratified the dataset by rock fragments content [vol. %]. Therefore, we additionally 
calculated the method-induced potential deviation in SOC stocks as a function of rock 
fragments content (0-70 vol. %) for the average 𝐵𝐷𝑓𝑖𝑛𝑒 𝑠𝑜𝑖𝑙 of the inventory dataset (1.4 g 

cm-3). Due to the fact that method-induced deviations were systematic, we did not 
conduct statistics. As soon as the rock fragments content is not 0, there is always a 
significant difference between calculation methods, no matter how small the differences 
between methods would be. Data analysis and plotting was performed in the R 3.1.2 
environment (R Development Core Team, 2010).  

 

Results and Discussion 

Bias of three calculation methods to estimate SOC stocks 

Three out of the four SOC calculation methods produced systematically overestimated 
SOC stocks. These deviations are systematic errors (bias) that cannot be reduced with 
optimised methods to determine the parameters SOC content, BD and rock fragments 
content but reduce the accuracy of SOC stock estimates. As expected, the differences in 
SOC stocks between calculation methods increased with rock fragments content (Fig. 1). 
This is in line with findings by Rytter (2012), who observed that the method of BD 
estimation is most important in very stony soils. While differences between methods for 
soils with a rock fragment content of less than 5 vol. % were small to almost negligible, 
M1-M3 deviated strongly from M4 in soils with >30% rock fragments (Fig. 1). Since M4 
is the closest approximation to reality, the systematic bias was expressed as relative 
deviation from M4 (Tab. 1). In soils with >30% rock fragments, M1 caused the highest 
bias of all three calculation methods, overestimating SOC stocks by on average 144%, i.e. 
more than doubling the real SOC stocks. Methods M2 and M3 also produced biased SOC 
stocks with 98% and 21% overestimations for the highest rock fragment content class 
(>30% rock fragment content).  

Using the average 𝐵𝐷𝑓𝑖𝑛𝑒 𝑠𝑜𝑖𝑙 of 1.4 g cm-3, we plotted the deviation from M4 as a function 

of volumetric rock fragment content for M1-M3 (Fig. 2). Thereby, M1 and M2 showed 
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exponential responses, while M3 showed a linear response. These responses would 
increase with decreasing bulk density of the fine soil. The literature review revealed that 
M1, M2, M3 and M4 were used by 52, 5, 30, and 13 studies respectively. In 19 out of 30 
studies using M3, it was unclear if the correction term (1- rock fragment fraction) 
referred to the volumetric or gravimetric rock fragment fraction. Thus, in 68-87% of all 
studies reviewed, SOC stocks were systematically overestimated assuming a rock 
fragment fraction >0. More than half of the studies reviewed did not account for the rock 
fragment fraction at all. Cropland was the land-use type in which rock fragment were 
most often completely ignored. Eighty five percent of all reviewed cropland studies used 
M1 to calculate SOC stocks (Table S2). In contrast, 54% of all studies that used M4 were 
conducted in forest soils. This might be related to the fact that rock fragment are more 
abundant in forest soils and that SOC investigations in cropland soils are often restricted 
to the surface layer with low rock fragment fraction. However, only 17% of all assessed 
forest studies used method M4, while M1 was the most often applied (41 %).  

Table 1: Fraction of total observations for different volumetric rock fragment content 
classes in the German Agricultural Soil Inventory and average soil organic carbon stock 
deviations [%] from M4 for the calculation methods M1-M3 in different depth 
increments. 

Depth Fraction of total observations     Average relative deviation from M4 

 <5% 5-10% 10-20% 20-30% >30% M1 M2 M3 

0-10 78.4 12.9 5.7 1.8 1.2 6.1 3.6 2.2 

10-30  72.4 14.0 6.4 3.1 4.2 7.3 4.3 2.5 

30-50 68.4 10.3 6.4 4.1 10.7 8.4 5.3 2.2 

50-70  67.5 9.4 6.4 4.1 12.6 8.8 5.8 2.1 

70-100  68.4 9.3 5.7 3.3 13.3 10.1 6.5 2.3 

 

The number of soils with high rock fragment contents in the German dataset is limited 
due to the dominance of parent material from glacio-fluvial deposits (Tab. 1). Thus, the 
majority of soils (67-78%, depending on soil depth increment) had a volumetric rock 
fragment content of <5%. As a consequence, the average SOC stocks were only 
moderately influenced by the calculation method (2.1-10.1% deviation, Tab. 1). For 
forests, which are usually found on soils less suitable for agriculture, e.g. due to high 
stoniness, the bias would be stronger. Overall, the results highlight the importance of a 
correct use of the parameters BD and rock fragment fraction when calculating SOC 
stocks.  
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Figure 1: Average soil organic carbon stocks of the German Agricultural Soil Inventory in 
different depth increments calculated by different calculation methods (M1-M4) for five 
volumetric rock fragment content classes. Error bars indicate standard errors. 

Evaluation of the four different calculation methods 

Since all four methods use the same 𝑆𝑂𝐶𝑐𝑜𝑛𝑓𝑖𝑛𝑒 𝑠𝑜𝑖𝑙 due to equal preparation of the fine 

soil, differences between the calculation methods arise from differences in use of the 
parameters BD and rock fragment content. The individual bias of each method is 
visualized in Figure 3. In M1, BD of the soil containing SOC (fine soil) is overestimated 
due to inclusion of rock fragment in the BD estimate. The volume of soil which contains 
SOC present in the respective soil layer is also overestimated, since the rock fragment fraction is not subtracted from the total soil volume (Eq. 2). Thus, M1 ‘fills’ the space 
occupied by rock fragments with fine soil with an overestimated BD. In the German 
Agricultural Soil Inventory, only 9% of all sampled layers were found to be free of rock 
fragments. Thus, for most soils M1 is not the correct way to calculate SOC stocks. 
Similarly, M2 overestimates 𝑆𝑂𝐶𝑠𝑡𝑜𝑐𝑘𝑖  by filling the volume of rock fragments with fine 
soil. However, BD is calculated and used correctly leading to a smaller systemic 
overestimation of SOC compared to M1. Finally, M3 correctly accounts for the rock 
fragment fraction that can be assumed to be SOC free. However, in M3 an overestimated 
BD is applied as in M1, i.e. 𝐵𝐷𝑠𝑎𝑚𝑝𝑙𝑒 and not the 𝐵𝐷𝑓𝑖𝑛𝑒 𝑠𝑜𝑖𝑙. Methods to estimate BD and 

rock fragment content vary, primarily owing to size and abundance of the latter and may 
have large uncertainty (Blake, 1965; Parfitt et al., 2010; Rytter, 2012). However, the 
presented difference between calculation methods is independent of the method of 
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determination of the these parameters with one exception: If the sampled soil layer 
contains no gravel, but only fine soil and rock fragments that exceed the diameter of a 
soil ring used to determine 𝐵𝐷𝑠𝑎𝑚𝑝𝑙𝑒 , and this ring is placed at a position (in the profile 

wall) which is completely free of rock fragments, while the rock fragment content is 
estimated with a different method and accounted for, then M3 does resemble M4.  

 

Figure 2: Systematic deviations in SOC stock from calculation method M4 for methods 
M1-M3 as a function of volumetric rock fragment content. Bulk density of the fine soil 
was set to 1.4 g cm-3 in this example. 

Bulk density is often determined with soil rings with a volume between 100 and 500 
cm³ or soil probes (Walter et al., 2016). In the German Agricultural Soil Inventory, 250 
cm³ soil rings are used to determine BD. In 91% of all soils inventoried, small rock 
fragments were detected which end up in the soil ring and have to be corrected for. 
Thus, method M3 is rarely a correct method to estimate SOC stocks. It is erroneously 
often cited as the IPCC default method. However, while the equations given in IPCC 
resemble M3, IPCC provides a footnote that is most likely often overlooked, which states that BD estimates should be corrected for the proportion of ‘coarse fragments’ (IPCC, 
2003). Even if the rock fragment fraction might store a certain amount of organic carbon 
(Corti et al., 2002), which might lead to slight underestimation of SOC stocks in M4, we 
suggest use of this method in future studies.   

Proposed equations to calculate SOC stocks 

Bulk density might be of interest as an important soil property. However, for the 
calculation of SOC stocks alone it is not needed, while it is the fine soil stock of the 
investigated soil layer (𝐹𝑆𝑆𝑖, Mg ha-1) that is of interest since it contains the SOC. Thus, 
the equations in M4 could be reformulated as: 
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𝐹𝑆𝑆𝑖 = 𝑚𝑎𝑠𝑠𝑓𝑖𝑛𝑒𝑠𝑜𝑖𝑙𝑣𝑜𝑙𝑢𝑚𝑒 𝑠𝑎𝑚𝑝𝑙𝑒  × 𝑑𝑒𝑝𝑡ℎ𝑖                                                                                                    (Eq. 7), 𝑆𝑂𝐶𝑠𝑡𝑜𝑐𝑘𝑖 = 𝑆𝑂𝐶𝑐𝑜𝑛𝑓𝑖𝑛𝑒 𝑠𝑜𝑖𝑙 × 𝐹𝑆𝑆𝑖                                                                                         (Eq. 8) 

This has implications for sample preparation: For 𝐵𝐷𝑓𝑖𝑛𝑒 𝑠𝑜𝑖𝑙 the volume of coarse 

fragments has to be estimated by weighing rock fragments and coarse roots separately, 
while 𝐹𝑆𝑆𝑖 would only need the total mass of the fine soil contained in the known 
volume of sample. When using soil probes to sample soil cores with a known volume, 
FSSi calculation can further be simplified to:  𝐹𝑆𝑆𝑖 = 𝑚𝑎𝑠𝑠𝑓𝑖𝑛𝑒𝑠𝑜𝑖𝑙𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑠𝑎𝑚𝑝𝑙𝑒                                                                                                                       (Eq. 9), 

where 𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑠𝑎𝑚𝑝𝑙𝑒 is the surface area [cm²] of the sampling probe.  

 

 

Figure 3: Schematic overview on the four methods applied to estimate the mass of soil 
needed to calculate soil organic carbon stocks. Different shades of brown are used to 
indicate different densities. Thereby the rock fragment fraction (ellipsoids) has the 
darkest brown and the fine soil fraction the lightest brown. 

 

Conclusions 

We show here that substantially different methods are used for the calculation of SOC 
stocks. These methods differ in use of the parameters bulk density and rock fragment 
content, which causes systematic overestimation of SOC stocks in three out of four, more 
or less frequently applied methods, or in 68-87 of 100 publications reviewed. We 
showed that this overestimation can exceed 100% in stony soils. For future studies, we 
suggest to calculate the fine soil stock of a certain soil layer which is to be multiplied 
with its SOC content to derive unbiased SOC stock estimates. If rock fragments were 
measured, also SOC stocks of existing datasets could be recalculated, e.g. in the case of 
resamplings. 
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Abstract 

Measurement of soil organic carbon (SOC) or other elements in air-dried soil samples 
leads to underestimation of mass fraction per unit dry soil (concentration) unless the 
residual water (RW) content is accounted for. However, RW measurements are time-
consuming and costly and thus often neglected. The resulting bias can lead to dramatic 
erroneous results, especially when two differently treated datasets are compared. We 
therefore derived pedotransfer functions to estimate residual water content in air-dried 
soil samples from: i) SOC content, ii) clay content and iii) both variables together. The 
uncertainty of prediction decreased in the order (i)-(iii), with root mean squared 
deviation (RMSD) values of 0.64, 0.46 and 0.34 % of RW content, respectively. These 
functions represent a potential step towards more harmonized and transparent SOC 
determination. 

 

Introduction 

The content of organic carbon and other elements in soil is often measured in air-dried 
samples which still contain some water. Dry weight (DW) usually refers to a sample 
where the residual water (RW) has been removed by drying at 105°C. It is often unclear 
whether data reported in the literature refer to air-dry or DW samples. If a set of soil 
organic carbon (SOC) data is assumed to be on a DW basis when in fact it is on an air-dry 
basis, this results in systematic underestimation of SOC content. Therefore RW needs to 
be determined in a subsample. However, it is time-consuming and thus costly to conduct 
this extra analysis for each sample, especially in large-scale case studies involving a huge 
amount of soil samples, while the bias might be relatively small. In some studies, the RW 
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content is therefore determined only for pooled samples, e.g. for a site, and the value 
obtained is applied to correct all individual samples from that site, which adds 
uncertainty to each SOC measurement (Poeplau and Don, 2013). In other studies, RW 
may be considered negligible and not measured at all, introducing a bias to the sample 
set which becomes problematic when the study is compared with others. The most 
striking example is a repeated soil carbon inventory, where if RW content is accounted 
for on one sampling occasion but not another, the bias introduced may indicate a 
significant difference even if the actual SOC content remains unchanged. A residual 
water content of 3 % does lead to an overestimation of around 1.5 Mg C ha-1, assuming a 
SOC stock of 50 Mg C ha-1. This is in the range of decadal effects of certain organic 
amendments, such as crop residue incorporation on SOC (Smith et al., 2005). A-

posteriori determination of RW in samples is often impossible, so the alternative is to 
use a pedotransfer function (PTF). It is well known that soil water retention is largely a 
function of texture and organic matter content, determining the amount of fine pores 
and surface area on which adsorption takes place (Briggs and Shantz, 1912; Van 
Genuchten, 1980; Vereecken et al., 1989). Wäldchen et al. (2012) recently attempted to 
estimate clay content from the RW content of air-dried samples. Using 240 and 137 
observations obtained using two different methods for determining soil clay content, 
they were able to estimate clay content with an uncertainty of 20 and 28 %, respectively 
(scaled mean absolute error). However, this may not be sufficiently accurate for a 
parameter of such importance.    

Our aim was to derive a PTF to replace extensive measurements of RW content, using a 
subset of data from the Swedish arable soil monitoring programme 2001-2007 
(Eriksson et al., 2010).  

 

Materials and Methods 

In the above mentioned programme, soil samples to 20 cm depth were taken at 
approximately 2000 sampling locations all over Sweden. The sampling was conducted 
following a fixed countrywide sampling grid. For each location, only one pool sample 
was analysed. The observations can thus be considered independent and identically 
distributed. Organic carbon content was analysed by dry combustion (LECO, St. Joseph, 
Michigan, USA). Particle size distribution was determined by a combination of wet 
sieving for the sand fraction (0.06 mm) and sedimentation analysis using the pipette 
method for the finer fractions. The soil was then air-dried at average room temperature, 
passed through a 2-mm sieve and RW was determined after drying at 105oC. The SOC 
content ranged from 0.56 to 54.2%, but in the present study we included only mineral 
soils, with SOC content up to 7% (Andrén et al., 2008). Organic soils with large fractions 
of undecomposed plant material were excluded because other undetermined factors 
such as the origins of the plant material were assumed to play a crucial role in SOC 
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content. The clay content in the selected mineral soil samples ranged from 1-73%. In 
total, data (including RW content) were available for 1461 individual samples. Three 
samples with RW content >10% were identified a priori as outliers and excluded, as they 
were obviously not completely air-dried. Correlations between SOC content and the 
relative proportions of different particle size classes (sand, silt and clay content) and RW 
content [% of air-dried soil mass] were then examined and linear (multiple) regression 
models derived.  

As expected, clay was the particle size class explaining most of the variance. Clay and 
SOC content were not correlated (R²=0.01, data not shown), which allowed both these to 
be used as independent explanatory variables in the same model. Due to the observed 
heteroscedasticity in the data distribution (Fig. 1), especially in the relationship of RW 
and SOC, we used MM-estimation to fit robust linear regressions (Andersen, 2008). 
Model fits were conducted in R with the package robustbase and their accuracy was 
evaluated using the root mean squared deviation (RMSD) (Piñeiro et al., 2008).  

Soil samples are often oven-dried at 40°C before analysis, which reduces the RW content 
compared with air-drying. Using a set of 125 samples from 24 different sites across 
Europe (Poeplau and Don, 2013) we estimated a scaling factor (SF) for the PTFs derived 
and validated them at the same time. Thus we first applied the PTFs to the new sample 
set and then used the modelled values in a new linear model forced through the origo, so 
that only the slope of the function was optimized. 

 

Figure 1: Residual water content as a function of A) soil organic carbon content and B) 
clay content.  
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Results and Discussion 

SOC content was significantly correlated with RW content (R²=0.24) (PTF1; Fig. 2A). 
High RW contents tended to be underestimated and low RW contents overestimated. 
The uncertainty (RMSD) of estimation using SOC was 0.64%. Clay content was also 
significantly correlated with RW content, with much higher explanatory power 
(R²=0.63) (PTF2, Fig. 2B), and with RMSD reduced to 0.46%. However, the best 
performance was achieved with a multiple regression combining clay and SOC content 
(R²=0.81) (PTF3; Fig. 2C). The RMSD of the model fit was 0.34%, which should be an 
acceptable value for estimation of RW content. If both parameters are available, we 
therefore suggest using the latter function (PTF3) for RW content correction.  

 

Figure 2: Measured versus modelled RW content in air-dried samples with regression 
functions (A-C, Swedish inventory dataset) and their scaling factors (SF) for samples 
dried at 40°C (D-F, European SOC sampling campaign). ‘C’ in the equations represents 
SOC. 
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The correlations between modelled and measured values for the validation dataset were 
almost as good as for the calibration dataset (R²= 0.24, 0.45 and 0.72 for PTF1, PTF2 and 
PTF3) and the SF was 0.82, 0.71 and 0.77, respectively (Fig. 2 D-F). Thus, roughly 25% of 
RW is lost when soil samples are dried at 40°C. The different SF for SOC and clay indicate 
a certain inherent measurement bias when different datasets are compared. 

We believe that application of the PTF derived here to correct soil RW content can lead 
to simplified, more harmonized and more transparent SOC research. 
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Abstract 

Agricultural management effects on soil organic carbon (SOC) can be significant, but are 
often relatively small compared with the total SOC pool and its field-scale variability. In 
field experiments, completely uniform initial SOC concentrations across all plots are 
unlikely. Therefore, measured treatment effects through time are biased by these initial 
differences. This study questioned how much this bias can represent and whether it can 
be neglected or must be accounted for. In 1116 investigated pairs of treatments in 10 
meta-replicated Swedish long-term soil fertility experiments, the average absolute initial 
difference in SOC was 1.3 g C kg-1, whereas the average absolute difference after about 
50 years of contrasting management was 1.5 g C kg-1. Initial differences in SOC were 
significantly correlated with final differences (R2=0.14) and in 47% of all investigated 
pairs the absolute initial difference was higher than the absolute final difference. 
However, simple subtraction of initial differences between pairs from final differences to 
isolate the treatment effect neglect the fact that that the soil with the higher initial SOC 
content will lose proportionally more C through mineralization during the experimental 
period higher SOC content caused higher SOC mineralisation during the experimental 
period. Therefore, a first-order kinetic model was used to predict the decrease in initial 
SOC differences over time as influenced by climate. We derived a generic empirical 
equation that can be used to account for this severe but inherent problem with plot 
experiments. According to, 65 and 69 % of the initial differences in SOC between 
treatment pairs persisted after 50 years under the climate conditions in southern and 
central Sweden, respectively. We conclude that initial differences can be severe and have 
to be accounted for. The proposed empirical equation can reduce the bias in treatment 
comparisons for different climatic conditions and contribute to improve the quality of 
data interpretation from long-term field experiments. 
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Introduction 

Agricultural management can have significant effects on soil organic carbon (SOC). This 
is most often determined in long-term field experiments around the globe in order to 
obtain generalisable results, e.g. to parameterise models (Smith et al., 1997). Debreczeni 
and Körschens (2003) estimated the number of long-term (10 to >100 years) field 
experiments in the world to be 625, with 185 trials considered as classical (>50 years), 
most of them located in Europe. However, even in long-term experiments, detecting SOC 
changes as a function of varying management practices is challenging (Knebl et al., 
2015), since field-scale spatial heterogeneity in SOC can be as high as the long-term 
effect of a management practice. Field-scale variability of SOC can have various causes, 
such as prior land-use, topographical or pedological variability, patchiness of organic 
amendments or spots of charcoal derived from burning (Conant et al., 2003). Locations 
for field experiments are therefore carefully selected and, if possible, installed in flat 
terrain without any detectable variability in soil type or texture (Cerri et al., 2004). 
However, SOC variability is still detected (Lück et al., 2011).  

To account for this problem, the conventional approach is to lay out the experiments in a 
thoroughly replicated, randomised design, so that any existing gradients in SOC are 
minimised. Ideally, with regard to e.g. SOC, the difference between the average values of 
the plots designated for each treatment should be zero. However, this is often not the 
case, particularly for some of the classical long-term field experiments (Poeplau et al., 
2015b). One of the reasons for this problem relates to the fact that they are often 
assigned to relatively large plots, or they may be subject to deficiencies in the 
experimental design, such as lack of adequate replication (Janzen, 1995). This deficiency 
in replication is not necessarily attributable to poor design, but in many cases such 
experiments were actually established before the statistical methods used today were 
developed (Machado & Petrie, 2006). Furthermore, the classical long-term experiments 
were not initially designed to study the temporal dynamics of SOC. As a consequence, 
detected differences in SOC between treatments may be biased to some degree by initial 
average differences between the plots in which the treatments were laid out. Treatment 
effects on SOC can thereby be overestimated or underestimated when the latest 
measured SOC differences are ascribed to the treatment alone. As a result, inaccurate 
conclusions may be drawn, results may be inexplicable and there may be high variability 
among different experiments (Poeplau & Don, 2015). The majority of available studies 
focusing on SOC dynamics after differing agricultural management practices only report 
final differences in SOC contents or stocks between treatments, assuming that the initial 
difference between those treatments is zero or negligible compared with the treatment 
effect (Dolan et al., 2006). In some studies only one initial value is given, which more 
likely indicates that spatial variability in SOC was ignored in the beginning, rather than 
non-existent (Zanatta et al., 2007; Zhu et al., 2007). Only scattered studies report 
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treatment-wise initial values (Pampolino et al., 2008; Liu et al., 2014). When initial 
differences are present, they are usually subtracted from final measured differences.  

The initial differences between treatments in agricultural long-term experiments in 
relation to final differences have never been investigated comprehensively. It is not clear 
whether plot-wise initial SOC contents should be corrected for, or if it is a reasonable 
assumption that they are negligible in the long term. The objective of this study was to 
shed light on this potentially underestimated problem in soil carbon research by using a 
large number of treatment combinations from 10 Swedish meta-replicated long-term 
field experiments.  

 

Materials and Methods 

We used data from 10 sites of the Swedish long-term soil fertility experiments initiated 
in 1957-1966, with the latest sampling in 2007-2011 (Carlgren & Mattsson, 2001). Five 
sites are situated in southern Sweden (55°N) and five in Central Sweden (58-60°N). The 
trials in southern Sweden were started in 1957 and the current experimental design 
exists since 1961. These sites were sampled plot-wise since 1962, which is therefore the 
reference year for those sites in this study. The other sites were sampled plot-wise since 
the establishment of the experiments. The period between first and last plot-wise 
sampling exceeded 45 years at all sites (Table 1). The experiments were laid out with a 
total of 16 different combinations of NPK fertilisation (four N levels each associated with 
four PK levels) within two different crop rotations in a replicated (n=2) randomised 
split-split-block design for a total of 64 plots. In this study, we only considered the 
rotation without manure application (n=32). Such a meta-replication, with several sites 
with identical experimental design across a wide range of pedological conditions, is 
quite unique (Johnson, 2006). Only the crop types and rotation length varied slightly 
between the sites in central and southern Sweden, according to regional agricultural 
practices. The experiments were laid out on old farmland, cultivated for at least one 
century. Only the experiment at Kungsängen (central Sweden) was converted from 
permanent grassland to cropland in the beginning of the last century (1907) (Kirchmann 
& Eriksson, 1993; Kirchmann et al., 1996; Kirchmann et al., 1999; Kirchmann et al., 
2005; Kirchmann et al., 2013). Plot-wise initial SOC concentration data were available 
for all experiments, which we averaged treatment-wise (n=16).  

Calculation of treatment-wise differences in soil carbon In this study, we calculated initial SOC differences (ΔSOCInitial) and final SOC differences (ΔSOCFinal) for all possible treatment combinations. For each experiment with all 16 
combinations, a total of 120 pairs were available for investigation. In two out of the 10 
experiments (Kungsängen and Fors), only 13 combinations were present, which enabled 
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the formation of 78 pairs. In total, we investigated 1116 pairs. The treatment effect on SOC (ΔSOCTreatment) was calculated as: ΔSOCTreatment =  ΔSOCFinal - ΔSOCInitial                                                                              (Eq. 1) 

A treatment effect of zero implies that initial differences were equivalent to those 
present at the final sampling. We calculated different measures to compare all three 
terms in Equation 1 both across experiments and for each experiment separately. These 
were:  

i) Mean absolute SOC difference (|∆𝑆𝑂𝐶|̅̅ ̅̅ ̅̅ ̅̅ ̅) ii) Number of pairs for which ΔSOCInitial> ΔSOCFinal iii) Number of pairs for which ΔSOCInitial> ΔSOCTreatment 

Table 1: List of sites with coordinates [°N/°E] period between initial and final sampling 
[yrs], clay and sand content [%], average initial soil organic carbon content  [%], soil pH, 
bulk density [g cm-3], mean annual temperature (MAT)  [°C], mean annual precipitation 
(MAP) [mm] and the condensed decomposition rate modifier re. 

Site Coordinates Duration Clay Sand SOC pH BD MAT MAP re 

Fjärdingslöv 55 40/13 23 49 14 62 1.4 7.9 1.66 7.7 550 1.26 

Orup 55 82/13 50 49 12 59 2.4 6.6 1.51 8.3 769 1.31 

Örja 55 88/12 87 49 23 52 1.1 7.8 1.72 8.3 593 1.24 

S. Ugglarp 55 63/13 43 45 12 63 1.5 6.7 1.5 7.7 686 1.28 

Ekebo 55 98/12 87 49 18 47 3.1 6.9 1.44 8.2 622 1.32 

Klostergården 58 50/15 50 45 48 8 2.1 6.2 1.43 6.4 527 1.19 

Högåsa 58 50/15 45 45 7 78 2.4 6.7 1.38 6.4 527 1.23 

Bjertorp 58 23/13 13 45 30 16 2.2 6 1.37 6.5 593 1.18 

Kungsängen 59 83/17 67 49 56 4 2.1 7.1 1.31 6 543 1.04 

Fors 60 33/17 48 49 18 24 2.2 7.7 1.49 5.5 613 1.15 

 

Statistics and modelling 

We used linear mixed effect models to explore the correlation of all three terms in 
equation 1. Experimental site was used as a random effect to account for the fact that 
treatment pairs from one site were not independent. After observing that Equation 1 could overestimate the influence of ΔSOCInitial on ΔSOCTreatment, as described in the 
Results and Discussion section, we used the dynamic first-order decay equations from 
the Introductory Carbon Balance Model (ICBM) to estimate the decrease in ΔSOCInitial 
over time (Andrén & Kätterer, 1997) (Figure 1). This was done by assuming a black 
fallow (zero input i) scenario for each site to mimic the decay of the initial SOC stock 
over time. This decrease in SOC is expressed as a relative proportion that remains as a 
function of time, and does directly describe the dynamic of the initial difference in SOC 
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stock between two treatments, assuming that the decay dynamic is equal for each 
treatment. Such a scenario is visualised in Figure 2, where the fictive Treatment 1 starts 
with a SOC stock of 100 Mg ha-1, while Treatment 2 has 10 Mg ha-1 less. After 100 years of “bare fallow”, the soil of Treatment 1 stores 47.5 Mg SOC ha-1, and the difference to 
Treatment 2 is 4.75 Mg SOC ha-1. Thus, the difference in SOC between treatments 
decreases proportional to the decrease in SOC stock of any treatment at a specific site.  

The ICBM model was initially calibrated for conditions in Central Sweden with data from 
the Ultuna frame trial, but has been applied in various regions (Andrén et al., 2007; 
Bolinder et al., 2007a; Borgen et al., 2012; Poeplau et al., 2015b). In this study, the model 
was run with default parameterisation, which is one young (Y) and one old (O) carbon 
pool with decomposition rate constants of 0.8 (kY) and 0.0065 (kO) and a humification 
coefficient h of 0.13. Initial partitioning of the total SOC stock (𝑇𝑂) into the young (𝑌0) and old pool was performed using the following equation (Poeplau et al., 2015b):  𝑌0 = 𝑘𝑂𝑘𝑂+ℎ×𝑘𝑌 × 𝑇0                                                                                                                  (Eq. 2) 

The ICBM model has a climate-dependent soil biological activity parameter (re) which 
summarises the soil climate and its effect on SOC decomposition. It is calculated from 
the daily product of soil moisture and temperature, averaged to give an annual value 
that is used in ICBM simulations (Andrén and Kätterer, 1997; Bolinder et al., 2008). 
There are two different re parameters, re_crop and re_clim (Bolinder et al., 2008). The re_crop 
parameter uses site-specific input data for climate, soil properties (texture) and crop 
characteristics. This parameter is used in site-specific or regional ICBM applications 
where the climate varies and where soil texture and net primary productivity-driven 
influences on soil moisture and temperature also need to be accounted for (e.g. 
Lokupitiya et al., 2010; Fortin et al., 2011; Borgen et al., 2012). Details about the 
calculation of re can be found in Fortin et al. (2011) and Bolinder et al. (2008). In this 
study, we calculated an average re_crop value for each site, which are listed in Table 1. In 
some cases the SOC content of soils can have a positive effect on the yield and net 
primary productivity (NPP) of agricultural crops, although this effect is not always 
present (Oelofse et al, 2015). To check whether carbon input via NPP of the crop was 
also influenced by initial SOC content in our experiments, we used the two replicates of 
each treatment investigated and derived ratios for initial SOC and the first reported 
yields. The two ratios were not correlated (data not shown), indicating that carbon input 
was not influenced by initial SOC content. Consequently, we did not consider the input 
term while developing the equation to isolate the treatment effect from measured SOC 
differences. Data analysis and modelling were performed in R. The ICBM R-code with 
example datasets and detailed descriptions can be downloaded at 
www.oandren.com/icbm.html. 
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Figure 1: Structure of the ICBM mother version with i= C input, k= decomposition rate 
constant, h= humification coefficient, re= decomposition rate modifier, Y= young soil 
carbon pool and O= old carbon pool. 

 

Figure 2: Fictive example of a treatment pair with different initial SOC stocks and their different SOC losses over time as modelled with ICBM under a “no input”-scenario. The 
used re value was 1.1, representing a central Swedish site. 
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Results and Discussion 

Measured initial and final differences in soil carbon across treatments 

The measured initial mean absolute SOC difference in all 1116 pairs was 1.3 g C kg-1. It 
was thus of the same order of magnitude as the measured final and calculated 
treatment-derived mean absolute SOC difference, which was 1.5 g C kg-1 and 1.6 g C kg-1, 
respectively (Table 2). The average error associated with the assumption that the final 
SOC difference between two treatments is a treatment effect alone was 87%. A total of 
529 out of 1116 pairs (47%) had a higher difference in SOC before the experiment 
started than after >45 years of contrasting treatments. A total of 437 out of 1116 pairs 
(39%) had a higher initial difference in SOC compared with the treatment effect as 
calculated using Equation 1 (Table 2). Correction for ΔSOCInitial thus could have changed the algebraic sign of ΔSOCFinal in almost every second possible pair of treatments. The 
majority of pairs for which the initial difference was larger than the final difference had 
values in the range -4 to +4 g C kg-1 final SOC difference (Figure 3B, data points above the dashed 1:1 line). When ΔSOCFinal was outside this range, it mostly overrode the initial effect. Ideally, the correlation between ΔSOCFinal and ΔSOCTreatment (Figure 3A) should 
resemble the 1:1 line, with an R2 value close to 1. The observed regression line was 
much shallower, indicating a tendency to underestimate high positive and negative treatment effects when ΔSOCInitial is not accounted for. In fact, ΔSOCInitial and ΔSOCFinal 

should not be correlated at all but a significant correlation was found (R2=0.14) (Figure 3B), revealing that ΔSOCFinal was biased. At some sites (Högåsa, Klostergården, Bjertorp, Ekebo), ΔSOCFinal was explained by ΔSOCInitial by up to 20-25%, while at other sites there 
was no correlation. Figure 4 illustrates the spatial pattern of initial SOC concentration at 
two different sites, one with relatively low (Örja) and one with high spatial variability 
(Ekebo). As the diagram shows, measured initial SOC values in the plots at Ekebo were 
not randomly distributed in space, but followed a clear spatial pattern. This supports the 
claim that observed initial differences in SOC can be attributed to intrinsic gradients in 
soil. Kirchmann et al. (1999) reported recurring grassland burning at Ekebo, which 
might explain the presence of black carbon residues in the soil. We randomly selected 
four plots at Ekebo corresponding to a pair of treatments, namely 211 and 224. The ΔSOCInitial between those two treatments was 6 g C kg-1. The ΔSOCFinal was also 6 g C kg-1 
carbon, which corresponds to a carbon stock of 17 Mg ha-1. Thus if ΔSOCFinal is assumed 
to represent the treatment effect, a large error arises. At Örja, for the same pair of 
treatments, the ΔSOCInitial was 1.2 g C kg-1 while ΔSOCFinal was 1.5 g C kg-1, which 
corresponds to a SOC stock difference of 4.1 Mg ha-1 at the beginning and 5.1 Mg ha-1 at 
the end. Using the advantage of a meta-replicate, we were able to directly compare the 
treatment effect (ΔSOCTreatment) of these two sites, which had an identical experimental 
layout, the same crops grown and comparable carbon inputs (data not shown). Neglecting ΔSOCInitial, the variation between Ekebo and Örja concerning ΔSOCTreatment of 
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the pair 211-224 was 11.9 Mg ha-1, while when Equation 1 was applied this variation 
decreased to 1 Mg ha-1.  

Using ICBM to estimate the decrease of initial differences in soil carbon The significant negative correlation between ΔSOCInitial and ΔSOCTreatment (Figure 3C, 
R2=0.27) indicated that Equation 1 introduced a new bias, namely overestimation of the 
initial difference. This can be explained by the fact that we assumed the SOC dynamics 
during the course of the experiment to be solely driven by contrasting treatments, while the effect of ΔSOCInitial on SOC dynamics was neglected. This is a crude simplification, 
since it is well known that carbon efflux is strongly governed by carbon content. The 
majority of carbon models are based on first order kinetics, in which the decay depends 
on the mass of carbon alone. This is a reasonable assumption, since the ratio of 
decomposers (microbial biomass) to SOC is rather constant (Börjesson et al., 2014). 
Thus, in absolute terms, decomposition of carbon is higher in treatments with greater initial SOC content, which should lead to decreases in ΔSOCInitial during the experiment. This has to be accounted for when ΔSOCFinal is corrected by ΔSOCInitial for calculating 
treatment effects. We used the first-order decomposition euqations from the ICBM model to estimate the temporal dynamics of ΔSOCInitial and thus the proportion of ΔSOCInitial that has to be subtracted from ΔSOCFinal to obtain a more realistic estimate of ΔSOCTreatment. We illustrated the effect of this correction for the same treatment pair 211-224 at Ekebo as presented above, which is an extreme example of ΔSOCInitial (17 Mg C ha-

1). During the 46 years of the experiment, ΔSOCInitial decreased by 31.5%. The relative 
decrease as a function of time was not sensitive to absolute initial difference, but was 
sensitive to re. We assessed the decrease in ΔSOCInitial with varying re (1-4), fitted exponential curves and thereby derived a new equation for the correction of ΔSOCFinal to 
isolate the treatment effect: 

 ΔSOCTreatment=ΔSOCFinal–ΔSOCInitial*(0.947+re_clim/1000)*e(-re_clim*0.006*time)                   (Eq. 3) 

where time is the length of the experiment [yrs] and re is the condensed climate variable 
that multiplies the decomposition rates in the ICBM equations.  
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Table 2: Average absolute initial, final and calculated treatment-derived (Equation 1) 
differences in SOC /g C kg-1; number of pairs for which initial difference exceeded final 
difference; and number of pairs for which initial difference exceeded calculated 
treatment difference (Equation 1), and proportion of the total number of pairs for both 
variables / % for each site and for all observations together (mean).   

Site 
Final 
|ΔSOC| 

Initial 
|ΔSOC| 

Treatment 
|ΔSOC| 

Initial |ΔSOC|>Final 
|ΔSOC| 

Initial |ΔSOC|>Treatment 
|ΔSOC| 

  / g C kg-1  / g C kg-1  / g C kg-1  / n / % / n / % 

Fjärdingslöv 1.4 0.9 1.8 53 0.44 44 0.37 

Orup 1.7 1.4 1.6 55 0.46 53 0.44 

Örja 0.9 0.3 0.9 41 0.34 40 0.33 

S. Ugglarp 1.6 0.6 1.6 34 0.28 36 0.30 

Ekebo 2.4 2.5 1.3 70 0.58 84 0.70 

Klostergården 1.1 1.3 1.9 75 0.63 41 0.34 

Högåsa 1.7 2.0 2.2 71 0.59 60 0.50 

Bjertorp 1.1 1.3 1.5 72 0.60 39 0.33 

Kungsängen 1.8 1.0 1.8 30 0.38 24 0.20 

Fors 0.9 0.8 1.4 28 0.36 16 0.13 

Mean 1.5 1.3 1.6 529 0.47 437 0.39 

 

There is no world-wide map with re values. However, Andrén et al. (2007) showed that 
re values can range from 1.1 to 4.7 for different regions in sub-Saharan Africa, while 
Bolinder et al. (2007a) calculated re values that ranged from 0.76 to 1.34 for semi-arid 
agricultural regions in western Canada, and from 0.94 to 1.52 for the cool, humid 
eastern Canadian regions. An re map of the USA, covering a wide range of climate 
conditions, has been published by Lokupitiya et al. (2012). Guidance to the calculations 
can be downloaded from http://www.oandren.com, which provides access to R script, 
SAS and Excel programmes that can be used to derive estimates for re, provided the user 
has daily data on air temperature and precipitation. Most long-term experiments should 
be located within that climate spectrum, so that re could be roughly estimated relatively 
easily. However, when the equation is applied to a certain site investigated in more 
depth, then it might be worth calculating the actual re value in order to minimise the 
uncertainty associated with an approximation. The sensitivity of the derived function to 
variation in re is illustrated in Figure 5. When using an re value of 1, 52% of ΔSOCInitial can 
be expected to remain after 100 years, while when using an re value of 4, only 8% would 
remain. This indicates that despite its exponential decrease over time, ΔSOCInitial is quite 
persistent, especially in temperate climates, which explains the observed significant correlation between ΔSOCInitial and ΔSOCFinal (Figure 3B). After 50 years, which is a 
rather long time span in agricultural experiments, an re_clim value around 1.1 or 1.3, as used in this study, resulted in a residual proportion of ΔSOCInitial of 69 or 65 %, 
respectively. In the example pair 211-224 from the Ekebo site, the calculated ΔSOCTreatment would then be 5.3 Mg C ha-1 (0.11 Mg C ha-1 yr-1) instead of 0 Mg C ha-1 
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(ΔSOCFinal - ΔSOCInitial) or 17 Mg C ha-1 (ΔSOCFinal). The average annual NPP-derived 
difference in C input of these two treatments was 1.2 Mg C, so roughly 10% of the 
additional carbon was retained in the soil. This is realistic and in line with values 
reported for fresh plant material in several other studies (Campbell et al., 1991; 
Thomsen & Christensen, 2004; Kong et al., 2005). ΔSOCTreatment as calculated with Equation 2 was found to be much less biased by the remaining proportion of ΔSOCInitial (Figure 3F) and the correlation between ΔSOCFinal and ΔSOCRecalculated Treatment became 
stronger (Figure 3D). We concluded that Equation 2 provides robust and reliable estimates to correct ΔSOCFinal for ΔSOCInitial.  

 

Figure 3: Correlations for all pairs of treatments investigated (n=1116) between: A) 
Calculated differences in SOC due to treatment (Equation 1) and measured final 
difference in SOC; B) measured initial and measured final difference in SOC; and C) 
measured initial difference in SOC and calculated differences in SOC due to treatment 
(Equation 1). D-F correspond to A-C, but with results from Equation 2 used. The unit in all cases is Δ SOC concentration / %. Continuous lines mark the linear regression lines, 
dashed lines mark the 1:1 lines.   
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Sensitivity of the derived equation to re  

Factors driving field-scale variability and ways to avoid it 

Site-specific ΔSOCInitial increased linearly with average initial SOC content (R²=0.79). 
Conant et al. (2003) and Poeplau et al. (2013) report that high spatial variability in SOC 
can be expected, especially in coarse-textured soils with a high SOC content, in which 
carbon is often stored in more coarse and labile fractions and is less equally distributed 
than in fine-textured soils. The three sites with the highest SOC contents in this study 
had a sand content of 47, 59 and 78 %. The analysis performed provides evidence that ΔSOCInitial has to be accounted for to determine ΔSOCTreatment in plot experiments. The 
significant correlation between those two variables indicated that initial differences in 
SOC most likely affected carbon dynamics during the course of the experiment. The 
approach suggested to correct for the initial SOC concentrations is independent of the 
changes in methodology between initial and final measurements, since it is based on a 
relative comparison between a pair of treatments. In general, sites with heterogeneous 
soil conditions should be avoided when new experiments are being established. Today, 
cheap and quick methods are available to monitor within-field variation, such as 
electromagnetic induction sensing or other geophysical and spectroscopic methods 
(Hedley et al., 2004, Nocita et al., 2015). A sufficient number of replicates should be 
provided (Petersen, 1994). However, Poeplau et al. (2015b) reported that initial 
differences can partly be unexpectedly higher than the effect of three decades of crop 
residue incorporation, even in randomised plot experiments with four replicates. After 
all, soils are natural systems in which spatial variability is inherent. The effect of many 
agricultural management practices on SOC is relatively small, even after decades of 
contrasting treatments, while initial differences are persistent. The bias introduced 
when initial differences are not considered can be large and is definitely not negligible.    

 

Figure 4: Spatial pattern of initial SOC concentration (1962) in all investigated plots of 
the fertilisation experiments in Ekebo and Örja. The numbers on the x-axis identify the 
different treatments. Continuous and dashed lines mark the two replicates of a 
treatment pair selected for exemplifying calculations.  
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Figure 5: Decrease in initial differences in SOC over time as modelled by ICBM in a zero 
input scenario using different re values (1-4). 

Conclusions 

In this study, we provide evidence that initial differences in carbon concentration 
between treatments in plot experiments have to be accounted for in order to accurately 
isolate the treatment effect from the measured difference between treatments at a 
certain point in time. This has often been ignored in a large number of studies and this 
adds to the uncertainty associated with reported SOC stock changes as affected by 
agricultural management. Long-term plot experiments are extremely valuable. And to 
improve current knowledge about soil carbon dynamics, we have to use this resource in 
the best way possible. We introduce an equation that can be used under a wide range of 
climate conditions to correct measured SOC differences between experimental 
treatments for a certain proportion of initial SOC differences, depending on climate and 
the duration of the experiment. Initial plot-wise SOC values may often be hidden in 
outmoded reports or initial samples stored in archives. This study shows that it is 
definitely worthwhile revisiting these sources and that calculated treatment effects 
based only on the latest SOC measurements can be significantly biased.   
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Abstract 

Background and Aims. Carbon inputs to soil are mostly site- and management-
nonspecific estimates based on measured yield. However, in grasslands most carbon 
input is root-derived and plant carbon allocation patterns are known to vary strongly 
across sites and management regimes. The aim here was to estimate carbon inputs by 
fitting the RothC model to time series of soil organic carbon (SOC) data from field sites 
and to explain the observed variability in root:shoot ratio (R:S).  

Methods. Time series of SOC stocks in 15 different temperate grasslands were simulated 
using eight different literature-derived R:S values, which were compared to the 
optimised, site-specific R:S. The model-derived root inputs were validated with 
literature-derived root biomass data.   

Results.  A single, static R:S for yield-based carbon input estimation for all grasslands 
was not appropriate. Nitrogen fertilisation (R2=0.57) significantly reduced the optimised 
R:S, which can be explained by the higher investment of plants in roots for nitrogen 
acquisition under nitrogen deficiency. The average R:S derived was 5.9±1.9 for 
unfertilised soils and 2.4±1.5 for fertilised soils.  

Conclusions. The results enable distinction of unfertilised and fertilised temperate 
grasslands regarding carbon input parameterisation for the RothC model and highlight 
the importance of nutrient regime for the carbon cycle.    

 

Introduction 

Grassland ecosystems can be considered particularly important for the global carbon (C) 
cycle for three reasons: 1) Grassland soils have high soil organic carbon (SOC) stocks, 
due to high belowground productivity, e.g. Bolinder et al. (2012) found four-fold more 
roots under leys than under cereal crops; 2) grasslands occupy 68% of global 
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agricultural area (Leifeld et al., 2015).; and 3) compared with forests, which are 
ecosystems with similarly high SOC stocks (Poeplau and Don, 2013), human 
interventions in grasslands are far more frequent, leading to a higher impact of 
management on carbon fluxes (Soussana et al., 2004). In total, grassland soils are 
estimated to store 295 GT of carbon (Bolin et al., 2000) 

For reliable predictions of carbon fluxes and SOC stocks in grasslands under climate 
change or other alterations in environmental conditions or management, precise 
understanding of the processes and process rates involved is needed. Carbon turnover 
models such as RothC (Coleman and Jenkinson, 1996), ICBM (Andrén and Kätterer, 
1997), C-TOOL (Taghizadeh-Toosi et al., 2014) and CANDY (Franko et al., 1997), are 
widely used for regional- to continental-scale SOC stock development (Andrén et al., 
2008; Borgen et al., 2012; Gottschalk et al., 2012). The advantage of such simple models 
over more complex process models such as CENTURY (Parton et al., 1988), DNDC (Li et 

al., 1997) or DAISY (Svendsen et al., 1995) is the relatively small number of required 
input parameters, which most closely reflects the availability of parameters on larger 
scales. As a simplification, constant model parameters, often obtained only from a single 
calibration site (RothC, ICBM), are modified by site-specific properties. For instance, the 
decomposition rate constants of different model pools are modified by soil temperature, 
based on the temperature-dependency of microbial activity (Zak et al., 1999). Soil 
moisture and texture are also important drivers of SOC decomposition and are 
integrated into the majority of SOC models in different ways; although it is well 
established that SOC stocks are strongly input-driven (Christopher and Lal, 2007; 
Kätterer et al., 2012), it is mostly only the carbon output (decomposition) that is well 
parameterised in those models.  

Plant litter-derived carbon input, in contrast to decomposition rate, is treated as a static 
parameter estimated with yield-based allocation functions (Bolinder et al., 2007b), 
although it has been shown that plant carbon allocation patterns, especially the 
partitioning of carbon assimilates into above- and belowground organs, are highly 
sensitive to environmental constraints and management. Soil moisture, nutrient 
availability, bulk density, soil shear strength, soil texture, salinity and, in grasslands, also 
cutting/grazing regime and species composition, have been found to influence rooting 
pattern and thus carbon inputs to the soil (Jones, 1983; Ericsson, 1995; Munns, 2002; 
Mueller et al., 2013). It is therefore an oversimplification to use a static, constant 
root:shoot ratio (R:S) for the wide range of grassland management regimes and 
environmental conditions that exist world-wide. Scanning the literature reveals possible 
R:S values in grassland ranging from >10 (Fiala, 2010) to 0.8 (Kuzyakov and Domanski, 
2000). In a large survey on the Tibetan plateau (112 sites), Yang et al. (2009) found a 
median R:S value of 5.8, but a range of 0.8-13. This illustrates the magnitude of the 
uncertainty in a single, static R:S, as usually used to estimate carbon input in carbon 
models.    
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Root-derived carbon (root biomass and rhizodeposits) is the major source of SOC and 
may be the main reason why grasslands store more SOC than arable land (Bolinder et al., 
2012; Franzluebbers, 2012). Rasse et al. (2005) suggested that SOC in general is mainly 
root-derived. In managed grasslands, the majority of the above-ground biomass is 
removed by cutting or grazing, so the majority of the total carbon input is root-derived. 
However, the actual amount of root-derived carbon is difficult to assess experimentally, 
since it comprises root exudates and rhizodeposits with high turnover (Hertel and 
Leuschner, 2002). Thus, root-derived carbon input data are rarely available as model 
input and hence values have to be estimated using allocation functions. Each model uses 
specific allocation functions derived from sources ranging from regional datasets 
(Bolinder et al., 2007b) to pot experiments (Kuzyakov and Domanski, 2000). However, 
to our knowledge, none of the models listed, with the exception of C-TOOL, has 
calibrated or tested the given allocation function for grasslands. This might be 
attributable to the lack of well-documented, globally representative long-term grassland 
experiments needed for model calibration (Debreczeni and Körschens, 2003). A further 
difficulty in perennial systems compared with annual cropland is that measured root 
biomass stocks do not correspond to root litter input as annual carbon input to the soil. 
Instead, only a certain part of the total root biomass is turned over annually. In a global 
meta-analysis, Gill and Jackson (2000) found root turnover in grasslands to be 
temperature-dependent, with an average root turnover of 0.5 yr-1 for grasslands in the 
temperate climate zone, which is in line with the range of 2-3 years for complete 
turnover of grassland roots derived from a global compilation of 45 sites (Fiala, 2010).    

In the RothC model, plant-derived carbon input estimation is solved analytically, by 
calculating the annual input needed to obtain the given SOC stock under steady-state 
conditions. However, this approach cannot be used when: i) SOC stock is not in steady 
state or ii) the model application is to  determine whether the SOC stock of a specific site 
or region is in steady state or not. Thus, in all projections for which the actual SOC level 
is known but historical land use and management is unknown, carbon inputs have to be 
estimated (Wiesmeier et al., 2015). However, it is not documented which input 
estimation should be used to best fit the RothC parameterisation. The aims of this study 
were thus to identify: i) the most appropriate carbon input estimation function for 
temperate grasslands in the RothC model and ii) site-specific optimum allocation 
coefficients and explain them with pedo-climatic or management variables. To examine 
the importance of carbon input for model output, the hypothesis that the model is more 
sensitive to variation in R:S than to similar relative variation in any decomposition rate 
modifier was also tested.  

 

Material and Methods 

Concept and carbon input estimation 
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We fitted the RothC model with the standard parameterisation to time series of SOC data 
(at least three points in time) for permanent grasslands for which climate, basic soil 
characteristics, yield and management data were available. The only unknown was thus 
the total annual carbon input, which we optimised to fit the model to the observed data. 
RothC was thus used inversely with the goals of: i)  estimating the actual R:S for each 
specific site and ii) identifying the most appropriate allocation function (for each site 
and on average) based on measured data that could be used as a default coefficient in 
the RothC model in future SOC projections. To do so, we derived the total carbon input 
by applying a range of different allocation functions or R:S values found in the literature 
to the reported amount of harvested biomass. We selected studies that are already used 
in carbon models (Kuzyakov and Domanski, 2000; Bolinder et al., 2007b) or reviews 
that comprehensively synthesise R:S values for a large number of grasslands (Jackson et 

al., 1996; Fiala, 2010) and might thus have the potential to be included in carbon 
models. Based on the selected R:S values, which ranged from 0.81 to 8 (Table 1), eight 
different total annual carbon input values were calculated for each site (seven different 
R:S plus the average of all). Since the amount of above-ground biomass was crucial in 
this approach, pastures (grasslands grazed by animals) were excluded and only 
meadows (mown grasslands) in which the harvested biomass was actually measured 
were used. Total carbon input was calculated using the following equations and 
assumptions: 𝐴𝑁𝑃𝑃 =  𝐻𝐵0.7 × 0.45                                                                                                                         (Eq. 1) 

where ANPP is aboveground net primary production [Mg C ha-1 yr-1] and HB is harvested 
biomass [Mg DM ha-1yr-1]. It was assumed that HB accounted for 70% of total ANPP 
(Christensen et al., 2009), since: i) a certain fraction of biomass accrual occurs after the 
last cut and is turned over in winter, ii) some of the cut material is not harvested and 
weighed and iii) a certain fraction remains as standing live biomass. The grass biomass 
was assumed to contain a carbon concentration of 45% (Kätterer et al., 2011). When 
organic fertiliser was applied (manure or slurry), German default values for dry matter 
content and carbon concentration were used to calculate the total fertiliser-derived 
carbon input (FCin) [Mg ha-1yr-1]. The total aboveground carbon input (ACin) [Mg ha-1yr-

1] was successively calculated as:  𝐴𝐶𝑖𝑛 = 𝐴𝑁𝑃𝑃×0.32 + 𝐹𝐶𝑖𝑛                                                                                                                 (Eq. 2), 

where 𝐴𝑁𝑃𝑃 × 0.3 is the part of ANPP that is not harvested. It was further assumed that 
only 50% of that fraction is turned over annually and becomes available for soil organic 
matter formation (Schneider et al., 2006). The total belowground net primary 
production (BNPP) [Mg C ha-1yr-1] was calculated as: 𝐵𝑁𝑃𝑃 = 𝐴𝑁𝑃𝑃 × 𝑅: 𝑆𝑖                                                                                                                 (Eq. 3), 
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where 𝑅: 𝑆𝑖  is the individual R:S as listed in Table 1. In this study, R:S thus refers to 
ANPP:BNPP. According to the well-constrained annual root turnover of 50% in the 
temperate zone (Gill and Jackson, 2000), the total annual belowground carbon input 
(BCin) [Mg ha-1yr-1] was calculated as: 𝐵𝐶𝑖𝑛 = 𝐵𝑁𝑃𝑃2                                                                                                                                       (Eq. 4). 

In long-term experiments or soil monitoring sites, SOC concentrations are mostly only 
determined in the topsoil to a maximum depth of 30 cm. Although the majority of the 
root biomass is located in the topsoil, most plant roots extend to much greater depth. To 
determine the fraction of total BNPP that is distributed to a certain sampling depth d 
[cm], the Michaelis-Menten-type function as described by Kätterer et al. (2011) was 
used: 𝐵𝑁𝑃𝑃𝑑 = 𝑑×(𝑑50+𝑑𝑟)𝑑𝑟×(𝑑50+ 𝑑)                                                                                                                      (Eq. 5),    

where dr is maximum rooting depth and d50 is the depth to which 50% of the total BNPP 
is distributed. The d50 was set to 15 cm and dr to 150 cm, to fit the observed average 
grassland root distribution in a global meta-analysis (Jackson et al., 1996), where 44% of 
the total root biomass was found in the upper 10 cm. 

Finally, the total carbon input (TCin) [Mg ha-1yr-1] to a certain depth d was calculated as: 𝑇𝐶𝑖𝑛𝑑 = 𝐵𝐶𝑖𝑛𝑑 + 𝐴𝐶𝑖𝑛                                                                                                                   (Eq. 6), 

Study sites and model initialisation  

A total number of 15 temperate grasslands at 13 different sites (Europe and USA) were 
modelled (Table 2) to estimate R:S. Monthly average values for temperature, 
precipitation and potential evaporation were obtained from publications, data holders 
or the weather data grid of the German Meteorological survey (DWD). The grasslands 
used varied strongly in soil texture (1-70% clay), climate parameters (4.1-11.5 °C mean 
annual temperature (MAT), 392-969 mm mean annual precipitation (MAP), 551-785 
mm potential evaporation), fertilisation regime (0-460 kg N ha yr-1) and cutting 
frequency (0-3.5 cuts per year) (Tab. 3).  
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Table 1: Reported average root:shoot ratio (R:S) values included in the analysis with 
their source (Reference), a description of the study (species, grassland type, origin of the 
included data), whether rhizodeposition is included in the estimate and the model in 
which the respective ratio is officially implemented. 

Reference R:S Species/ grassland type/ origin Rhizodep. Model 

Fiala 2010 8 Calamagrostis villosa, unmanaged yes   

Jackson et al. 1996 3.7 Global temperate grasslands no  

Bolinder et al. 2007 (1) 3.34 
Grassland/pasture (mainly Northern 
America) yes 

ICBM 
new 

Luo 2.03 Chinese steppe grass species no  

Bolinder et al. 2007 (2) 1.27 
Different grass species (mainly Northern 
America) yes 

ICBM 
new 

Kuzyakov and Domanski 
2000 0.96 

Different grass species (pot/field 
experiments) yes ICBM old 

Christensen et al. 2009 0.81 Ryegrass, meadow fescue, timothy ley mix yes C-TOOL 

Average of All  2.87       

 

Table 2: List of grassland sites included in the analysis with identification number (ID), 
country, reference, duration [years], number of soil organic carbon measurements 
available (SOC) and sampling depth (Depth) [cm]. 

ID Site Country Reference Duration SOC Depth 

1 Rothamsted Park Grass unfertilised UK original data 160 9 23 

2 Rothamsted Park Grass 96 kg N UK original data 158 5 23 

3 Rothamsted Park Grass Manure UK original data 160 5 23 

4 Schleswig Holstein soil monitoring site 8 Germany original data 18 6 10 

5 Schleswig Holstein soil monitoring site 26 Germany original data 18 6 10 

6 Schleswig Holstein soil monitoring site 28 Germany original data 18 6 10 

7 Schleswig Holstein soil monitoring site 35 Germany original data 6 3 10 

8 Schleswig Holstein soil monitoring site 38 Germany original data 6 3 10 

9 Baden-Württemberg soil monitoring site 31 Germany original data 19 3 40 

10 Fischweier Germany Werth et al. 2005 27 8 8 

11 Hepsisau Germany Werth et al. 2005 27 8 8 

12 Melchingen Germany Werth et al. 2005 27 8 8 

13 St.Johan Germany Werth et al. 2005 27 8 8 

14 Askov Denmark Christensen et al. 2009 5 6 20 

15 Swift Current USA Campbell et al. 2000 10 4 15 

 

Modelling was performed in the R environment, using the package SoilR, in which the 
RothC model is implemented (Sierra et al., 2012). The RothC model consists of five 
different pools with the following decomposition rate constants, k, in a first-order decay: 
depleted plant material (DPM, k=10), resistant plant material (RPM, k=0.3), microbial 
biomass (BIO, k=0.66), humified organic matter (HUM, k=0.02) and inert organic matter 
(IOM, k=0). Initial pool distribution was estimated based on total SOC stock and clay 
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content, using the pedotransfer-functions described by Weihermueller et al. (2013) 
(active pools) and Falloon et al. (1998) for IOM. The DPM/RPM ratio for plant material 
was set to 1.44 in fertilised grasslands and 0.69 in unfertilised. Carbon inputs from 
manure were split in the DPM/RPM/HUM ratio of 49/49/2, as described in the RothC 
documentation, which can be downloaded at www.rothamsted.ac.uk/sustainable-soils-
and-grassland-systems/rothamsted-carbon-model-rothc. 

Statistics and validation 

Root mean square error (RMSE) was used to evaluate the model performance with each 
of the individual R:S values. In addition, RMSE was minimised by manually optimising 
the R:S. This was done by approximating the local minimum to the second decimal place. 
The site-specific region of the local minimum in RMSE was thereby derived from the 
model runs with the eight individual R:S values (Tab. 1). To avoid overrepresentation of 
sites with high variation in SOC content over time, each individual RMSE (RMSEi) was 
normalised by the optimised RMSE (RMSEopt) of each grassland modelled: 𝑅𝑀𝑆𝐸𝑛𝑜𝑟𝑚 = 𝑅𝑀𝑆𝐸𝑖 − 𝑅𝑀𝑆𝐸𝑜𝑝𝑡                                                                                                (Eq. 7) 

 The performance of each R:S considered compared with the best fit possible, not 
compared with the data points directly, was thus evaluated. Linear mixed effect models 
(lme in the R package nlme) (Pinheiro et al., 2009) were used to explain the variability in 
modelled optimised R:S with site-specific pedo-climatic (clay content, MAT, MAP, 
potential evaporation) and management variables (cutting frequency, total N input). 
Therefore, site was used as a random effect, to account for the fact that grasslands 
located at the same site were not independent observations. The goal was to derive a 
response function with one or several of those variables that could be used to estimate 
R:S in future modelling efforts. Interactions between variables were not considered to 
avoid overfitting and to keep a potential model interpretable. Residual qq-plots were 
used to test normal distribution of the residues, whereby N input and number of cuts 
were log-transformed to ensure approximate normal distribution of the residues. The 
Akaike Information Criterion (AIC) was used to select the best model. Finally, four 
different datasets were considered to validate the model-derived optimised R:S (and a 
potential response function) by estimating total root biomass of independent grassland 
sites. The selection criteria for validation datasets were: i) reported belowground 
biomass to a certain depth and ii) reported yield or above-ground biomass. The selected 
studies investigate gradients in fertilisation (Sochorová et al., 2016), species richness in 
unfertilised natural grasslands (Fornara and Tilman, 2008), species for intensive forage 
production (Bolinder et al., 2002) and a pasture experiment with contrasting stocking 
rates and N-fertilisation (unfertilised vs. 210 kg N ha-1 yr-1). Gradients were thus present 
across studies and within studies. Measured root biomass was chosen for validation, in 
order to test, whether the R:S estimation as embedded in the other assumptions made 
(equations 1 and 5) would be able to predict realistic root biomass values. The reported 
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yields were used to calculate root biomass using equation 1, 3, 4 and 5 and the R:S 
values that were subject to validation. This calculated root biomass was then compared 
to the measured root biomass, using the modelling efficiency (EF) to evaluate the 
performance of the model approach. Thereby an EF of 0 indicates that the model 
prediction is better than the simple average of all observed values and an EF of 1 
indicates a perfect match between modelled and measured values (Loague and Green, 
1991). All statistics and calculations were performed in R. Errors given in the text are 
standard deviations.   

Sensitivity analysis  

The derivation of total annual carbon input described above involved several 
assumptions (Eq. 1-6). To test how sensitive the RothC model was to each of the 
assumptions and to test the hypothesis that the model is more sensitive to variation in 
R:S than to variation in decomposition rate modifiers, a model sensitivity analysis was 
conducted. For this analysis, we used all 15 sites available. The average of all R:S values 
(2.87; Table 1) and the following assumed or measured parameters were increased by 
50%: Annual yield, amount of non-harvested biomass (NPP yield), proportions of living 
and dead aboveground biomass turned over each year (Aboveground input), proportion 
of total BNPP in the top 15 cm soil layer, maximum rooting depth, annual root turnover, 
DPM/RPM ratio, temperature, precipitation, evaporation, clay content, PM/HUM ratio. 
The first seven parameters were grouped as input-related, the latter five as output-
related parameters or decomposition rate modifiers. DPM/RPM ratio, which determines 
the flow of plant-derived carbon into the DPM and RPM pools, was classified as a 
mixture of both input- and output-related. The PM/HUM ratio (PM=DPM+RPM) was 
modified to assess the model sensitivity to initial pool distribution, whereby the 
PM/HUM ratio at steady state is around 0.17. The model was run for 100 years and the 
deviation in SOC stock change between the unchanged reference scenario (ref) and the 
modified scenario (mod) was calculated for each site and modified parameter. It should 
be noted that a 50% variation in temperature might not be very meaningful, since 
temperature is not a mass and its variation depends on the unit chosen (°C).  However, it 
was used as a proxy here to ensure variation of a similar degree in all parameters. 
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Table 3: General site description for the grassland sites included in the analysis with site  
identification number (ID), clay content [%], mean annual temperature (MAT) [°C], 
mean annual precipitation (MAP) [mm], potential evaporation [mm], amount of annual 
nitrogen (N) input (organic and inorganic combined) [kg N ha-1 yr-1] and annual cutting 
frequency (Cuts). 

ID Clay Cuts N MAT MAP Evaporation 
1 23 2 0 9.2 704 599 
2 23 2 96 9.2 704 599 
3 23 2 76* 9.2 704 599 
4 13 3 409 8.3 840 564 
5 4.5 3.5 195 8.5 802 575 
6 9.5 5 460 8.7 765 580 
7 12 2.5 NA 8.3 788 564 
8 1 1 122 8.6 742 573 
9 60 2 130 7.3 954 551 
10 9 0 0 11.5 794 615 
11 51 0 0 7.6 969 551 
12 70 0 0 7.6 969 551 
13 52 0 0 7.6 969 551 
14 11 3.5 225 7.7 862 543 
15 25 2 41 4.1 393 785 

      *96 kg N ha-1 yr-1 1856-1904; 76 kg N ha-1 yr-1 1905 onwards 

 

Results 

Root:shoot ratio estimation 

The average optimised R:S for all experiments was 3.6±2.4, while minimum and 
maximum optimised R:S were 0.72 and 8.8 respectively (Tab. 4). The maximum R:S was 
thus 12-fold the minimum R:S. Among the literature-derived ratios tested, the average of 
all had the lowest 𝑅𝑀𝑆𝐸𝑛𝑜𝑟𝑚 (3.3±4.8 Mg C ha-1). However, the high range of predicted 
R:S ratios indicates that a single value is not appropriate for carbon input calculation.  

A significant negative effect of nitrogen fertilisation and number of cuts on the optimised 
R:S was found (Fig. 1A, 1B). Due to the high intercorrelation between both variables 
(nitrogen fertilisation and number of cuts) (R²=0.71, data not shown), inclusion of both 
variables in one regression model did not add explanatory power. Furthermore, it was 
not possible to test the effect of cutting frequency without the covariance in nitrogen 
fertilisation, since no experiment with varying cutting frequency but constant nitrogen 
fertilisation was available (conversely the Rothamsted Park Grass Experiment had a 
fertilisation gradient but a constant number of cuts). In that experiment, for which 
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gapless yields for 137 years and relatively frequent SOC measurements were available, a 
very pronounced difference in predicted R:S ratio was found for the unfertilised (6.96) 
and 96 kg N ha-1yr-1 fertilised (2.87) meadows. This is well in line with the observed 
overall trend. Figure 2 illustrates the potential misfit of the RothC model that might 
occur if the same R:S value (here the average R:S, 2.87) were applied to both treatments. 
In that case, the model would have underestimated the SOC stock in the unfertilised 
meadow by 35 Mg ha-1 or 40%. Assuming that all other parameters in the model were 
generally unaffected by the fertilisation treatment, an equal R:S ratio in the unfertilised 
and fertilised meadows is unrealistic. Nitrogen fertilisation was thus determined to be 
the main driver for R:S in grasslands. Due to the fact that: i) the correlation was mainly 
driven by the unfertilised grasslands (non-significant when unfertilised grasslands were 
excluded) and ii) the total amount of nitrogen fertilisation is, or should be, a function of 
potential NPP of a specific pedo-climate region, it was decided to use two different R:S 
values, one for fertilised and one for unfertilised grasslands, instead of a function 
describing the relationship between nitrogen input and R:S. Thus, the unfertilised 
grasslands had an average R:S of 5.9±1.9 and the more intensively managed, fertilised 
and cut meadows had an average R:S of 2.4±1.5. Assuming all other assumptions made 
in equations 1, 2, 4 and 5 apply to temperate grasslands soils, the coefficient for directly 
converting harvested carbon to annual carbon inputs (Cinput:Charvest ratio) to a certain soil 
depth for unfertilised and fertilised grasslands can be extracted from Figure 3. The 
associated uncertainty concerning R:S (coefficient of variation for the experiments 
included) was 32% for the unfertilised and 59% for the fertilised grasslands. None of the 
other variables considered significantly improved the regression model, and thus a large 
part of the observed variation remained unexplained.   

Validation 

The R:S values for unfertilised and fertilised grasslands were validated with four 
datasets of measured root biomass to a certain depth, all of which included several 
treatments. Two of these datasets included different fertilisation treatments, one was 
obtained from an unfertilised experiment testing the effect of species richness and one 
dataset was obtained from a fertilised experiment testing different perennial ley species. 
The total number of 20 observations was predicted with high precision (EF=0.84, Fig. 4), 
which indicates that both the distinction between unfertilised and fertilised grasslands 
and the assumptions used to estimate total belowground production in a certain soil 
layer performed well. Sochorová et al. (2016) found a similar difference in R:S between 
fertilised and unfertilised meadows in the Rengen experiment. Therefore the measured 
root biomass was predicted with high precision using the two R:S values derived.  
Species richness in the Cedar Creek experiment (Fornara and Tilman, 2008), as one of 
the additional drivers of R:S considered, did not have an influence on R:S, despite a 
strong influence on total NPP. Only the scatter observed between different ley species in 
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the study by Bolinder et al. (2002) was not captured accurately by the modelling 
approach.     

Table 4: Normalised root mean square error (RMSEnorm) [Mg SOC ha-1] for each R:S ratio 
in each experiment, with average value and standard deviation (SD) and the optimised 
R:S ratio with average value and standard deviation for each experiment.  The root:shoot 
ratios in columns are in decreasing order (Table 1). 

ID Fiala Jackson Bolinder1 Average Luo Bolinder2 Kuzyakov Christensen Optimised 

1 66.1 9.1 4.3 0.2 9.3 19.4 23.5 25.5 2.8 

2 6.6 12.8 15.0 17.9 23.1 27.9 29.8 30.7 6.3 

3 19.3 4.3 5.9 8.3 14.8 20.6 23.0 24.1 4.8 

4 16.1 4.8 3.9 2.6 0.5 0.0 0.0 0.0 0.8 

5 15.0 5.6 4.9 3.9 2.0 0.4 0.2 0.1 0.7 

6 21.7 8.1 7.0 5.5 2.9 0.6 0.1 0.0 0.9 

7 7.4 2.0 1.5 0.9 0.0 0.4 0.8 1.0 2.0 

8 4.5 0.1 0.0 0.1 0.4 0.6 0.7 0.8 3.3 

9 19.9 0.1 0.5 1.0 1.9 2.7 4.3 5.0 4.0 

10 0.1 0.7 0.8 1.0 1.3 1.6 1.7 1.8 8.8 

11 7.6 0.0 0.3 1.0 2.2 3.5 4.1 4.3 3.7 

12 0.5 0.6 0.3 0.7 1.8 2.9 3.4 3.6 5.2 

13 2.7 2.8 3.6 4.5 6.2 7.8 8.4 8.7 5.6 

14 14.3 0.2 0.1 0.8 3.6 6.1 7.1 7.6 3.5 

15 8.2 2.7 2.2 1.6 0.5 0.0 0.1 0.3 1.3 

Average 14.0 3.6 3.4 3.3 4.7 6.3 7.1 7.6 3.6 

SD 16.1 3.9 3.9 4.7 6.5 8.9 9.9 10.4 2.3 
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Figure 1: Model-optimised root:shoot ratio in the experiments included in this analysis 
as a function of A) nitrogen (N) fertilisation [kg ha-1yr-1] and B) annual cutting 
frequency. 

 

Figure 2: RothC-modelled trend in soil organic carbon (SOC) stocks for the unfertilised 
and fertilised treatments in the Rothamsted Parkgrass Experiment, calculated using the 
average of all R:S (2.87) for both treatments  and measured SOC stocks over time. 
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Figure 3: Ratio of soil carbon input to carbon offtake at harvest (Cinput:Charvest) as a 
function of considered soil depth for unfertilised and fertilised grasslands (without 
organic amendments) based on equations 1-6 and the estimated average R:S ratio for 
both grassland types. Those functions can be used to convert harvested carbon directly 
to annual C input in a modelling context.  

 

Figure 4: Estimated root biomass (using the two model-derived root:shoot ratios for 
unfertilised and fertilised grasslands) plotted against measured root biomass from four 
independent experiments (Bolinder et al., 2002; Fornara and Tilman, 2008; Sochorová et 

al., 2016). Dotted line indicates 1:1 relationship. 
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Model sensitivity to input- and output-related parameters 

The RothC model was found to be equally sensitive to climate variables and the input-
related parameters yield, R:S and root turnover (Fig. 5), with 50% variation causing 
deviations from the reference model prediction of up to 35-45 Mg ha-1 after 100 years. 
Furthermore, the proportion of aboveground non-harvested biomass (NPP yield) and 
the proportion of roots in the upper 15 cm were revealed to be important parameters, 
with a variation in final SOC stock of up to 15 Mg ha-1 after 100 years. The influence of 
the latter decreased with increasing sampling depth, but the average sampling depth of 
the 15 grasslands was relatively shallow (15.1 cm), which explains the relatively high 
sensitivity of the model to the root distribution parameter. All other parameters, 
including clay content and the initial pool distribution (PM/HUM), were of minor 
importance (<5 Mg ha-1 in 100 years).  

 

Figure 5: Boxplot indicating the sensitivity of the RothC model to 50% variation in 
different parameters, expressed as the absolute soil organic carbon (SOC) stock 
difference between the unmodified reference scenario (ref) and the modified scenario 
(mod) after 100 years. Parameters were divided into input-related parameters (external 
parameters as introduced in equations 1-6) and output-related parameters (internal). 
DPM/RPM ratio was considered as being on the exact border between input- and 
output-related parameters. The dashed line indicates the modelled final SOC stock under “business as usual”, using the optimised R:S (2.87) and the available soil and climate 
data. 
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Discussion 

Inverse estimation of root:shoot ratio and annual carbon inputs  

Root carbon input is the most important (Rasse et al., 2005), yet most uncertain, 
component of SOC reproduction. In this study, the RothC model was used to inversely 
estimate R:S ratio for various long-term grassland experiments. The average optimised 
R:S of 3.68 was equal to the global average R:S ratio of 3.7 for grasslands found by 
Jackson et al. (1996). Furthermore, the range of R:S ratios obtained was well in line with 
that reported in the literature (Yang et al., 2009). Finally, the validation of the estimated 
R:S ratios revealed that they were realistic in absolute terms and in specific soil depth 
increments. It can thus be concluded that the concept of inverse estimation of R:S and 
total annual carbon inputs using well documented long-term grassland experiments was 
successful. However, the results of this study also indicate that it is not appropriate to 
use a fixed, static R:S to estimate total carbon inputs, as performed by most carbon 
balance models.    

A significant part of the observed variability in R:S was explained by nitrogen 
fertilisation regime. It has been observed previously that nutrient availability drives 
carbon allocation in plants. When experiencing deficiency of major nutrients (N, P, K), 
plants generally invest more in belowground organs to maximise nutrient acquisition 
from the soil (Wilson, 1988; Ericsson, 1995). For cereals, R:S is reported to increase by 
15-50% under nitrogen deficiency (Welbank et al., 1973; Hansson et al., 1987). For 
grassland, this shift may be higher, since cereals are bred for yield optimisation and thus 
for high carbon allocation to grains. Indeed, in a German long-term grassland 
fertilisation experiment, Sochorová et al. (2016) reported an almost threefold R:S ratio 
in the unfertilised control compared with the CaN-fertilised treatment, which is well in 
line with the difference in R:S determined in the present study. Furthermore, at the 
French site Laqueueille, which was used as validation dataset (original data), 1.9 higher 
R:S was found in unfertilised pasture compared with N-fertilised pasture.  

It might be somewhat one-dimensional to optimise only R:S to obtain the best model fit 
to observed SOC stocks. However, the effect of nitrogen availability on SOC 
decomposition is highly uncertain (Neff et al., 2002) and numerous studies in recent 
years have indicated that nitrogen deficiency leads to nitrogen mining and thus higher 
decomposition of SOC and lower stabilisation of fresh carbon input (Ammann et al., 
2007; Craine et al., 2007; Kirkby et al., 2014). Implementing such a mechanism in carbon 
balance models has been suggested (Reed et al., 2011), but in the present case would 
have led to an even more pronounced difference in R:S between unfertilised and 
fertilised grasslands. The opposite, i.e. decelerated turnover of SOC under nitrogen 
deficiency, has also been reported (Allen and Schlesinger, 2004) and implemented in RothC by the different DPM/RPM ratio for “unimproved pastures and shrublands” (0.69 
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compared with 1.44 for improved pastures and croplands). This shift in carbon input 
partitioning into the most active SOC pools was applied in this study. 

Cutting frequency was also found to significantly affect R:S, with lower R:S in more often 
cut grasslands. However, it is less clear whether direct causality exists, since cutting 
frequency was highly correlated to nitrogen fertilisation. It can be speculated that higher 
cutting frequency leads to higher competition for light, so that more carbon is allocated 
to aboveground organs. However, there is no clear evidence of such an effect in the 
literature. Vinther (2006) investigated the effect of cutting frequency (3-4 times 
compared with 7-12 times) on R:S in a Danish ryegrass-clover sward. A slight, but non-
significant decrease in R:S with increasing cutting frequency was found (for both plants), 
while the interannual variability in R:S was much higher, leading the author to conclude 
that the sensitivity of R:S to weather conditions might be more important than its 
sensitivity to management interventions. After 19 years of contrasting number of cuts 
but constant nitrogen fertilisation, Kramberger et al. (2015) did not find an effect of 
cutting frequency on SOC stocks, but observed a decrease in yield with increasing 
cutting frequency (from 12-weekly to 2-weekly intervals). This might indicate that the 
opposite, i.e. increasing R:S with increasing cutting frequency, had actually occurred. 
Finally, (Seiger and Merchant, 1997) found a significant decrease in R:S with increasing 
cutting frequency of Japanese knotweed in pot experiments. In addition to nitrogen 
fertilisation, cutting frequency might thus play a certain role for plant carbon allocation. 

Importance of input estimation and major uncertainties 

The sensitivity analysis revealed that SOC simulation in grasslands is highly sensitive to 
carbon input estimation. Although the hypothesis that the RothC model is more sensitive 
to variation in R:S than to variation in any decomposition rate modifier had to be 
rejected, it was shown that R:S variation has a similarly high impact as the degree of 
variation in climate variables. However, there was a notable difference in uncertainty for 
the two types of data. Even if climate data are not available for a specific site, they can be 
estimated with much higher precision than the 50% variation assumed here. In contrast, 
50% variation in R:S is highly precise, compared with the possible range of R:S for 
grasslands found in the literature. This illustrates the high importance of accurate 
carbon input estimation, as highlighted previously by Ludwig et al. (2007).  Self-
evidently, the model sensitivity to yield (or ANPP estimation in general) and root 
turnover was clearly as high as the sensitivity to R:S estimation. However, the global 
pattern of root turnover (Gill and Jackson, 2000) shows well constrained temperature 
dependency of root turnover, with less than 50% variation for studies conducted in the 
temperate zone. Measuring root turnover is complicated and costly and the total 
number of available datasets is limited. The same is true for rhizodeposits. The good fit 
of the estimated belowground input with the measured root biomass data suggests that 
either: i) the RothC model was calibrated without considering rhizodeposits at all or that 
ii) the role of rhizodeposits in SOC reproduction may be overestimated (in models). As 
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an example, Bolinder et al. (2007b) calculated total root-derived carbon input by 
multiplying root biomass by 1.65. In fact, rhizodeposits are thus entirely treated as root 
biomass. However, root exudates are also known to: i) be very labile substances with 
presumably short residence time and ii) to cause priming, i.e. enhanced decomposition 
of native SOC (Kuzyakov, 2002). Keiluweit et al. (2015) pointed out that increasing root 
exudates might even cause net loss of SOC. It is thus very likely that rhizodeposits are 
not comparable to root biomass regarding SOC formation. Moreover, it remains an open 
question how important reliable estimates of rhizodeposits, their turnover and potential 
priming effects are to improve the performance of carbon balance models.    

Finally, the model sensitivity to ANPP, on which the total carbon input calculation is 
based, is very problematic. This is especially true for grassland ecosystems, in which the 
exported biomass is rarely quantified. In this study, only sites for which yield data were 
available to parameterise belowground carbon inputs were selected. However, when 
those are not present and ANPP has to be estimated, the final uncertainty of the derived 
carbon input will strongly increase. There are a large number of models available for 
NPP prediction, often based on temperature, precipitation and radiation. However, 
when applied in specific regions, the prediction of these models is scarcely comparable 
(Lin and Zhang, 2013). Furthermore, the effects of soil fertility, species composition, 
grazing intensity, cutting frequency and fertilisation on ANPP are only captured (to a 
certain extent) in complex growth models such as PASIM (Calanca et al., 2007). To 
overcome the lack of reliable biomass data in grasslands, it should be comprehensively 
tested how well ecosystem models such as CENTURY are able to predict SOC dynamics 
without calculating input data from measured yields. For live biomass and SOC 
dynamics separately, Parton et al. (1993) were able to show reasonably well fits to 
observed data of a global set of differently managed grasslands.  

Compared with carbon input and climate variables, the model sensitivity to other 
parameters such as initial pool distribution or even clay content was negligible. 
Similarly, Senapati et al. (2013) found no significant influence of different initialisation 
methods on RothC-projected SOC stock changes in Australian grasslands. In addition, the 
uncertainty in clay content is small, since soil texture is a basic soil parameter and is 
mostly measured or data are available from soil maps. Due to the much higher 
proportion of belowground carbon inputs in grasslands compared with cropland 
(Bolinder et al., 2012) and the wider range of possible management regimes, it can be 
concluded that, particularly in grasslands the current degree of simplification in carbon 
balance models concerning carbon inputs is not acceptable. 

This study provides RothC-derived coefficients for yield-based estimation of carbon 
inputs in temperate grasslands that can be used for carbon modelling. The results 
showed that plant carbon allocation to above- and belowground organs is highly 
variable. This variability has to be accounted for, since the sensitivity of the model to 
carbon inputs is just as high as its sensitivity to climate data, although these are most 
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often available. Nitrogen fertilisation was identified as an important driver for R:S in 
grasslands, but further investigations should follow to explain more of the observed 
variability and to disentangle the complexity below ground (Rumpel et al., 2015). 
Interactions with the phosphorus cycle and the role of mycorrhiza and root exudates for 
long-term carbon storage are other carbon input-related topics on which further 
understanding is necessary  (Rumpel et al., 2015; Poeplau et al., 2016; Sochorová et al., 
2016). Using the derived R:S values for unfertilised and fertilised grasslands in future 
applications of the RothC model will improve model performance in temperate 
grasslands. It has been decided to use two fixed values for unfertilised and fertilised 
grasslands, since across sites, the balance of plant N demand and N availability is not 
directly reflected in the amount of N applied. Soil mineral nitrogen concentration might 
be a better indicator for a potential response function. Furthermore, it remains to be 
tested, i) how other carbon models perform with the derived ratios, ii) if the results are 
applicable to grasslands in other climate zones and iii) if similar mechanisms can be 
found in croplands or forests.  
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Abstract 

Ultrasonic dispersion is a prevalent tool for soil fractionation. It is widely ignored that 
variation in ultrasonic power might lead to significantly different dispersion. The effect 
of variation in power by applying the same amount of energy on the size of the fine 
fraction, its organic carbon (SOC) content and stock and the proportion of young SOC 
therein were evaluated. All parameters increased significantly with power. The term “stable aggregates” as used in fractionation schemes cannot be defined by ultrasonic 
energy alone. 

 

Introduction 

The use of ultrasonic vibrations for soil dispersion dates back more than 50 years and is 
most commonly applied prior to particle size analysis and aggregate stability analysis, 
but also for isolating and extracting specific fractions of soil organic carbon (SOC) 
(Edwards &  Bremner, 1967; North, 1976). The disruptive effect of ultrasonic is caused 
by the process of cavitation when bubbles exert a certain stress on suspend matter 
(Kuttruff, 1988). Aggregates break down when the applied mechanical stress applied by 
cavitation overcomes the attractive forces within the aggregates (Raine &  So, 1997).  
The effect of absorbed energy [J], as the product of dispersion time [s] and output power 
[W] of the ultrasonic device, on the aggregate breakdown has been highlighted to be the 
major factor controlling the degree of dispersion (Christensen, 1985; Kachanoski et al., 
1988; North, 1976). Thus, soil fractionation procedures, which comprise ultrasonic 
dispersion, often give a fixed amount of energy that should be applied to achieve a 
certain degree of aggregate breakdown (Zimmermann et al., 2007). In contrast, few 
studies have investigated the effect of ultrasonic power on the breakdown of aggregates 
(Mayer et al., 2002) and it has been widely ignored that varying time and power (or 
vibration amplitude) to achieve the same amount of energy might lead to significantly 
different results. This is a minor problem if the total dispersion of aggregates should be 
achieved, since this is often calibrated with a chemical dispersion. However, it is a major 
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problem in soil fractionation, when a fraction of a defined aggregate stability is to be 
isolated. In a ring trial to evaluate the performance of a soil carbon fractionation method 
Poeplau et al. (2013a) recently attributed deviations in different SOC fractions between 
laboratories to differences in applied ultrasonic power. However, systematic and 
quantitative evidence about the effect of varying ultrasonic power but constant energy 
on the distribution of SOC stocks and quality is missing.  

 

Materials and Methods 

Three different soils (0-10 cm sampling depth) were used: Soil “A” (coarse sand) Jyndevad (Denmark), soil “B” a loam from Friemar (Germany) and soil “C” a sandy loam 
from Trier (Germany). All three soils were cultivated with the C4 plant Miscanthus for 
more than 10 years and before that with C3 crops. Detailed information about the soils 
and sampling sites can be found in (Poeplau &  Don, 2013b). Soils were sampled in 
spring 2011 (soil C) and spring 2013 (soil A and B), dried at 40°C and sieved to 2 mm.  

30 g of soil were suspended in 150 ml water in a 250 ml beaker glass. Ultrasonic 
dispersion was conducted with a probe type sonicator (BRANSON, 250 W, 19 mm probe 
diameter). To evaluate the effect of power on the distribution of soil aggregates classes 
and soil organic carbon (SOC) in different soil fractions, we used a constant output 
energy of 22 J ml-1 (Zimmermann et al., 2007), but varied the vibration amplitude. The 
output power is proportional to the vibration amplitude of the ultrasonic device (Tab. 1, 
R²=0.997). We assessed the ultrasonic power calorimetrically with deionized water in a 
devar vessel for the power settings of 10, 20, 30, 40, 50, 60, 70, 80 and 90 % according to 
the following equation: 𝑃 =  𝑚𝑤 × 𝑐𝑤 × ∆𝑇𝑡                                 

where P is power [W], mw is the mass of the water [g], cw is the specific heat capacity of 
deionized water [ 4.18 J g-1 K-1], ∆T/t is the difference in temperature [K] in a certain 
time t [s] (Schmidt et al., 1999). The devar vessel with a styrofoam cover prohibited the 
loss of heat. The total amount of energy needed to achieve 22 J ml-1 was 3548.6 J since 
the whole suspension had a volume of 161.3 ml, assuming a soil particle density of 2.65 
g cm-3 (density of quartz). The time needed for each power setting to achieve 3548.6 J 
was calculated as 𝐷𝑖 = 𝐸𝑃𝑖                                                                                    
where Di is the duration of ultrasonic dispersion [s] for each individual power setting, E 
is the total amount of energy needed (3548.6 J) and Pi is the power of each individual 
power setting. An undispersed sample was used as reference (0). All samples were wet 
sieved over a 63 µm sieve to separate the fine particle fraction (containing clay and silt-
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sized particles < 63µm) from the coarse fraction (sand-sized particles >63µm) in order 
to investigate the effect of the ultrasonic treatment on the separation between fine and 
coarse fraction. An aerosol was used to flush the samples with a fixed amount of water 
(2000 ml) (Poeplau et al. 2013a). The suspended fine fraction was centrifuged, the 
supernatant was decanted and both fractions (fine and coarse) were dried at 40°C, 
weighed, ground and analyzed for C and N by dry combustion (LECO, TruMac). An 
aliquot of the sample was dried at 105 °C to correct for residual water. Finally we 
converted the SOC concentration found in the fractions into SOC stocks [Mg ha-1] by 
multiplying with the field site bulk density [g cm-3] (Poeplau & Don 2013b) and the 
sampling depth [cm]. 
The C3-C4 vegetation shift opened the possibility to assess the origin of SOC by analyzing 
the natural abundance of the stable isotope 13C. While C3 plants have a δ13C value of ~-27‰, C4 plants (Miscanthus) have a δ13C value of ~-12‰. δ13C values were measured 
using an isotope ratio mass spectrometer (Delta Plus, Thermo Fischer Scientific, 
Germany) coupled to an elemental analyzer (CE Instruments FLASH EA 1122 NA 1500, 
United Kingdom).  A Spearman’s-Rho test was used to investigate, whether a significant correlation of 
ultrasonic power and the relevant variable was present. The level of acceptance was 
p=0.05. We found saturating trends. Thus, we additionally determined the power 
setting, from which the correlation was not significant anymore (p>0.05).  

Table 1: Power setting, calorimetrically determined power and according probe specific 
vibration amplitude  

Power Setting Power Amplitude  

[%] [W] [µm] 

10 5.0 10.5 

20 18.2 21 

30 32.1 31.5 

40 43.5 42 

50 58.1 52.5 

60 74.7 63 

70 90.6 73.5 

80 108.7 84 

90 122.4 94.5 

 

Results and Discussion 

Varying the ultrasonic power to achieve an energy output of 22 J ml-1 led to significantly 
different amounts of aggregates >63 µm being dispersed and thus to significantly 
different amounts of fine fraction (Fig. 1). Using a power setting of 10 % (5 W), the mass 
of the fine fraction was 1.4 g (soil A), 24.6 g (soil B) and 9.8 g (soil C), while using a 
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power setting of 90 % (120 W), it was 3.4 g, 28.3 g and 11.2 g. Differences were only a 
result of different power since the applied energy was always the same. For all soils, the 
highest increase in aggregate dispersion was observed between 5 and 43 W, while 
between 43 and 120 W the dispersion increased only slightly (Soil A and C, n. s.) or not 
at all (Soil B) (Fig. 1). This is in line with the findings of Schomakers et al. (2011), who 
could only determine differences in aggregate stability for different soils using low 
vibration amplitudes. The aggregate bond strength increases with decreasing aggregate 
size (Amelung and Zech, 1999). It is thus likely, that the bulk of the macro-aggregates 
were dispersed with a power of 50 W, while a significant further dispersion of micro-
aggregates >63 µm would only occur when a higher energy is applied (Amelung and 
Zech, 1999). 

The SOC concentration in the fine fraction increased with increasing power. For soil A it 
increased from 10.2 % to 14.1 %, in soil B from 1.9 % to 2.2 % and in soil C from 3.6 % 
to 4 % with a similar saturating trend as observed for the soil mass (data not shown). 
This indicates that larger aggregates where relatively enriched in carbon and is in line 
with the findings of John et al. (2005), who showed that the carbon concentration in 
aggregates decreased with decreasing aggregate size.  

In consequence, the SOC stock of the fine fraction increased significantly along with 
power. Increasing the power from 5 W to 120 W led to an increase in measured fine 
fraction SOC stocks of +12.5 Mg ha-1 (soil A), +5.1 Mg ha-1 (soil B) and +4.6 Mg ha-1 (soil 
C), which accounted for 44 % (soil A), 15.2 % (soil B) and 16.9 % (soil C) of the total SOC 
stock (Fig. 1). However, from 43 W to 120 W, the changes were not significant. 

The relative abundance of 13C in the fine fraction increased with increasing power (Fig. 
1), which thus enriched in relatively young C4-derived carbon (not older than 20, 17 and 
19 years) that was previously stored in aggregates. This indicates, that SOC age 
increases with decreasing aggregate size and is in line with the findings of Dondini et al. 
(2009), who found 80 % of the C4 carbon being stored in macroaggregates, 20 % in 
microaggregates and none in the silt and clay fraction after 14 years of Miscanthus 
cultivation. Thus, also the composition of the fine fraction changed significantly with 
ultrasonic power. Due to an increasing proportion of young carbon in the fine fraction, 
the average radiocarbon age decreases ,which would be interpreted as shorter mean 
residence time (Gaudinski et al., 2000). Interestingly, we did not find any saturation with 
increasing power, although soil mass and SOC stocks did not significantly increase after 
43 W.  

The obtained results suggest, that ultrasonic power needs to be standardized to obtain 
more comparable results between laboratories, which is a fundamental issue in soil 
fractionation (Griepentrog and Schmidt, 2013). We only tested the effect of power for an 
output energy of 22 J ml-1 and can thus not directly generalize the results. However, 22 
Jml-1 is a rather low output energy and it is likely that the found threshold of 40-50 W 
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will not increase, but rather decrease when higher output energies are applied. In future, 
we suggest using a minimum ultrasonic power of 50 W, if not stated differently for 
certain methods (Poeplau et al. 2013a). 

 Figure 1: Mass, SOC stock and δ13C of the fine fraction as a function of ultrasonic power for soils A, B and C with Spearman’s rank correlation coefficients (R) and p values. The 
filled dots mark the power setting, from which onwards the trend was not significant 
anymore. The lines visualize the trend.  

 

Conclusion 

The power setting of an ultrasonic device does significantly influence the distribution of 
soil mass, SOC stock and SOC quality in different size fractions. This can be explained by 
increasing aggregate dispersion due to mechanical stress exerted to aggregates through 
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cavitation. If the power is too low to exceed the attractive forces within a certain 
aggregate (size), even a long ultrasonic duration would not break the aggregate. The term “stable aggregates”, which is used in many soil fractionation schemes, can only be 
defined by the amount of applied energy when power is standardized.  
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5 Synthesis 

5.1 Promising agricultural management options to increase soil carbon stocks 

Efficient carbon sequestration requires nitrogen, roots and long vegetation periods  

The potential and need to sequester soil organic carbon in carbon-depleted agricultural 
soils to increase soil fertility, ecosystem resilience, food security and climate mitigation 
is widely acknowledged. The 4permille initiative launched by France at the COP21 in 
Paris (https://www.4p1000.org/) is a prominent and recent example, that soil carbon 
management made it to the global political agenda. However, also on national level, soil 
organic carbon becomes integral part of agricultural policies. Several countries such as 
Australia have introduced a carbon crediting system, which subsidices farmers who take 
action to increase their SOC stocks (http://www.environment.gov.au/climate-
change/government/emissions-reduction-fund/methods/sequestering-carbon-in-
soils). However, more research is needed to understand which management options 
under which conditions might be the most promising as well as cost- and greenhouse 
gas-efficient to reach the goal of net C accumulation in the soil. Generally, SOC stocks are 
determined by the balance of C in- and outputs. In croplands, the farmer has far more 
options to increase C inputs as to decrease C effluxes. Biomass is produced with the main 
crop and can either be partly left on the field (crop residues), recycled or imported from 
other fields (manure, slurry, sewage sludge, digestates, compost or biochar). However, 
there is also a third option, which might have been overlooked as a great potential 
carbon sequestration option: cover crop green manuring. Thereby, the time of the 
vegetation period that is not used for producing the main crop is used to produce a crop 
that is subsequently ploughed into the soil and not harvested. This reduces soil erosion, 
nutrient leaching and maximizes the period of photosynthesis, i.e. carbon assimilation. 
Despite these obvious benefits, cover crops, also referred to as intercrops or catch crops, 
have not been extensively studied regarding their potential to increase SOC stocks. 
Therefore, the meta-analysis on cover crop effects on SOC stocks presented in chapter 
2.1 consisted of not more than 30 studies around the globe. Due to this limited number 
of studies, it was not possible to explain much of the variance observed between studies. 
However, the result of the meta-analysis was explicitely positive: In the observed time 
span of 54 years, cover crops could accumulate SOC in a rate of 0.32±0.08 Mg C ha-1 yr-1. 
When evaluating SOC sequestration as a function of time, no equilibration, but rather a 
constant linear increase has been observed. Interestingly, this accumulation rate has 
been exactly confirmed in chapter 2.2, in which three Swedish and one US ryegrass 
cover cropping experiments have been analysed regarding SOC dynamics. For the four 
investigated experiments, an average accumulation rate of 0.32±0.28 Mg C ha-1 yr-1 was 
observed and interpreted as a validation for the carbon response function developed in 
the meta-analysis. Yields of the main crop were thereby unaffected and nitrate leaching 
was strongly reduced (Aronsson and Torstensson, 1998), indicating an ecological win-
win situation. These results suggest, that even in northernly ecosystems with relatively 
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short vegetation periods, cover crops can have a significantly positive effect on SOC 
stocks. The SOC benefit from the use of cover crops is thus clearly not restricted to a 
certain climate zone, but might be achievable in many agricultural ecosystems 
worldwide as long as enough water is available and soils are not frozen from late 
autumn. Currently, this potential is by far not exploited: Despite available subsidies, only 
5% of the total EU arable land cover in winter is used for cover crops, while about 25% 
remain as bare fallows (ec.europa.eu/Eurostat/statistics-explained). Due to the surplus 
of organic matter and higher nitrogen concentration in the soil during the winter month, 
it has been suggested that cover crop green manuring would stimulate N2O emissions. 
However, in a meta-analysis with a total of 106 observations, Basche et al. (2014) did 
not find a clear picture. Only 60% of all included sites had higher emissions when cover 
crops where grown, while 40% had even lower emissions, resulting in no significant 
difference. It can be summarized, that the work conducted for this habilitation (chapter 
2.1 and 2.2) was able to highlight the large SOC sequestration potential of cover crop 
green manuring in various ecoregions of the globe. It represents a highly recommended 
management practice to make SOC depleted croplands soils a long-term net carbon sink. 

In contrast to cover crop green manuring, straw incorporation had a much less positive 
effect on SOC stocks. This was primarily assessed in two studies presented in chapter 2.3 
and 2.4. In a total of six Swedish and one Italian long-term field experiments with a 
duration of 27-58 year, cereal straw has been either removed or retained to study the 
effect of straw incorporation on SOC reproduction. No clear SOC accumulation upon 
straw incorporation has been observed in most experiments and the average 
humification coefficient of the Introductory Carbon Balance Model (ICBM) (Andrén and 
Kätterer, 1997) was 0.05. The humification coefficient h, which is a parameter of the 
model, will be referred to as stabilization coefficient in the following. It describes, which 
proportion of the freshly added carbon is transferred from the young and fast cycling 
carbon pool to the old and slow cycling carbon pool. It thus describes, how much of the 
added carbon contributes to long-term SOC sequestration. The advantage of the ICBM-
derived stabilization coefficient compared to a simple sequestration rate (SOC 
accumulation per year) regarding their ability to evaluate different management 
practice, is that amount of input as well as abiotic site conditions, at least those that are 
taken into acoount by a model, are accounted for and normalized. Effects of different 
organic amendements applied to different soils can be compared to each other in an 
unbiased way. The multi-site experiments and associated model fits of the present work 
allow a comprehensive comparison of the two management options straw retention and 
cover crop green-manuring, at least for soils in cold temperate climate (southern 
Sweden). The average stabilization coefficient of cover crops as calculated in chapter 2.2 
was 0.33, which is much higher than the average of 0.05 for straw (chapter 2.3). Most 
likely, this is related to two different things: 1. Cereal straw is generally poor in nitrogen 
(C:N ratio of 80), while most cover crops (e.g. grasses, legumes or crucifers) have C:N 
ratios below 30 (http://soils.usda.gov/sqi/management/files/C_N_ratios_cropping_ 
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systems.pdf). Based on recent advances in the understanding of microbial metabolism, 
the C:N stoichiometry of substrates is acknowledged to play a significant role for 
microbial carbon use efficiency, i.e. growth over uptake (Manzoni et al., 2010; Spohn and 
Chodak, 2015; Manzoni et al., 2017). Microbes usually have a C:N:P ratio of around 
60:7:1 (Cleveland and Liptzin, 2007) and the closer a substrate is to this ratio, the higher 
is the proportion that can be used for microbial biosynthesis. In other words, microbes 
adapt to low nutrient contents of substrates or soil environments by reducing their 
carbon use efficiency and thus increasing respiration per uptake. This is important for 
the fate of carbon in the soil, since when it is build into microbial biomass, carbon can be 
stabilized and accumulate in the long term (Miltner et al., 2012). The other reason for a 
higher stabilization of cover crops than of straw is the fact that whole plants (including 
roots) are incorporated. For example, in a cereal/ mixed cover crop rotation, Chirinda et 

al. (2012) found that cover crop roots accounted for 40% of the total plant biomass. 
Roots have been shown to contribute a multiple of aboveground litter to the refractory 
soil carbon pool (Kätterer et al., 2011).  This might have several reasons, as synthesized 
by Rasse et al. (2005): 1. Chemical recalcitrance and accumulation of metal ions. Root 
tissues need to be better protected against microbial decomposition in the soil, therefore 
they are chemically more recalcitrant than shoots. For example, (Fernandez et al., 2003) 
found a higher proportion of lignin in the roots of Pinus pinaster and Cocus nucifera as 
compared to the shoots of the same species. Also suberin is a polyphenolic and 
polyaliphatic biopolyester that is mostly found in roots or woody aboveground plant 
tissues and has a high preservative potential. Finally, especially in acidic soils, where 
aluminium and iron ions are plant available in the soil solution, roots have been found to 
accumulate those ions at a higher rate than shoots (Heim et al., 2003). The mechanism of 
selective preservation might thus explain why roots are often found to decompose at a 
slower rate than shoots (Amato et al., 1984).  2. Interaction with the soil matirx. Roots 
are important for aggregate formation and aggregate stability, which might be related to 
rhizosphere polysaccharides, fungal hyphae and a dense network of fine roots. Those 
fine roots, particularly root hairs, can penetrate even microaggregates (Keyes et al., 
2013) which act as physical barriers for decomposers. This interaction of roots with the 
soil matrix as well as the feeding of myccorhizal fungi has important stabilizing effects 
for root-derived SOC (Oades, 1984; Haynes and Beare, 1997). Furthermore, plant roots 
produce organic acids with lactate, acetate, citrate or malate as primary anion 
components. Due to their negative charge, those compounds may be rapidly sorbed to 
the mineral phase via cation bonding (Jones, 1998; Kaiser and Guggenberger, 2000).  

The relatively high stabilization of root-derived carbon and the very low stabilization of 
shoot-derived carbon, which has been estimated for the Swedish long-term experiments 
in chapter 2.4 was confirmed in the same chapter for the Italian long-term experiment in 
Padova (0N treatment). The model ICBM, which was used in the study with two different 
young pools (one for above- and one for belowground residues) was applied and 
compared to measured SOC stocks in a 40 year time course. First, the model was run 
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with the default h value of 0.125 for plant litter as derived in the initial calibration of the 
ICBM model at the Ultuna frame trial in Uppsala, Sweden (Andrén and Kätterer, 1997).  
In this case, root and shoot litter were not distinguished in their h values, but treated as homogeneous plant litter. As a result, the SOC stock of the “straw removed”-treatment was strongly underestimated by the model, while the “straw retained”-treatment was 
overestimated. This can be interpreted as a too low h value for the root-litter pool and a 
too high h value for the straw-litter pool. In the next step, the h value of the root litter was optimized for the “straw-removed” treatment, in which root-derived carbon was the 
only carbon input. The optimum (lowest RMSE) was found for h=0.3, a value that is 
comparable to the cover crop residues in chapter 2.2 (0.33) and for root litter in 
Kätterer et al. (2011) (0.35-0.39). Subsequently, the h value for straw was adjusted for the “straw retained”-treatment and found to be 0, at least in the treatment that did not 
receive any mineral fertilization.  A total of 5 different N fertilization treatments allowed 
to test the hypothesis, that N availability would affect h. Indeed, a linear increase of h 
with N fertilization was observed. In the highest N treatment (260 kg N ha-1 yr-1), h=0.05 
was found to result in an optimal fit of the model. This underlines the importance of N 
for C sequestration and is in line with the findings of Kirkby et al. (2013), who found a 
higher retention of straw when amended with additional nutrients. 

While the h values of straw increased with N fertilization in the Padua experiment, it 
decreased for root-derived carbon.  This was interpreted as altered root to shoot ratio 
(R:S). With increasing N availability, plants need to allocate less carbon belowground 
(Welbank et al., 1973). However, this is not considered in the allocation coefficients that 
have been used to calculate belowground carbon inputs (Bolinder et al., 2007). In 
consequence, those inputs could have been overestimated in the high N-fertilizer 
treatments and/or underestimated in the low N-fertilizer treatments, which was 
compensated by tuning the h values of the model. There is no other plausible reason, 
why the h values of the root-derived carbon should have showed the oppsite response to 
N fertilization as the straw-derived carbon.  

In chapter 2.5 a complex experimental setting was used to confirm those findings, i.e. i) 
root-derived carbon is better stabilized than straw-derived carbon, ii) nitrogen 
fertilization increases stabilization of straw-derived carbon and iii) nitrogen fertilization 
decrease R:S. In the Ultuna frame trial, which has been initiated in 1956 to assess the 
effect of different organic amendments on SOC stocks, the grown crop changed to 
continuous maize in 1999. This is an unsual crop for central Sweden but has been 
introduced due to the fact that it is a C4 grass, which is characterized by a less stronger 
discrimination of the stable isotope 13C during photosynthesis as compared to C3 plants. 
The resulting shift in 13C natural abundance upon vegetation shift has been extensively 
used to study soil organic matter dynamics (Balesdent et al., 1987). The special and 
unique feature of the Ultuna field trial is that the entire aboveground biomass of the 
grown crop is removed, so that no aboveground residues would bias the influence of the 
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different organic amendments. Luckily, one of these amendments is wheat straw, which 
is applied at a fixed rate of 2 Mg C ha-1yr-1. Thus, due to the continuous maize cropping 
since 1999 and the wheat straw amendments, above- and belowground residues can be 
distinguished by their isotopic signature. In other words, the experimental design of 
these specific treatments of the frame trial, which has also many other treatments, 
simulates a plant with C3-shoots and C4-roots. Even better, certain treatments receive 
an additional 80 kg of mineral N. Luckily, this is the case for the Control, which receives 
no organic amendments, as well as for the wheat straw treatment. Therefore, four 
treatments, i.e. Control (only maize roots), Control+N, Straw (maize roots and wheat 
straw) as well as Straw+N were sampled in 2015 and analyzed together with archieved 
samples from 1999, the year before continuos maize was established.  In this 
constellation, it was possible to calculate the retention of maize roots and wheat straw 
seperately and also asses the influence of N fertilization on both. The results of this 
study confirmed at least two of the three hypotheses: Maize roots retention (37%) was 
found to be higher than wheat straw retention (22%) and wheat straw retention was 
higher (26%) when added with N as compared to the addition without N (18%).  

It can thus be summarized, that efficient SOC sequestration requires nitrogen, a high 
proportion of root residues as well as maximized photosynthetic activity. Therefore, 
cover crops are a promising option to accumulate SOC in agricultural soils, even more so 
when the additional positive effects on nutrient recycling and erosion control are 
considered. At least in the cold humid south of Sweden, no effect of cover crop 
cultivation on yield of the main crop was found. In contrast, straw retention might be 
less sustainable and climate-smart than potential alternative uses, such as bioenergy 
production. It has been calculated before, that CO2 savings from straw-generated 
bioenergy substitution of fossil fuel could save up to seven-fold more CO2 emssions than 
SOC accumulation upon straw incorporation into the soil (Powlson et al., 2008). While 
the temporal dynamic of SOC stock change after cover crop green manuring was best 
described by a linear increase in the observed time span of 54 years (Chapter 2.1), the 
positive effect of straw addition, if any, was found to last only for several years, after 
which a new steady state occurred (Chapter 2.3 and 2.4). In the Padua experiment, a 
cumulative amount of 100 Mg C has been added as straw between 1966 and 2006, 
however on average only less than 4 Mg C remained in the soil. These 4 Mg C had 
already accumulated in the first 17 years, after which no further increase could be 
detected. This implies that the other 23 year of straw addition could only maintain the 
slightly elevated SOC level but not help to further increase it.  Surely, there are more 
climate-smart options to use crop residues than feeding microorganisms which cannot 
use much of the carbon for biosynthesis. Since N is the most essential nutrient in crop 
production and organic matter accumulation, one promising idea is using straw-derived 
energy to manufactur synthetic nitrogen fertilizer (ammonia), for which atmospheric N 
is fixed from the atmosphere with the use of hydrogen gas under high temperature and 
pressure. This process is highly energy-demanding and thus causes a lot of CO2 
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emissions. According to a recent synthesis by the Joint Research Center of the European 

Commission (JRC) (Edwards et al., 2017), the emissions related to the production of 1 kg of 

N, P, and K fertilizer are 4.25, 0.54, and 0.42 kg CO2, respectively. When SOC sequestration 

requires N and crop residues contain a lot of energy but not enough N to be efficiently 

stabilized in the soil, it seams logical to use a certain proportion of the straw for energy 

production which can in turn be used for N fixation.  

Although several experiments used in this work show that especially cereal straw 

incorporation might not be an efficient and long lasting strategy to sequester SOC, the advice 

to export all straw from the field would not be a reasonable conclusion. Straw, especially 

when used as a mulch, has other beneficial effects such as erosion control, virus and weeds 

suppression as well as water retention (Döring et al., 2005). Finally, although not much of it 

might be stabilized, straw incorporation can help to increase or maintain soil microbial 

activity, which in turn is crucial for numerous soil functions (Tu et al., 2006). Also, this work 

is not advocating the maximum appropriation of NPP for bioenergy production. From an 

ecological point of view, whole-tree harvesting, which is increasingly conducted in Northern 

forests is one negative example of mazimized anthropogenic appropriation of NPP (Berger et 

al., 2013). However, mazimizing NPP and root inputs appear to have a higher potential to 

increase SOC storage and nutrient recycling in agricultural ecosystems than decreasing 

appropriation of the aboveground biomass of cash crops (i.e. complete residue incorporation).  

Although the ecosystem is very different, a related study is presented in Chapter 2.7: In three 

Swedish cities, frequently mown urban utility lawns are compared to adjacent meadow-like 

lawns, which are cut only once or twice per year. Thereby, none of the lawns is fertilized and 

no biomass is removed form the lawns. Aboveground NPP was estimated from biomass 

increment measurements and found to be 24% higher in utility lawns. This had a significantly 

positive effect on SOC stocks. Also, the lower C:N ratio in the utility lawns gave indications 

of a better nutrient cycling and less N losses in the intensively managed system. Thus, this 

example from an urban environment is confirming that maximizing the utilization of solar 

energy via photosynthetic activity is an important measure to increase carbon inputs to the 

soil and finally SOC storage.    

Ley as a source for soil carbon in croplands and the need for repeated inventories 

Leys, i.e. perennial grasses can have a multiple of the root biomass of cereals (Bolinder et al., 

2010). In Chapter 2.1, it has been shown that perennial ryegrass was efficient for SOC 

sequestration when used as a cover crop in plot experiments. However, Chapter 2.6 contains a 

study that goes far beyond plot-scale experiments and shows the effects of an increasing 

proportion of ley as a main crop on a country-scale. Swedish agriculture has been steadily 

extensified in the past decades. New regulations on animal welfare have led to a decrease in 

livestock (cheaper meat is imported). Furthermore, strong increases in organic farming as well 

as a general decrease in agricultural area have also reduced total production. Meanwhile, 

Sweden is importing about 55% of the consumed agricultural products. One feature of this 

agricultural extensification is that 48% of the total agricultural area is used as green fallow or 
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for the production of leys. In the 1980ies, their proportion of the total agricultural area ranged 

around 30%. This strong increase in leys was hypothesized to result in increased SOC levels. 

As one of the few countries worldwide, Sweden has almost completed the third national 

inventory of agricultural soils, in which several parameters where measured. Thereby, SOC 

was one of the parameters focused on. Indead, SOC contents of Swedish agricultural soils 

increased on average by 7.7% between the first (1988-1997) and third (started in 2010) 

Inventory. As a rough estimate, using a pedotransfer function to determine bulk densities, this 

increase would amount to 0.25 Mg ha-1yr-1. The reason for the increase in leys, grown as a 

cash crop, could not be found in agricultural statistics but was related to the steady increase in 

horse population, which are mostly kept on small farms (<2 ha), that are not included in 

agricultural statistics (Andrén et al., 2008). The strongest increase in the proportion of leys 

was found in the counties which had the highest increase in horse population. Chapter 2.6 is 

thus an interesting example, how “Zeitgeist” of the Swedish society, i.e. the wish to have a 

horse for recreational purposes, can influence SOC storage. However, the Chapter is also 

pointing out two other important issues: 1. Leys and plants with a large root biomass are very 

efficient for SOC increase. Surely, agricultural systems with large proportions of ley in the 

rotation, e.g. as performed in organic agriculture, cannot feed the world and would, if 

performed on a large spatial scale potentially cause land-use changes and in turn SOC 

depletion (Leifeld, 2012). However, the use of leys for cover crop green manuring or even as 

a bioenergy crop (Hakala et al., 2012) might be an option also for more intensive agricultural 

production systems than the investigated one. 2. Repeated national inventories are very 

important to understand the interplay of socio-economic developments, trends in agricultural 

management and SOC or soil fertility in general. In Sweden, the dataset of the first Inventory 

is used as a baseline to initialize the model ICBM, which is used to estimate and report annual 

SOC stock changes in agricultural soils under the United Nations Framework Convention on 

Climate Change (UNFCCC). In a regionalized approach, the model uses stratified initial SOC 

stocks and carbon inputs calculated from agricultural statistics (Andrén et al., 2004), whereby 

mainly livestock data and yields of cash crops are used. In contrast to the analysis of the 

repeated inventories, the model estimated an overall SOC loss of 1 Mt yr-1 (Andrén et al., 

2008). Thus, while the Swedish national inventory report keeps reporting SOC losses from 

agricultural soils, the Inventory analysis, i.e. measured data, revealed the direct opposite and 

thus falsified the model projections. This insight can now be used to recalibrate the model 

accordingly and rethink the sources of model input. The uncertainty of national-scale model 

predictions is huge, although often not shown and difficult to quantify. This is due to 

uncertainty of input parameters, such as values deduced from agricultural statistics, but also 

due to structural uncertainty of the model (Ogle et al., 2010; Scharlemann et al., 2014). It can 

thus be concluded, that national inventory reporting or comparable SOC accounting shemes 

should not rely on model projections alone, but should be based on repeated inventories. 
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5.2 New insights on nutrient-carbon cycle interactions 

In the previous chapter, the positive effect of increased NPP and subsequently increased 
carbon input on SOC stocks has been discussed. This is also often discussed in the 
context of fertilization or ecosystem nutrition in general (Nellemann and Thomsen, 
2001; Christopher and Lal, 2007). The Haber-Bosch process, in which ammonia is 
synthesized from atmospheric nitrogen, is one of the most important inventions of the 
20th century in the field of chemistry and has led to a revolution in agriculture. Balanced 
fertilization leads to strong increase in biomass production, which correlates well to 
increased SOC stocks, presumably due to increased carbon inputs. Analysing a large 
number of Swedish long-term fertilization experiments, (Kätterer et al., 2012) 
established that approximately 1 kg N fertilization (applied along with P and K) is 
needed to sequester 1 kg of SOC.  Also, comprehensive meta-analyses have repeatedly 
shown the positive effect of N fertilization on SOC storage or the negative effect of its 
cessation (Alvarez, 2005; Ladha et al., 2011). While the N effect on total NPP might be 
the predomenent driver for SOC accumulation, shifts in nutrient regime can have 
multiple consequences for C-cycle relevant abiotic and biotic factors. Those include 
altered soil pH (Nellemann and Thomsen, 2001), shifts in microbial community 
composition and enzyme activities (DeForest et al., 2004), microbial nutrient mining and 
carbon use efficiency (Spohn et al., 2016), plant C allocation to roots and root exudates 
(Paterson and Sim, 2000), plant-mycorrhiza symbiosis (Corkidi et al., 2002) as well as 
plant quality and thus degradability (Nicolardot et al., 2001). It is thus unlikely, that 
altered C input is the only cause of SOC stock changes upon fertilization. Evidence for 
this is provided in Chapter 2.8, in which an understudied fertilizer combination (PK) is 
investigated using data from a meta-replicated Swedsih long-term fertilization 
experiment. Compared to the unfertilized Control, PK fertilization was found to increase 
crop yields on average by 1, 10 and 15%, depending on the dose of PK. In contrast, SOC 
stocks decreased with PK fertilization, resulting in a negative correlation of estimated 
NPP and SOC. This finding led to several hypotheses regarding the effects of PK on soil C 
cycling, all of which have been observed before but not been directly linked to SOC stock 
changes. The latter is an important aspect of studying biogeochemical processes in the 
soil in general, which is often neglected: When a certain mechanism is studied in depth, 
this is often done relatively isolated, i.e. under in-vitro conditions and without 
considering possible other mechanisms taking place at the same time.  In this way, it is 
impossible to answer the question, how relevant a certain mechanism, relative to others, 
might be for e.g. overall SOC dynamics. This in turn hampers the inclusion of potentially 
important mechanisms into models. In this work, it was attempted to test several 
potential mechanisms in repsonse to PK fertilization at the same time (in the same soil 
samples). After collecting field fresh soil material from three out of ten available 
fertilization experiments, the following hypotheses were tested: 1. PK fertilization has 
depleted soil N availability and thereby induced N-mining, leading to high catabolic 
activity. 2. PK fertilization as such stimulates microbial activity and enhanced 
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mineralization of SOC. 3. PK shifts plant root:shoot ratios and the linear relationship of 
yield to total NPP cannot be applied across varying fertilization treatments; 
belowground inputs might have been smaller in the PK treatments as compared to the 
unfertilized Control. 4. PK fertilization decreased the abundance of arbuscular 
mycorrhizal fungi (AMF), leading to decreased aggregate stability and bewloground 
carbon inputs. The latter, i.e. the abundance of AMF, has been quantified by real-time 
quantitative PCR measurements of the soil DNA. However, due to the fact that the soils 
have been sampled in March, in a bare fallow stage several months after the last harvest, 
only very low amounts of AMF-DNA were detected in the soil and no significant 
differences were observed between treatments. For this reason, this hypothesis could 
not be further investigated. However, Chapter 2.9 did clearly confirm hypothesis 2, since 
it could be shown that short-term PK additions in combination with glucose as well as 
long-term PK fertilization increased CO2 evolution. Also heat dissipation, as a measure of 
the balance of catabolic and anabolic reactions during microbial metabolism increased 
upon PK addition. The very short-term (5 hours) measurement of specific basal 
respiration could explain long-term trends in SOC stocks to a high degree. The fact that 
short- and long-term repsonses were comparable indicates that the response to PK 
addition is rather due to physiological adaptation than to a change in community 
composition, which is impossible to happen within 5 hours. The addition of N had, at 
least for respiration, the opposite effect with nitrogen and glucose addition suppressing 
heterotrophic respiration as compared to glucose addition alone. This is a clear sign of 
N-mining under the presence of sufficient energy from easily degradable substrate, 
which has been observed before (Craine et al., 2007; Murphy et al., 2015). Thereby, 
Glucose+N addition had a similar effect when applied to the unfertilized Control and to 
the PK fertilized treatment, which indicates, that also Hypothesis 1, i.e. that N-mining 
was stronger in the PK fertilized soils, could not be confirmed. Why microbial N-mining, 
but not P-mining can be detected in soils (Craine et al., 2007) is unsolved but might be 
related to the fact that the major fraction of total soil P is inorganic (Roberts et al., 1985). 
Although the observed effects might be of limited relevance for agricultural systems, in 
which shortage of N and fertilization with PK alone is uncommon, the presented studies 
highlight that soils can loose C even when aboveground NPP is increased.   

A similar result was found in long-term fertilized grassland soils, in which the average 
yield of CaNP fertilized soil was threefold the yield of the unfertilized control, while SOC 
stock where higher in the control soil. The authors explained this by a decrease in AMF 
colonization and root:shoot ratio as a consequence of fertilization (Sochorová et al., 
2016). Thus, in systems were a large proportion of the aboveground biomass is 
exported, the proportion of belowground C allocation is the major trigger for total C 
inputs. This is in line with the findings presented in Chapter 4.5, in which the RothC 
model was used to inversely estimate plant root:shoot ratios by fitting the model to 
measured SOC trends in grassland soils. Thereby, root:shoot ratio also decreased with N 
fertilizer input, which can be explained by the fact that when sufficient water and 
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nutrients are available, plants are rather limited by aboveground resources, i.e. light, 
and thus invest more in aboveground growth (Ericsson, 1995; Poorter and Nagel, 2000).  

Surprisingly, this was not found in Chapter 2.10, in which Hypothesis 3, i.e. that PK 
fertilization would shift root:shoot ratios and thus reduce belowground inputs, was 
tested.  The same three soils, which have been investigated in chapter 2.9 were used in a 
pot experiment with spring barley. As soon as the plants reached the flowering stage, 
they were harvested and measured for above- and belowground biomass. Opposed to 
the expectations, soil texture but not fertilization regime led to a shift in root:shoot ratio. 
The highest root:shoot ratio was detected in the most coarse textured soil. Potentially, 
the equal root:shoot ratio across fertilization treatments might have occurred due to 
insufficient contrasts in nutrient availability. The soils, which have been sampled in 
March, long after the last fertilization event, might not have been to different regarding 
N, P and K availability. However, the significant differences in shoot C:N and C:P ratios 
across treatments indicate that contrasts were still present. Hypothesis 3 could however 
not be confirmed.  

It can thus be summarized, that the SOC losses observed upon PK fertilization were most 
likely primarily caused by a stimulation of microbial activity and thus SOC 
decomposition, which has been observed before (Cleveland et al., 2002; Fisk et al., 
2015). However, a clear link to SOC losses has not been provided before. Furthermore, 
the integrative approach of testing several potential mechanisms at the same time and in 
the same soils is valuable and has the potential to significantly advance our 
understanding of soil nutrient cycle interactions. 

 

5.3 Improved understanding of climate change effects on SOC   

Besides land use and land use change, global warming is the second major threat to SOC 
in the Anthropocene. This is problematic, since SOC loss due to catalyzed microbial 
activity by warmer temperatures represents an autocatalytic mechanism: Warming 
induces higher heterotrophic respiration, i.e. more CO2 release to the atmosphere, which 
closes the positive feedback loop by further warming. However, climate-carbon cycle 
feedbacks are difficult to predict, due to the magnitude of involved interactions between 
different compartments of the total global carbon pool. For example, increased 
heterotrophic respiration might be at least partly counterbalanced by increased NPP 
due to longer vegetation periods but also CO2 fertilization (Melillo et al., 1993; 
Friedlingstein et al., 1995). As a matter of fact, not only thawing permafrost soils of high 
northern latitudes, which hold the highest stocks of SOC and experience the greatest 
warming (Koven et al., 2011) are becoming sources of CO2, but also managed soils in the 
temperate zone are prone to losses of CO2. This underlines the previously discussed 
necessity to conduct repeated soil inventories to monitor SOC levels under a changing 
climate. In a famous and controversely discussed publication, Bellamy et al. (2005) tried 
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to link losses of SOC in the UK to climate change. It is however likely, that the observed 
losses are attributable to land use and management changes as observed in other 
European countries (Sleutel et al., 2007; Heikkinen et al., 2013), since different 
centennial long-term experiments in the UK with unchanged management did not reflect 
this trend of declining SOC (Hopkins et al., 2009). However, climate change is ongoing 
and warming is further increasing. It is therefore likely, that SOC losses might become 
detectable also in Central Europe within the current century. In Chapter 3.1, we used the 
RothC model to project those losses until the end of the century for 51 soil profiles, 
which were considered representative for the agricultural area of Bavaria.  One major 
strength of this study and likewise the major reason for using the RothC model was that 
SOC of all investigated profiles was characterized by a specific fractionation method in a 
preceeding study (Wiesmeier et al., 2014b). This fractionation method, which was 
developed by Zimmermann et al. (2007) and refined by Poeplau et al. (2013) isolates 
SOC fractions that can at least empirically be linked to the pools of the RothC model. 
Therefore, the measured SOC fractions of the 51 profiles could be directly used to 
initialize the model; the equilibrium assumption to estimate SOC pool distribution at the 
start of the projection was not necessary and model outputs thus potentially closer to 
reality. Furthermore, C inputs have been derived from management data obtained from 
the farmers directly as well as regionalized allocation coefficents as presented by 
(Wiesmeier et al., 2014a). Finally climate scenarios were derived from a multi-model 
ensemble approach based on the IPCC scenario A1B for each of the 51 sites individually. 
Overall, data quality in this regional modelling study can thus be considered 
exceptionally high. The only component, on which any reliable data was missing, was 
expected changes in NPP, which were thus covered by different scenarios. The average 
temperature increase of 3.3°C until the end of the century was estimated to cause a 
decrease in SOC stocks of 11-16%, assuming unchanged C inputs. To counterbalance 
those losses via increased SOC mineralization, we calculated that 29% more C input 
would be required. This might in turn be realized by options discussed in 5.1, such as 
cover cropping and a promotion of belowground NPP. 

Modelling studies can have powerful impacts and rise large public awareness on global 
problems (Refsgaard et al., 2007). At the same time, model results are always uncertain. 
One of the major uncertainties in modeling SOC changes under climate change is the  
temperature response of soil organic matter decay, which has been studied extensively 
and is still not sufficiently understood (Conant et al., 2011). Especially the response of 
different SOC pools is discussed controversely. It is often found, that stabilized SOC with 
relatively low turnover rates is most sensitive to temperature increases, which might be 
related to the higher amount of energy required to breakdown such components (Knorr 

et al., 2005; Lefevre et al., 2014). However also opposing findings are reported 
(Lomander et al., 1998; Conen et al., 2006; Karhu et al., 2010). Due to this heterogeneous 
picture drawn by currently existing studies, most SOC turnover models use the same 
temperature sensitivity for all kinetic pools. Different results might thereby also reflect 
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the variability of approaches used to answer this question, ranging from short-term 
incubation studies, in-situ warming experiments as well as cross site studies (Conant et 
al., 2011 and papers cited therein). A way forward in understanding temperature 
response of SOC mineralization would be the long-term investigation of changes in 
microbial metabolism, enzymatic activity as well as changes in stabilization mechanisms 
in the soil. However, long-term in-situ soil warming is costly and thus usually restricted 
to a couple of years and moderate temperature increases. Effects of persistent and more 
extreme soil warming might thereby be missed out. In contrast, the study site presented 
in Chapter 3.2 is absolutely unique and offers great opportunities to study long-term 
ecosystem changes in response to an extreme natural warming gradient. The site is 
located in Hveragadir, Iceland and has been geothermally warmed since 2008, after an 
earthquake has shifted a geothermal channel. Previously, the affected grassland, forest 
and heath areas have been completely unaffected by geothermal activity. In a range of 
temperature increases from +0°C (unwarmed) to +80°C, warming effects on ecosystem 
functioning can be studied at a low cost. In Chapter 3.2., the same fractionation method 
as used in 3.1 was applied to investigate changes in the distribution of SOC into these 
fractions and thus evaluate prevailing mechanisms leading to depletion of SOC. Warming 
up to 40°C was studied and SOC losses of up to 86% were detected. The different 
fractions responded similarly to warming, with only one fraction loosing relatively more 
SOC than the bulk soil: the sand and stable aggregates fraction (SA). This fraction was 
not only strongly depleted in C content, but also in mass. Thus, the study is the first and 
only showing that persistent extreme soil warming leads to a destabilization of 
aggregates and thus a destabilization of SOC. Since organic matter is however also an 
important factor for aggregation (Tisdall and Oades, 1982), indicating that also the 
depletion of SOC as such has caused the collapse of aggregates. Potentially, another 
positive feedback loop might be underlying.  

While Chapter 3.2 represents the first published study on the extreme warming site, 
more and more research groups join the ForHot Consortium (www.forhot.is) and 
conduct diverse research in these fascinating plots. Despite the fact that Andosols might 
not reflect the majority of soils globally, fundamental knowledge gains regarding the 
response of any ecosystem component to warming have already been achieved and can 
be expected in the future.  The ongoing activities at the ForHot sites are a good example 
of above mentioned multidisciplinary research that is needed for a more profound 
understanding of soils. Regarding the breakdown of aggregates, the decrease in AMF as 
well as total root biomass upon warming have been detected by other groups in the 
same plots (unpublished) and might explain to a certain extent why aggregates are 
devitalized. Of course, also geothermal warming sites have methodological 
shortcomings: i) while temperature increases due to climate change are gradual and 
happen over centuries, the temperature shifts in the mentioned experiment happened at 
once. This might affect biological processes in a different way; ii) while climate change is 
warming the atmosphere, geothermal warming is only warming the soil. Thus at 
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geothermally warmed sites, plant growth is not stimulated to the same degree as 
organic matter decomposition, which leads to a significant leakage in the soil N cycle.  

The summary and concluding remark of the two studies investigating warming effects 
on SOC cycling from an agricultural perspective is well in line with the most important 
conclusion from 5.1: An increase in total belowground NPP as direct carbon input as 
well for soil structural stability is key to increase or maintain SOC levels and should thus 
be pursued by farmers and plant breeders to counterbalance enhanced SOC 
mineralization under global warming. Besides altered activity and metabolism of 
heterotrophic decomposers, the response of plants to climate change does therefore 
play a crucial role for ecosystem carbon fluxes and SOC dynamics. While aboveground 
responses to warming and drought are well studied (Rustad et al., 2001), not much is 
known on potential shifts in plant C allocation shifts (Davidson, 1969). Elevated CO2 was 
found to increase or decrease root:shoot ratio, depending on crop type and resource 
supply (Rogers et al., 1995). More systematic experiments with manipulated CO2, 
temperature and water availability according to climate change scenarios might be 
needed to derive somewhat generic models to describe plant responses to climate 
change.  

 

5.4 Methodological advances in the determination and prediction of soil organic 

carbon stocks and dynamics 

Detectable changes in SOC occur on a decadal timescale and especially changes due to 
agricultural management are usually small compared to the total SOC stock and its large 
background variability (Schrumpf et al., 2011). To use a metaphor, measuring changes in 
SOC equals the attempt to measure the change in water level in a large river with 
turbulent surface after a small rain event. Certainly, this is only possible when realized 
with the highest accuracy possible and, even more important, when excluding all 
sources of bias. This work presents several contributions that raise awareness of certain 
biases and identifies potential solutions for inherent problems of measuring, calculating 
or modelling SOC dynamics.   

Disclosing pitfalls in measuring and calculating soil organic carbon stocks and dynamics 

Potentially the most fundamental contribution is presented in Chapter 4.1, which 
discloses a major flaw in SOC stock calculation: the wrong use of bulk density and rock 
fragment content in the simple equation to convert SOC concentration to SOC stocks, 
which is for most questions regarding SOC dynamics the more relevant unit. Basically, 
the concentration of C in the soil fraction <2 mm (fine soil) is multiplied with the mass of 
that soil fraction present to a certain depth. To estimate this mass, bulk density as well 
as the proportion of rock fragment needs to be known. Apart from the problems of 
accurate determination of these parameters and accounting for potential field scale 
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variability, the work in chapter 4.1 demonstrates the consequences of their erroneous 
use in the simple equations. In brief, the bulk density of the fine soil is often 
overestimated since bulk density is determined on a bulk soil sample which includes 
stones. Another type of equation ensemble used in the literature uses the correct bulk 
density of the soil <2 mm but multiplies this with the volume of the total soil, without 
reducing it by the volume occupied by rock fragments. This also leads to an 
overestimation of fine soil mass and thus an overestimation of SOC stocks. Furthermore, 
in many studies, rock fragment is not determined or not substracted at all, which leads 
to the strongest overestimation of SOC stocks, assuming that rock fragments are more or 
less free of SOC. As long as relative changes in SOC stocks shall be determined between 
treatments, land uses or points in time, such bias might be of minor importance. 
However, if absolute SOC stocks shall be determined, the wrong accounting for rock 
fragments and bulk density can introduce a large bias in SOC stocks, which can exceed 
100% in stony soils.  

For relative differences in SOC contents or stocks, such as needed in repeated 
inventories, it is important that the two datasets were treated the same and measured 
with the same instruments. Expected changes in SOC are small when assessed in decadal 
timescales and potential bias as introduced by e.g. changing the analyser can easily 
counterbalance or double the actual SOC changes. One important but overlooked bias is 
the residual water content after air-drying or oven drying at lower temperatures. 
Depending on available facilities or plans for supplementary measurements, the samples 
from the same locations but different sampling events (i.e. in inventories) might have 
been dried in different temperatures. Slightly different water contents as such would 
then have an effect on SOC contents, since the amount of CO2 evolving during dry 
combustion is related to sample weight. Chapter 4.2 presents pedotransfer functions 
derived from the Swedish inventory dataset (presented in Chapter 2.6) that can be used 
for determining residual water from clay and/or SOC content that can be helpful in 
correcting SOC contents measured in air-dried soil samples. Thereby, clay has been a 
much stronger predictor of residual water than SOC content. While SOC contents in 
sandy soils are only slightly biased by residual water, soils with 60% clay had a residual 
water content of ~4%, leading to a proportional bias in SOC content. 

Another bias that can drastically influence estimated treatment effects on SOC levels and 
is also often overlooked is presented in Chapter 4.3. Field scale variability of SOC and 
other soil parameters can be large, even within one field of a specific land use and in flat 
terrain (Conant and Paustian, 2002). Reasons for this can be diverse. This is especially 
problematic in field trials, in which the effect of e.g. agricultural management on SOC 
shall be compared. While the more recently established trials are laid out in sufficiently 
replicated randomized blocks (Chan and Heenan, 2005), which accounts for and 
minimizes the effect of spatial variability, older experiments are usually laid out more 
simplistic (Jenkinson, 1991). In any case, the initial difference in SOC between plots (e.g. 
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within one block) is often assumed to be zero at the start of the experiment. This might 
however lead to strong over- or underestimations of treatment effects on SOC as shown 
in Chapter 4.3 and before in Chapter 2.2. After more than 50 years of contrasting 
fertilization in 10 different experiments, the initial differences in SOC within treatment 
pairs were still detectable. In ~50% of all investigated treatment pairs, the initial 
differences in SOC content were even larger than the final differences. A generic 
empirical equation based on the first order decay of the ICBM model was developed to 
roughly estimate the influence of initial SOC difference as a function of time. In the case 
of the investigated experiments, ~70% of the initial differences were still present, even 
after more than 50 years.    

Advances in modelling soil organic carbon dynamics 

Models are always abstractions of the real world. Most soil organic matter turnover 
models are oversimplified, due to the immense complexity of soils. One major problems 
of such model approaches is, that they are often calibrated at one (Coleman and 
Jenkinson, 1996; Andrén and Kätterer, 1997), or at most a few sites (Taghizadeh-Toosi 
et al., 2014), while the derived parametrization is then applied to a large range of 
different soils to estimate or predict SOC stock dynamics in important contexts, such as 
national inventory reporting, policy consultance or lifecycle assessments. For example, 
the Swedish ICBM model is calibrated with data from the ULtuna frame trial and applied 
for national inventory reporting of the whole country (Andrén et al., 2008). Chapter 2.6, 
in which country scale increase in SOC were determined, has illustrated that modeled 
and measured do absolutely not match on country scale. One potential reason for this 
disclosed misfit is that the original version of ICBM underestimates the contribution of 
root-derived carbon to the stable SOC pool (Kätterer et al., 2011), due to the fact that 
only one humification coefficient h is used to describe all plant material. In chapter 2.3, a 
second young SOC pool was added to the model to calibrate straw and roots separately. 
The h value of roots was found to be much larger than the h value of straw. Such a 
modification of the model with a separate parametrization of straw and root material 
would thus lead to very different projections when major changes in above- or 
belowground C inputs occur. As discussed earlier, the increasing proportion of leys in 
Swedish agriculture should exactly cause the latter. An integration of the developed 
ICBM version with two young pools into the national reporting scheme is therefore 
already in progress.  

Another shortcoming of the original ICBM model is, that stabilization of young organic 
matter is independent of soil texture, while many other models of similar complexity use 
a clay-depency to describe h (Taghizadeh-Toosi et al., 2014). In Chapter 2.3, the ICBM 
model was fit to straw incorporation erxperiments with varying soil textures. Indead, 
the optimized h value for straw increased linearly with clay content. This function could 
also be used in a future version of ICBM. Surely, the two mentioned aspects, i.e. a 
separation of above- and belowground residues as well as a clay-dependant 
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humification coefficient are central to improve the performance of the ICBM model. 
However, a comprehensive multi-site calibration would be necessary to derive a more 
differentiated picture of what parameters need to be implemented in a more specific 
way or what the general model structure is currently missing.  When it comes to 
country-scale modelling, such evaluations are of critical importance to ensure that 
model results are somewhat reliable.  

The same is true for the estimation of C input, which is among the most important model 
parameters. Usually, soil organic matter turnover models do not simulate plant-derived 
C inputs themselves, but rely on external estimates. Those are often obtained by using 
plant allocation coefficients, such as presented by Bolinder et al. (2007), which use 
literature data to derive crop type specific generic ratios of carbon allocation between 
plant components. Together with harvest index data as well as actual yields, the 
allocation coefficients can be used to estimate how much C is left on site for SOC 
reproduction. Models are often calibrated by using certain allocation coefficients 
(Franko, 1997; Taghizadeh-Toosi et al., 2014), while others do not clearly document 
which functions should be used (Coleman and Jenkinson, 1996). This is problematic, 
since model performance is very much dependant on the input estimation method (Keel 
et al., 2017). In Chapter 4.4, the RothC model was used to estimate C inputs and root: 
shoot ratios in mown grasslands. Literature data range from root:shoot ratios of <1 to 
>10, highlighting the huge uncertainty associated to C input estimation in mown 
grasslands, for which most of the C input is root-derived. This uncertainty translates into 
a high uncertainty of the model prediction, since by definition, turnover models are very 
sensitive to C input. In Chapter 4.4, a total of 15 different long-term observations of SOC 
stocks in grassland soils were used to inversely determine the root:shoot ratio. Also, 8 
different root:shoot derived from the literature were used to fit the model. None of them 
performed acceptably well in all experiments and optimized root:shoot ratios ranged 
from 0.7 to 8.8. This range could be explained to some extent by differences in fertilizer 
N-input, with the highest root:shoot ratios being observed in unfertilized soils. This 
matches the findings from Chapters 2.3 and 2.5. The study in Chapter 4.4 highlights that 
static root:shoot ratios applied to estimate C inputs, especially for the huge variability of 
grassland management regimes, is not an option. The error of the predicted SOC stock 
can be huge. Given the fact, that also yields of managed grasslands, which are needed to 
estimate C inputs, are often not available, the recommendation is to derive yield-
independent grassland C inputs. Although estimates of aboveground NPP data can be 
obtained from remote sensing (Paruelo et al., 1997) and downloaded in monthly 
timesteps for the whole globe at https://neo.sci.gsfc.nasa.gov, it seams that 
belowground NPP is widely independent of aboveground NPP. As shown in Chapter 
2.10, root growth and total root biomass might also depend on soil properties such as 
texture. However, due to obvious difficulties in the determination of root biomass, root 
exudates and root trunover as infleunced by plant type, soil properties and 
management, data on belowground C input are relatively scarce. A practical solution in 
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the modelling context is to use a fixed absolute root C input (Franko, 1997) for 
grasslands, regardless of ecosystem, management regime and soil. The root biomass 
data presented in Chapter 2.7 points into this direction, since at least for one sampling 
event no difference in standing root biomass could be detected between a frequently 
mown utility lawn (high aboveground NPP) and a rarely mown meadow-like urban lawn 
(comparatively low NPP). Although root turnover and exudation are unknown, it is thus 
likely that using a static root:shoot ratio to estimate root C inputs would have led to an 
immense overestimation of C input and thus SOC stocks in the utility lawns. Exactly this 
is shown in Chapter 2.9 using the Rothamsted park grass experiment. Despite more than 
100 years of continuous N fertilization and thus strongly increased aboveground NPP, 
the temporal trends in SOC stocks were equal for the fertilized and unfertilized plots. 
When using common static allocation coefficients, the difference in SOC stocks would 
have been ~30 Mg ha-1. Chapter 2.3 and 2.5 highlighted that nutrient availability most 
likely also shifted root:shoot ratios in croplands, indicating that the use of static 
allocation coefficients is not a grassland problem alone. However, i) root-derived carbon 
is not the major C input for most field crops (Bolinder et al., 2007) and ii) unfertilized 
croplands hardly exist. The common allocation coefficients are based on data from 
conventionally fertilized crops. The range in management regimes in grasslands is much 
larger. Nevertheless, also for croplands it is important to improve not only SOC models 
as such, but also C input estimation. 

More standardized ultrasonic pretreatment for soil organic carbon fractionation 

In Chapters 2.4, 2.5, 3.1 and 3.2, a SOC fractionation method was used that was initially 
developed by (Zimmermann et al., 2007) and further refined by (Poeplau et al., 2013). 
The latter study was a ring trial to test the reproducibility of the method across different 
laboratories. The ultrasonic dispersion, which is the very first treatment of this and 
many other fractionation methods, was shown to cause the major variability between 
laboratories. This is due to the fact that in the original protocol, a standardized energy of 
21 J ml-1 should be applied to disperse the least stable aggregates but keep more stable 
aggregates intact. However, energy is the product of power and time and if only the total 
amount of energy is standardized, power and time can vary. The amount of power does 
however determine the mechanical stress that is exerted on soil particles via cavitation. 
Thus a high amount of power during a short time should thus have a different effect on 
soil aggregates than a relatively low amount of power during a longer time. In Chapter 
4.5, a systematic proof of this concept is presented using three different soils. It has been 
investigated, how different amounts of power but equal amounts of energy would 
influence the distribution of soil mass and SOC into coarse (>63µm) and fine soil 
fractions (<63µm). Thereby, not only the amount of soil and SOC in the fine fraction 
<63µm increased with increasing power, but also the C quality of that material. The 
three soils used were planted with miscanthus (C4 plant) since several years, so that 
young SOC had a different isotopic signature (13C) than the older SOC. Also the amount 
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of young carbon in the fine fraction increased. It is thus important to also standardize 
ultrasonic power, not only energy output. 

A lack of comparability across studies is a major weakness of SOC fractionation as a 
measure to characterize SOC. The conducted ring trial (Poeplau et al., 2013) in 
combination with the presented evidence that a more precise standardization of 
protocols (Chapter 4.5) can improve reproducibility of fractionation procedures might 
be an important step towards a better comparability across studies in the future. 
However, it is also problematic, e.g. for analyses on the meta-level, that a huge number 
of different methods is applied globally. Although they might have been set up in specific 
environmental contexts and to answer specific questions, many of the methods are 
nowadays used to isolate distinct C pools of varying turnover times (von Lützow et al., 
2007).  The choice of a method for SOC fractionation might ultimately rather be based on 
habits than on scientific rationales. For this reason, a large method comparison has been 
set up, which is accompagnied by online guidelines that can be assessed here: 
ww.somfractionation.org.  

It can be summarized that the large uncertainty related to measured, estimated or 
modelled SOC data can be actively reduced by avoiding relatively obvious biases. 
Harmonizing sampling, measurement and fractionation protocols are critically important in times of ‘big data’ analyses, which are needed to obtain a more holistic understanding of ‘SOC in the Anthropocene’ than single case studies could ever provide. 
Additional benefit can however only be generated with widely unbiased data. A good 
example for such a unified approach is the FAO global soil carbon map 
(http://www.fao.org/global-soil-partnership/pillars-action/4-information-and-
data/global-soil-organic-carbon-gsoc-map/en/), which is a joint participatory project of 
more than 110 countries producing country maps with inventory SOC data using, at 
least in theory, the identical geostatistical approach as supplied by FAO. Although SOC 
data used are still of varying quality, the attempted harmonized upscaling was a way 
forward as compared to previous maps. In the long run, only reliable and robust data 
will receive sufficient attention from policymakers and it is the responsibility of 
researchers to produce such data.   

 

5.5 A concluding remark on the future of soil organic carbon in the ‘Anthropocene’ 

This thesis further developed specific aspects of two major anthropogenic threats for 
the important natural resource soil organic carbon: agricultural management and global 
warming. Those two impacts have been widely separated, mainly in order to structure 
the thesis. However, to a certain degree this separation does also reflect the current 
view of the scientific community: either land management or warming effects on SOC 
are evaluated. The latter is mostly assessed in natural ecosystems. This is related to the 
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fact that the strongest temperature rise and also the strongest C mineralization feedback 
is expected to occur in high northern latitudes, which are dominated by pristine, frozen, 
unpopulated ecosystems. However, the interactions between climate change, 
agricultural management and soil organic carbon dynamics in the ‘Anthropocene’ might 
become far more complex than the mere feedback of SOC stock changes to climate 
change. Global population grows, the need for agricultural area increases, certain 
regions might become uninhabitable, permafrost soils are thawing and living conditions 
in high northern latitudes are improving. It can thus be expected that also soils that have 
been frozen for centuries will be ploughed and cropped in the near future. Indeed, 
agriculture in high northern latitudes is already extending (http://modernfarmer.com/ 
2013/10/arctic-farming/), with widely unknown consequences for SOC dynamics. In 
addition, climate change is also taking place in regions and climatic zones in which 
agricultural land exists besides widely unmanaged ecosystems already for millennia. 
Also for those regions, it is currently difficult to predict climate change impacts on SOC 
stocks, since the temperature sensitivity of SOC dynamics in managed and strongly 
fertilized systems as compared to natural systems is widely unknown and potential 
underlying mechanisms understudied.        
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