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Diversified cropping systems with  
limited carbon accrual but increased 
nitrogen supply
 

Bo Yi    1,8, Wenjuan Huang    1,2,8  , Matt Liebman3, Matthew Woods3, 
Marshall D. McDaniel    3, Chaoqun Lu    1, Andy VanLoocke3, 
Sotirios Archontoulis    3, Bryan Petersen    3, Siyang Jian4, 
Hanna J. Poffenbarger    5, Gangsheng Wang    6, Yiqi Luo    2 & Steven J. Hall    1,7

Diversified cropping systems offer a chance to mitigate environmental 
impacts of conventional agriculture, but effects on soil organic carbon 
(SOC) sequestration and nitrogen (N) dynamics remain debated. We 
integrated a 20-year field experiment and laboratory measurements with 
three stable-isotope-enabled mechanistic models to examine SOC stocks 
and decomposition in a conventional corn–soybean system and two more 
diversified systems including small grains, legumes and manure inputs, in 
addition to corn and soybean. Contrary to the prevalent hypothesis that 
diversified systems increase SOC, we found no differences in 0.3 m topsoil  
or 1 m profile SOC and N stocks. Diversified systems markedly increased  
N mineralization rates and decomposition of older SOC from previous corn 
inputs. Models revealed that increased C decomposition with residence 
times of months to years counteracted higher C inputs but increased  
N supply. Our findings highlight a critical trade-off between C storage and  
N supply in these diversified systems, demonstrating that key climate 
benefits may arise from decreased N fertilizer use, not SOC sequestration.

Agricultural practices thought to increase soil organic carbon (SOC) 
have been widely promoted to mitigate greenhouse gas emissions and 
regenerate soil health1–3. Diversified cropping systems that increase the 
number and functional diversity of crop species in rotation offer oppor-
tunities to reduce multiple environmental impacts while sustaining food 
production4,5. In particular, by reducing fallow periods with perennial 
crops, integrating legumes and forages, and adding manure from inte-
grated crop–livestock production, diversified systems may decrease 
reliance on synthetic nitrogen (N) fertilizer inputs. These practices can 

decrease N loss as nitrate, a major water pollutant, and nitrous oxide, a 
potent greenhouse gas5–7. In addition to well-documented benefits for 
soil health and nutrient availability, diversified cropping systems may 
also increase SOC due to greater plant carbon (C) inputs, especially from 
roots8–10. Accordingly, a widely used protocol for voluntary C offset pro-
grammes lists “increased diversity of plant species cultivated in regular 
cycles” as a beneficial practice for SOC storage projects11. Neverthe-
less, increases in SOC storage and associated impacts on soil fertility in 
diversified versus conventional cropping systems remain contentious.
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dioxide (CO2) fluxes, their δ13C values and net N mineralization. The lab 
measurements are integrated with three C isotope-enabled models to 
test underlying mechanisms by which diversified cropping systems 
might alter decomposition, and to assess the response of C pools with 
different residence times (that is, active versus passive C, particulate 
organic C versus mineral-associated organic C). Models include the 
Agricultural version of the Integrated Biosphere Simulator (Agro-IBIS) 
soil biogeochemistry submodule, the organic C decomposition mod-
ule (CN-SIM) from the Dynamic Land Ecosystem Model (DLEM) and 

For example, a recent global synthesis showed that including per-
ennial crops in rotations may increase SOC in topsoil (<20 cm) but not 
subsoil12, whereas other experiments showed that diversified crop rota-
tions had inconsistent or no impacts on SOC in topsoil (<30 cm)13,14 or to 
90 cm depth15. Although nearly half of SOC may be stored below 30 cm 
(ref. 16), few agricultural studies measured the top metre12, casting 
doubt on broad conclusions about impacts of crop diversification on 
SOC. On one hand, frequent incorporation of legumes, manure inputs 
and greater root production may increase SOC17–19. On the other hand, 
roots may also accelerate SOC decomposition of previously protected  
C, causing SOC loss20. One study13 suggested that despite greater  
C inputs, increased decomposition could explain a lack of SOC change 
in diversified versus conventional cropping systems, but this hypoth-
esis could not be directly tested in that study and remains unresolved.

Moreover, less work has examined the long-term impacts of diversi-
fied cropping systems on N alongside SOC, despite their close coupling 
due to the fact that most soil N is stored with C in organic matter21. 
Diversified cropping systems can increase total N (TN)22 and/or N cycling 
rates23,24. Increased N cycling may result from increased organic matter 
decomposition, leading to a trade-off between N availability and SOC 
storage25. Therefore, even without SOC accrual, increases in decomposi-
tion could potentially increase crop N availability and environmental 
sustainability by decreasing N fertilizer requirements.

Understanding mechanisms that may alter agricultural C and  
N cycling following management changes remains a critical chal-
lenge. Mechanistic ecosystem models play an important role in 
bridging theory and measurements26, and are increasingly used to 
support greenhouse gas emissions inventories, government policy 
incentives and private-sector ecosystem services markets. Prevailing 
soil C models mainly include conceptual pools where C is decom-
posed and transferred among pools according to first-order kinet-
ics, and may also include explicit representation of microbial- and 
enzyme-mediated decomposition27. However, the challenge of directly 
validating model predictions against empirical measurements presents 
a key barrier to model improvement and confidence for upscaling28. 
Models may be highly sensitive to specific parameters, possibly lead-
ing to notable over- or under-estimation of management impacts 
on SOC sequestration29. For example, without parameterization the 
DeNitrification-DeComposition (DNDC) and Rothamsted Carbon 
(RothC) models overestimated surface SOC storage after fertilizer man-
agement changes30. We thus need rigorous model–data comparisons 
to evaluate model structure and parameterization.

C stable isotopes (δ13C) provide an additional but underused 
empirical constraint for process-based models. Stable isotopes are nat-
ural tracers for C cycling processes that yield information on sources 
of C pools and fluxes31. Cropping systems that alternate between C4 
plants (for example, corn) and C3 plants (for example, small grains 
and legumes) are valuable for δ13C measurements and modelling. This 
is because the two types of plants have notably different δ13C values—
around −12‰ for C4 plants and −26‰ for C3 plants—due to the way 
they process C during photosynthesis32. However, natural abundance 
δ13C has rarely been used for model–data integration and assessment 
in agriculture33.

Here we integrate field and lab incubation measurements with 
three soil biogeochemistry models with different structures and mech-
anistic complexities to assess benefits and possible trade-offs in soil 
C and N cycling in diversified and conventional cropping systems, 
and mechanisms driving observed changes. We leverage a long-term 
(20-year) Iowa, USA, field experiment comparing a conventional, 2-year 
corn–soybean rotation with 3- and 4-year extended rotations (corn–
soybean–small grain + red clover, or corn–soybean–small grain + 
alfalfa–alfalfa; Supplementary Fig. 1) that also received manure inputs, 
where each phase of the three rotations was grown during each year 
in replicated plots. We quantify SOC and TN stocks to 1 m and incu-
bate additional intact 1 m soil cores in the lab to measure soil carbon 
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Fig. 1 | SOC, TN and C/N among cropping systems. a–c, ESM-based SOC and its 
weighted C isotope value (circles) (a), ESM-based TN and its weighted N isotope 
value (circles) (b), and ESM-based SOC/TN ratios (c). 2-year, 2-year corn–soybean 
rotation; 3-year, 3-year corn–soybean–small grain/red clover rotation; 4 year, 
4-year corn–soybean–small grain/alfalfa–alfalfa rotation. The values were 
calculated by ESM approach, which used 0–1 m soil mass at 2-year rotation as a 
reference. The error bars indicate standard errors (n = 8, 12 and 16 for 2-, 3- and 
4-year rotations, respectively), with the centre denoting the mean value of the 
replicates. *P = 0.011, ** P = 0.007 in one-way ANOVA followed by Dunnett’s test. 
The circle within the bar plot represents isotopic values: yellow for 2-year, blue 
for 3-year and pink for 4-year rotations.
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the Microbial-ENzyme Decomposition (MEND) model; each respec-
tive model includes progressively greater mechanistic complexity of 
microbial processes (Supplementary Fig. 2 and Supplementary Table 1). 
We hypothesize that (1) the diversified cropping systems would not 
increase the SOC stock versus conventional cropping systems due to 
enhanced organic matter decomposition; (2) the diversified cropping 
systems would increase the decomposition of older organic matter 
pools; and (3) the diversified cropping systems would promote soil N 
supply via accelerated net N mineralization.

Results
Observed SOC and N stocks
SOC and TN stocks calculated by equivalent soil mass (ESM), using 
0–1 m mineral soil mass in the 2-year rotation as a reference, were similar 
among 2-, 3- and 4-year rotations, whereas the δ13C values of SOC and soil 
C/N decreased with rotation length. The SOC and TN stocks, averaged 
across the three different rotations, were 197 ± 4 Mg C ha−1 (mean ± s.e.)  
and 17.0 ± 0.3 Mg N ha−1 at 0–1 m depth (Fig. 1), and 119 ± 3 Mg C ha−1 
and 10.2 ± 0.2 Mg N ha−1 at 0–0.3 m depth, respectively (Supplemen-
tary Fig. 3). However, the δ13C of SOC significantly decreased from 
−16.9 ± 0.2‰ for 2-year to −17.7 ± 0.1‰ and −17.9 ± 0.2‰ for 3-year and 
4-year rotations (P < 0.01 for simple linear regression), and soil C/N also 
decreased from 11.9 ± 0.2 to 11.7 ± 0.2 and 11.4 ± 0.1 for the 3- and 4-year 
rotations, respectively (P < 0.05 for simple linear regression; Fig. 1). A 
similar pattern was observed for 0–0.3 m soils (Supplementary Fig. 3).

Soil C decomposition and net N mineralization
A 13.5-month lab incubation of intact soil cores showed that longer rota-
tions increased cumulative CO2 production, with higher values in the 
4-year (0.59 ± 0.03 kg C m−2) than the 2-year rotation (0.43 ± 0.04 kg C 
m−2, P < 0.01; Fig. 2a) and intermediate values in the 3-year rotation 
(0.51 ± 0.03 kg C m−2). Cumulative δ13C values of CO2 decreased with 

rotation length (−16.9‰, −19.5‰ and −20.5‰ in the 2-, 3- and 4-year 
rotations, respectively; P < 0.01; Fig. 2b). We quantified the source 
(C3- versus C4-derived C) of decomposition using a two-source mix-
ing model. Longer rotations had greater decomposition of C3 plants 
(0.24 ± 0.01 and 0.31 ± 0.01 kg C m−2 over 13.5 months in the 3- and 4-year 
rotations, respectively) than the 2-year rotation (0.15 ± 0.00 kg C m−2; 
P < 0.05 for 3-year and P < 0.01 for 4-year), as expected given that C3 
crops were grown more frequently, and that manure added to the diver-
sified rotations was derived mainly from C3 sources (−21.7 ± 0.1‰; Sup-
plementary Table 2). Strikingly, all rotations had similar decomposition 
of C4 plants (0.28 ± 0.01 kg C m−2; Fig. 2c,d), even though diversified 
rotations had lower inputs of C4 plants because corn was grown less 
frequently (once every 3 or 4 years, rather than every other year), even 
after accounting for manure addition (Supplementary Table 2). We 
found similar patterns in magnitude of C3-derived versus C4-derived 
CO2 when comparing only the corn phase among the rotations (Sup-
plementary Fig. 4). Thus, δ13C and CO2 flux data from the laboratory 
incubation demonstrated that the diversified rotations altered the 
source of decomposition relative to the conventional rotation.

Similar to CO2, net N mineralization to 1 m depth increased with 
rotation length (Fig. 3; P < 0.01) after 13.5 months of incubation. Net  
N mineralization increased by 69% and 71% in the 3- and 4-year rotations, 
respectively, compared with the 2-year rotation (210 kg N ha−1). Longer 
rotations also increased net N mineralization (P < 0.01) when comparing 
results from the corn phase of each rotation (Supplementary Fig. 5).

Cropping system effects on calibrated model parameters
We used the CO2 flux and its δ13C value from lab incubation for model-
ling and focused on simulations from the isotope-calibrated model 
driven by best-estimate initial C values. Additional scenarios and dis-
cussions of input uncertainty and parameterization strategies are pro-
vided in the Supplementary Information and Supplementary Table 3. 
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Fig. 2 | Soil C decomposition among cropping systems. Lab observations 
of cumulative C decomposition from soil cores (1 m depth) collected from a 
2-year corn–soybean rotation (2-year), a 3-year corn–soybean–small grain/red 
clover rotation (3-year) and a 4-year corn–soybean–small grain/alfalfa–alfalfa 
rotation (4-year). a,b, Cumulative CO2 production (a) and cumulative δ13C of 

CO2 production (b). c,d, Cumulative decomposition of C3-derived C (c) and 
C4-derived C (d) respired as CO2. The error bars indicate standard errors of the 
cumulative values from replicates at each measurement date (n = 8, 12 and 16 for 
2-, 3- and 4-year rotations, respectively), with the centre denoting the mean value 
of the replicates.
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All three models simulated soil C cycling using multiple conceptual 
pools with different turnover rates, including faster-, intermediate- and 
slower-cycling pools (Supplementary Table 1). We emphasize that the 
C pools and fluxes in the different models are not directly comparable 
but provide complementary insights into soil organic matter dynamics. 
Across models, longer rotations significantly (P < 0.05 for Agro-IBIS 
and CN-SIM) enhanced decomposition of C pools with residence times 
ranging from months to years (Supplementary Fig. 6), consistent with 
lab measurements of C decomposition. Specifically, compared with the 
2-year rotation, longer rotations significantly increased the decay rate 
of non-protected organic C in Agro-IBIS (knb; P < 0.05) and the decay 
rate of particulate organic C in CN-SIM (kpoc; P < 0.05; Supplementary 
Fig. 6). In MEND, longer rotations tended to decrease intrinsic microbial 
C use efficiency (Yg; P = 0.08 and P < 0.05 for the 3- and 4-year rotations, 
respectively; Supplementary Fig. 6), thereby increasing CO2 release. 
Parameter changes during the corn phase of each rotation generally 
aligned with trends in all phases, although a few parameters, such as Vg 
(maximum specific microbial growth rate) in MEND, exhibited smaller 
changes (Supplementary Fig. 7a).

Simulated C fluxes from individual C pools
Corresponding to model parameter changes, cumulative CO2 produc-
tion from fast-cycling C pools was significantly affected by rotation 
length (Fig. 4) in model simulations. In Agro-IBIS, longer rotations 
(3-year and 4-year) had higher cumulative CO2 loss from non-protected 
active C (P < 0.05) than the 2-year rotation (Fig. 4). CN-SIM revealed 
that longer rotations increased CO2 production from particulate C 
(P < 0.05). MEND identified that higher cumulative CO2 production in 
longer rotations was mainly attributed to increased microbial growth 
and maintenance (microbial C, P = 0.18 and P < 0.05 for 3- and 4-year 
rotations; Fig. 4). Our findings were robust even considering uncertain-
ties in model inputs (Supplementary Fig. 8) and when considering only 
the corn phases of each rotation (Supplementary Fig. 9).

Model-simulated net N mineralization
Overall, calibrated Agro-IBIS and CN-SIM models simulated the 
observed increase in net N mineralization in the lab incubation in 3- 
and 4-year rotations compared with the 2-year rotation, even though no 
N data were used for calibration (Supplementary Fig. 10). Specifically, 

compared with the 2-year rotation, Agro-IBIS estimated an increase in 
net N mineralization by 70 and 90 kg N ha−1 over the incubation period 
(13.5 months) for 3- and 4-year rotations, respectively (Supplementary 
Fig. 10), as compared with measured increases of 145 and 150 kg N ha−1. 
CN-SIM estimated an increase in net N mineralization by 64 and 122 kg  
N ha−1 for 3- and 4-year rotations, respectively (Supplementary Fig. 10). 
MEND was not used for N simulations because it required additional 
unmeasured parameters; the other models estimated N mineralization 
based on C fluxes and substrate C/N.

Discussion
Our data–model integration revealed a trade-off between SOC accrual 
and mineral N supply in diversified cropping systems. Supporting our 
first hypothesis, field measurements showed that systems including 
small grains, additional legumes and manure imput did not increase 
the topsoil (0–0.3 m) or whole soil profile (0–1 m) SOC stock com-
pared with a conventional corn–soybean rotation (Fig. 1). Increased 
C decomposition under these diversified cropping systems indicated 
by soil core incubation (Fig. 2) can explain the lack of SOC increase 
despite increased plant C inputs (Supplementary Table 2)15. Diversi-
fied rotations received lower C inputs from C4 plants than the conven-
tional rotation because corn was grown every third or fourth year rather 
than every other year, even considering C4-derived C addition from 
manure. However, C4-derived C loss was similar among all rotations 
(Fig. 2), indicating that the diversified rotations increased the decom-
position of older C4-derived C from previous inputs of C4 plants. The 
model simulations similarly indicated that longer rotations increased 
C decomposition from some of the fast-cycling C pools with residence 
time of months to years (Fig. 4). The differential impacts on C pools 
by diversified cropping systems led to shifts towards relatively more 
C3-derived and N-rich organic matter than the conventional cropping 
system, as reflected by the weighted δ13C of SOC stock and C/N ratio. 
Diversified cropping systems did not accrue more SOC than the con-
ventional cropping system, and they significantly increased N avail-
ability due to stimulated decomposition (Fig. 3), consistent with our 
third hypothesis.

Diversified cropping systems stimulated SOC decomposition
Synthesis studies have suggested that diversified cropping systems, a 
key component of regenerative agriculture, may enhance SOC accrual 
through manure application instead of synthetic fertilizers34 and 
increased belowground C inputs9,12. However, we found that manure 
input and increased root production at our site15,17 did not lead to higher 
SOC because of simultaneous increases in decomposition. Model simu-
lation results offer insights into potential mechanisms underlying 
increased C decomposition, which was mainly attributed to relatively 
fast-cycling pools with residence times of months to years.

Several factors associated with root biomass probably account for 
altered patterns of C decomposition and loss. First, greater root biomass 
with a lower C/N ratio in the diversified rotations (Supplementary Infor-
mation) stimulated C decomposition from fast-cycling C pools, which are 
thought to mostly represent new crop residue and manure inputs that 
are easily accessible to microorganisms (that is, non-protected active 
C pool in Agro-IBIS, particulate C in CN-SIM and microbial C in MEND; 
Fig. 4). Moreover, greater root biomass and/or exudate production in 
diversified rotations can also liberate older organic compounds associ-
ated with minerals35. The sustained decomposition of corn-derived C 
from previous phases of the diversified crop rotations (months to several 
years old) may explain our observation of comparable C4-derived CO2 
loss in the diversified rotations despite lower C4-derived C inputs and the 
concomitant increase in decomposition of C pools with ages of months 
to years observed across the various models. Together, diversified crop-
ping systems had distinct impacts on various C pools but resulted in an 
overall increase in C decomposition to offset the higher plant C inputs 
from both belowground root biomass and manure.
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Fig. 3 | Soil net N mineralization among cropping systems. Lab observations 
of net N mineralization after a 13.5-month incubation from soil cores (1 m depth) 
collected from a 2-year corn–soybean rotation (2-year), a 3-year corn–soybean–
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12 and 16 for 2-, 3- and 4-year rotations, respectively), with the centre denoting 
the mean value of the replicates. **P = 2.2 × 10−5 and 5.9 × 10−5 in one-way ANOVA 
followed by Dunnett’s test for 2-year versus 3-year and 2-year versus 4-year 
comparisons, respectively.
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The Marsden diversification experiment was conducted on a 
C-rich Mollisol, and whether we would expect similar findings (that 
is, increased C inputs balanced by increased C decomposition) on soils 
with lower SOC remains unclear. However, our results are consistent 
with another long-term cropping systems diversification study (the 
Wisconsin Integrated Cropping Systems Trial) conducted on a Mollisol 
with approximately 30% lower 0–30 cm SOC stock than measured at 
our site13. At that site, SOC did not differ among diversified crop–live-
stock systems with legumes and manure fertility and conventional 
grain cropping systems36. Nevertheless, the role of soil properties in 
shaping the response of SOC to changes in C inputs remains a pressing 
research question.

Diversified cropping systems increased net N mineralization
Despite no SOC gain, these diversified cropping systems increased crop 
N supply by accelerating net N mineralization (Fig. 3), consistent with 
our third hypothesis. Manure application and/or legume incorporation 
are known to increase N mineralization37, resulting from high N content 
in manure, legume N fixation and lower residue C/N ratio38,39. Longer 
rotations had significantly greater net N mineralization rates (Fig. 3) 
without an increase in total soil N (Fig. 1). The similarity in soil N stocks 
among the three cropping systems indicated that legume and manure 
N sources in the diversified rotations compensated for decreased 
synthetic N fertilizer inputs, sustaining high crop productivity40. This 
interpretation was further supported by partial N balances which sug-
gested that N inputs were approximately balanced by N removal in 
harvested crops for all three rotations, acknowledging large uncertainty 
in these estimates (Supplementary Table 4). Given that total soil N did 
not increase, observed increases in net N mineralization cannot be 
due to increased substrate availability (that is, organic N). Instead, we 
interpreted this finding as a logical consequence of our first hypoth-
esis and tight coupling of C and N cycling41: increased plant C inputs 
stimulated microorganisms and accelerated the depolymerization 
of organic matter to release N, thus promoting net N mineralization; 
that is, higher plant N demand in the diversified cropping systems was 
sustained by increasing soil organic matter decomposition.

Our results coincide with prior work conducted at our study site 
that found an increase in native protease activity, a pivotal factor influ-
encing supply of plant-available N from soil organic matter23. Higher 
synthetic fertilizer usage inhibits internal soil organic N cycling, prob-
ably by disincentivizing microbial processing of proteins, oligopep-
tides and amino acids to obtain bioavailable N from organic sources, 
resulting in diminished rates of depolymerization42,43. Removing this 
constraint on microbial N mining may contribute to the effectiveness of 
substituting synthetic N fertilizers with composted manure, which may 
decompose rapidly in diversified systems with high microbial biomass.

Overall, our measurements and model simulations indicate the 
importance of increased N supply capability from diversified cropping 
systems (Fig. 4 and Supplementary Fig. 5). Model simulations consist-
ently reproduced observed trends in net N mineralization among 
rotations (Supplementary Fig. 10), although modelled absolute values 
of net N mineralization rate were higher, probably resulting from the 
absence of gaseous N loss processes in these models as implemented in 
our study. Accelerated decomposition of N-rich organic matter under 
diversified cropping systems, as indicated by our lab incubation and 
model simulations, may have greatly contributed to the enhanced net 
N mineralization. Together, our results suggest a mechanism whereby 
diversified cropping systems could facilitate plant N acquisition by 
releasing N from decomposition of fast-cycling organic matter pools 
with residence times of months to years.

Implications for agricultural sustainability
Other indicators besides SOC, such as soil N supply and non-CO2 green-
house gases, should be considered when evaluating agroecosystem 
climate impacts. Environmental benefits of reduced N fertilizer usage 
in diversified cropping systems are significant in many aspects. Our 
incubation experiment showed that incorporating small grains, clo-
ver or alfalfa, and manure into a corn–soybean rotation significantly 
increased N supply by >140 kg N ha−1 during the 13.5-month incuba-
tion, explaining reduced need for synthetic N application (171, 60 
and 52 kg N ha−1 applied in 2-, 3- and 4-year rotations, respectively) 
during the corn phase. We hypothesize that the greatest climate ben-
efits from diversified cropping systems may result from a decrease 
in N2O emissions following decreased synthetic N inputs44. Using the 
Intergovernmental Panel on Climate Change (2019) emission factors 
of 1.6% for N fertilizer and 0.6% for manure N emitted as N2O (tier 1 in 
humid climates)45, we estimated ~60–70% reduction in CO2-equivalent 
greenhouse gas emissions of N2O in the diversified cropping systems, 
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Fig. 4 | Simulated C fluxes from different C pools among cropping systems. 
Effects of the diversified cropping systems (3-year and 4-year crop rotations) 
on decomposition rates of different C pools relative to a conventional corn–
soybean rotation (2-year rotation), as simulated using three mechanistic models 
calibrated with laboratory CO2 fluxes and δ13C of CO2. The log response ratio 
is the natural logarithm of the value in the 3- or 4-year rotations divided by the 
value in the 2-year rotation. Simulation results were obtained using the best-
estimate values for initial C pools based on previous measurements. The scenario 
with plausible lower-bound values for initial C pools is represented in the 
Supplementary Information. The error bars represent 95% confidence intervals. 
Dark symbols are the mean log response ratios, and partially transparent points 
show the individual values for each replicate plot. The n values (n = 29, 25 and 28 
for the Agro-IBIS, CN-SIM and MEND, respectively) listed after the name of the 
model in each panel represent the numbers of plots that achieved satisfactory 
performance (determination R2 > 0.6 for CO2 and RMSE < 2‰ for the δ13C value)  
in model simulation. The y axis represents the residence time of C pools 
in different models, with the pool names as defined by the original model 
developers listed in brackets.
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calculated using a global warming potential of 265 over a 100-year 
timescale (Supplementary Table 5). These estimates are consistent 
with model estimations reported by another study44 for the same site. 
These values, however, are probably conservative, given that measured 
N2O emissions factors for our study region can be much higher than 
these default values46. We cannot clearly separate the roles of small 
grains, legumes and manure in driving increased N turnover in these 
integrated crop–livestock systems. However, other work aligns with 
our findings, showing that diversified systems without manure can 
also decrease N fertilizer requirements7.

Implications for C markets
Our study has several implications to inform C markets. First, we need to 
better consider the N aspect in C market accounting. Our study revealed 
that increasing crop diversity within conventional rotation systems was 
insufficient for SOC sequestration but yielded substantial benefits in 
N supply, leading to lower synthetic N fertilizer requirements40 and 
possibly reducing N2O emissions. Second, mechanistic models (for 
example, DayCent) are currently used to estimate SOC gains and losses 
to inform C markets47, and we found that applying existing models 
to new agricultural practices could lead to unreliable results when 
parameters were not recalibrated. The application of isotope-enabled 
models, calibrated with natural abundance C isotopic measurements, 
provided insights into the response of different C pools. We used δ13C 
as an extra constraint to track the sources of emitted CO2, particularly 
to differentiate C3- or C4-derived C in corn production phase (Supple-
mentary Fig. 11), thereby reducing model uncertainty from parameter 
equifinality (equally good result with multiple parameter sets) and 
achieving more convergent distributions of decay parameters (Sup-
plementary Fig. 12). Despite being more expensive than conventional 
elemental analysis, isotope ratio measurements are more sensitive 
and precise than absolute concentrations48, and can record biologi-
cal changes that may not be apparent in mass pools or fluxes alone31. 
Applying parameters from the conventional corn–soybean system to 
diversified systems greatly underestimated SOC loss (by 9–13% during 
the corn phase and 20–29% during the soybean phase over 13.5 months; 
Supplementary Fig. 13). Therefore, further tests of how different man-
agement practices influence model parameters appear necessary to 
effectively use models to inform C markets.

We integrated field and laboratory measurements from a 20-year 
experiment with mechanistic models to comprehensively study SOC 
and N stocks, C decomposition and N mineralization, and the response 
of different C sources/pools under different crop rotations. Field meas-
urements demonstrated that diversified cropping systems (3- and 
4-year rotations) did not increase SOC but maintained similar N stocks 
to a 2-year conventional corn–soybean rotation despite lower synthetic 
N fertilizer input. Notably, organic matter in diversified systems had 
a greater C3 plant contribution, as indicated by the δ13C values, and a 
lower C/N ratio. Despite limited accrual of SOC, diversified cropping 
systems significantly enhanced N availability due to stimulated decom-
position from older C4-derived organic C revealed by lab incubation and 
from fast-cycling soil C pools with residence times spanning months to 
years indicated by model simulations. Together, our findings suggested 
a trade-off between C accrual and N supply in diversified cropping 
systems and highlighted that their benefit for climate change mitiga-
tion probably results from decreased synthetic N fertilizer inputs and 
associated reductions in N2O emissions, but not from enhanced SOC 
sequestration.

Methods
Soil sampling
Soils were sampled in autumn 2021 from a long-term agroecosystem 
diversification experiment established in 2002 at Iowa State Univer-
sity’s Marsden Farm near Boone, Iowa, USA (42° 01′ N, 93° 47′ W). Dur-
ing 2002–2021, the mean annual precipitation and temperature were 

993 mm and 9.05 °C, respectively. Dominant soils include Clarion loam 
(fine-loamy, mixed, superactive, mesic, Typic Hapludolls), Nicollet 
loam (fine-loamy, mixed, superactive, mesic, Aquic Hapludolls) and 
Webster silty clay loam (fine-loamy, mixed, superactive, mesic, Typic 
Endoaquolls). The site had been managed for at least 20 years with a 
corn–soybean rotation receiving conventional fertilizer and herbicide 
inputs before the establishment of the experiment.

There were three different rotation systems: a 2-year corn–soy-
bean rotation, a 3-year corn–soybean–small grain/red clover rotation 
and a 4-year corn–soybean–small grain/alfalfa–alfalfa rotation (Sup-
plementary Fig. 1). All systems were managed with tillage. In the 3-year 
rotation, the small grain was triticale from 2003 to 2005 and oat after 
2006, and red clover was used as a green manure (non-harvested); the 
system is hereafter denoted as the 3-year corn–soybean–small grain/
red clover rotation. In the 4-year rotation, the small grain was the same 
as for the 3-year rotation and alfalfa was harvested for hay; the system 
is hereafter denoted as the 4-year corn–soybean–small grain/alfalfa–
alfalfa rotation. Each crop phase of each rotation system was present 
every year in four replicate blocks, with a plot size of 18 m x 84 m. The 36 
plots were arranged in a randomized complete block design. The 2-year 
corn–soybean rotation was representative of conventional cropping 
systems in the Midwest United States. The 3-year and 4-year extended 
rotations represent diversified farming systems integrated with animal 
production to partially replace synthetic N fertilizer (Supplemen-
tary Table 5 and Supplementary Fig. 1). Overall, N inputs remained 
consistent within rotations from 2005 to 2021. Over the period from 
2005 to 2021, the 2-year rotation received an average annual rate of 
106 kg N ha−1 synthetic N before corn planting (pre-planting), whereas 
the 3- and 4-year rotations received no synthetic N fertilizer before 
corn planting. Synthetic N fertilizer application (side-dress) occurred 
when corn reached the V5/V6 stage, as guided by the late-spring soil 
nitrate test49, with average rates of 65, 60 and 52 kg N ha−1 for 2-, 3- and 
4-year rotations, respectively. Composted cattle manure was applied 
in the previous autumn preceding corn production in the 3-year and 
4-year rotations at an average rate of 105 kg N ha−1 to replace pre-plant 
synthetic N application. More detailed information about site descrip-
tions, crop yields, N fertilization and weed management are reported 
elsewhere15,50.

Following harvest in 2021, we took four 3.8 cm diameter cores 
from four cardinal locations in each plot to a depth of 100 cm using 
a hydraulic soil probe. One intact soil core from each plot was ran-
domly selected for lab incubation, as described below. The remaining 
three soil cores from each plot were divided into 0–15 cm, 15–30 cm, 
30–60 cm and 60–100 cm depth increments, weighed, subsampled for 
moisture measurements at 105 °C for 24 h and then composited to form 
one sample per depth and per plot. Soil bulk density was determined 
by the dry weight and volume of each soil core after accounting for 
the presence of roots and stones (if any). The composite samples were 
air dried and passed through a 2 mm sieve, a subsample of which was 
finely ground for measurement of SOC, TN, δ13C values and δ15N values.

Soil chemical analysis
Soil C and N and their δ13C and δ15N values were measured by an elemen-
tal analyser/continuous flow isotope ratio mass spectrometry at the 
Center for Stable Isotope Biogeochemistry at the University of Cali-
fornia, Berkeley, California, USA. SOC was determined by subtracting 
carbonate C (Supplementary Information and Supplementary Table 6) 
from total soil C. The δ13C value of SOC was calculated by a two-source 
mixing model as described in the Supplementary Information. We 
quantified SOC stock to 1 m by the ESM method as it can provide more 
reliable stock comparisons than the fixed depth (FD) approach51–53. We 
applied cubic spline interpolating functions and mineral soil masses 
to calculate ESM-based SOC stocks using the R script developed by ref. 
51. The mineral soil mass of 0–1 m in the 2-year rotation was selected 
as the reference mass. For comparison, we also used the FD method 
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to calculate the SOC stock to 1 m by summing up the product of SOC 
concentration and bulk density for each depth increment (Supplemen-
tary Table 7). We found that the FD-based SOC stocks to 1 m tended to 
be lower than the ESM-based SOC stocks (P = 0.08 for the paired t-test 
across all the three rotations; Supplementary Fig. 14), primarily due 
to the 3-year rotation (P = 0.08); however, FD-based SOC stocks also 
remained unchanged across different rotations. To calculate the δ13C 
value of SOC stock on an ESM basis, we first determined the 13C stocks 
in each segment, then followed by the same procedure with ESM-based 
SOC stocks to calculate ESM-based 13C stocks, and finally converted 
ESM-based 13C stocks to ESM-based δ13C values by reversing the 
equations used for calculating 13C stocks51. We calculated ESM-based 
N stocks and their δ15N values, similar to the calculation for ESM-based 
SOC stocks and δ13C values.

Net N mineralization was measured by the differences in inorganic 
N (ammonium + nitrate) between the initial composited soil samples 
and the samples after incubation. The composited and air-dried soil 
subsamples were extracted with 2 M KCl in a 1:5 soil:solution mass ratio, 
shaken for 1 h and then centrifuged for 10 min at 10,000g. The extrac-
tion was measured by microplate colorimetry for ammonium (NH4

+-N), 
and by second-derivative spectroscopy for nitrate (NO3

−-N)54. The intact 
soil cores from the lab incubation (described below) were divided 
into the same soil depths and subsampled for measuring NH4

+-N and 
NO3

−-N using the same methods as described above. Net N mineraliza-
tion was calculated as the difference in inorganic N before and after ~1 
year incubation.

Laboratory incubation
One intact soil core from each plot was incubated in the lab at constant 
moisture and temperature to monitor soil CO2 production and its δ13C 
value over 13.5 months (406 days). Soil moisture in each soil core was 
adjusted to field capacity by gradually adding water until extra water 
drained out of the core. The soil cores were sealed with plastic lids 
equipped with two stainless steel Swagelok fittings and tubing for 
air flushing and automated headspace gas sampling using a dynamic 
chamber approach55. Briefly, each soil core was flushed with air at a 
constant rate (60 ml min−1), and an outlet from the core diverted gas 
to a tunable diode laser for measurement of CO2 concentration and its 
δ13C value when sampling and vented gas to the laboratory when not 
sampling, as described in ref. 55.

We measured soil respiration and its δ13C value every 3 days on 
average. Soil respiration rate was determined as follows:

Flux = (Co − Ci) × Flow
Area

Here, Co and Ci are the model fractions of CO2 measured at the tube 
outlet and inlet, respectively. The inlet CO2 was the equilibrated fresh 
air from the building ventilation system in two sequential 200 l contain-
ers, and was measured from blank cores (no soil present). Flow is the 
volumetric flow of air through the core. Area is the surface area of the 
soil core with a 3.8 cm diameter.

We used a two-source mixing model to determine the per cent 
contribution of C3- and C4-derived C to total soil respiration:

PC3 = 100 ×
δ13Crespiration − δ13CC4

δ13CC3 − δ13CC4

PC4 = 100 − PC3

Here, PC3 and PC4 are the per cent contribution of C3- and C4-derived C 
to total soil respiration, respectively, and δ13CC3 and δ13CC4 represent 
isotopic end-members for C3 and C4 biomass. We used −30‰ and −10‰ 
as the C3 and C4 end-member values, respectively, which are consistent 

with extreme observed end-members of C3 and C4 leaf issues56, and 
encompass the majority of observed variation in the δ13C of soil res-
piration. The fluxes of C3- and C4-derived respiration were calculated 
as the product of their respective percentage contribution and total 
soil respiration.

Data–model assimilation
To examine underlying mechanisms explaining C mineralization under 
the different crop rotation systems, we integrated experimental data 
with three different mechanistic C models (Supplementary Fig. 2): the 
Agro-IBIS soil biogeochemistry submodule with a first-order kinetic 
scheme; the CN-SIM from the DLEM using Michaelis–Menten kinetics 
for CO2 flux; and the MEND model with dependence of soil C fluxes 
on microbial and enzymatic physiology (Supplementary Table 1). 
Comparisons among models with different C pools and complexities 
enabled us to explore the consistent and/or complementary mecha-
nisms contributing to the observed patterns of C mineralization under 
different rotation systems.

In brief, the first-order C model from the Agro-IBIS soil biogeo-
chemistry subroutine was derived from the Verberne/MOTOR organic 
matter turnover model57. In this model, SOC consists of three major 
fractions (Supplementary Fig. 2): microbial biomass C, active organic 
C (non-protected plus protected fractions) and old inactive (passive) 
C components; the litter inputs are divided into three fractions (meta-
bolic material, structural material and lignified material) based on root 
C/N ratio58. C decomposition and transformations between pools are 
assumed to be first-order reactions. Soil C model from CN-SIM includes 
particulate organic C (POC), mineral-associated organic C (MOC) and 
two microbial functional groups (micro-r and micro-K, representing 
different nutrient strategy responses to substrate quality); the root 
inputs are divided into two fractions (easily decomposable and hardly 
decomposable material) based on root C/N ratio. Microbial respira-
tion follows Michaelis–Menten kinetics59. The MEND model includes 
POC (further divided into POC1 and POC2), MOC, dissolved organic C 
(DOC), adsorbed DOC (active layer of MOC adsorbing and desorbing 
DOC), microbial biomass (active and dormant microorganisms), and 
enzyme pools (POC-degrading and MOC-degrading enzymes)60,61. 
Soil C decomposition and DOC uptake by microorganisms follow 
the Michaelis–Menten equation. Model equations for each C pool, 
transformation fluxes between C pools and model parameters from 
the three models are listed in Supplementary Tables 8–14. The initial 
values of C pools and their δ13C concentrations are described in the 
Supplementary Information.

To test the importance of incorporating C isotopes into the mod-
els, we first used only the measured CO2 dataset for data assimilation 
(no-isotope-calibrated model), and then used both the measured CO2 
and the δ13C datasets for data assimilation (isotope-calibrated model). 
We compared model performance between the no-isotope-calibrated 
model versus isotope-calibrated model by examining the model simula-
tion for both CO2 and the δ13C values in each plot. In the Agro-IBIS soil 
biogeochemistry subroutine, δ13C values are added to the model to 
track their changes for each C pool. The equations governing δ13C val-
ues of each C pool and CO2 flux are based on the principles of mass bal-
ance and the product rule of calculus. More details on the equations and 
the related parameters are provided in Supplementary Tables 8 and 9. 
In CN-SIM and MEND, a dimension containing the 13C for each C pool 
is added, where all C-related processes are applied. The 13C/12C ratio 
is then used to calculate δ13C of each C pool (see more details in Sup-
plementary Tables 10–14).

We conducted a variance-based global Sobol sensitivity analy-
sis62 to quantify the relative importance of each parameter to model 
CO2 fluxes and its δ13C values. In the Agro-IBIS soil biogeochemistry 
subroutine, three parameters, including microbial decomposition 
rates of root structural C (krs), non-protected (knb) and protected C 
(kpb), were identified as important parameters and then calibrated 
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using high-frequency time-series measurements of instantaneous 
CO2 production rates and their δ13C values from the 13.5-month soil 
incubation. The CO2 production rate measured in the lab represented 
the total CO2 production during microbial decomposition, while the 
measured δ13C values of instantaneous CO2 production corresponded 
to the mass-weighted δ13C value of CO2 production from each pool. The 
other model parameters were fixed by using the default values in the 
Agro-IBIS soil biogeochemistry subroutine in parameterization (details 
in Supplementary Table 9). In the CN-SIM, three important decomposi-
tion parameters were identified as important parameters, including 
decomposition rates of easily decomposable litterfall C (kre), particu-
late organic C (kpoc) and mineral-associated organic C (kmoc), and then 
used for model parameterization (details in Supplementary Table 11). In 
the MEND model, five calibrated parameters included the initial active 
fraction of microorganisms (r0), one parameter regulating enzyme 
production of MOC (fPEM), two parameters controlling microbial growth 
and maintenance (Vg and Vm), the intrinsic C use efficiency (Yg) at refer-
ence temperature (20 °C) and the other model parameters were fixed 
based on previous studies (details in Supplementary Table 14)60,61,63. The 
influential three parameters in the Agro-IBIS soil C model and CN-SIM 
soil C module were estimated by data assimilation using Bayesian 
probabilistic inversion and a Markov chain Monte Carlo technique64. 
In the MEND model, the shuffled complex evolution algorithm65,66 was 
used to search the optimal model parameters that minimize the total 
objective function computed as the weighted average of multiple 
objectives. A detailed description of the data assimilation procedure 
for each model can be found in the Supplementary Information.

Model fitness was evaluated by the coefficient of determination 
(R2) for CO2 and root mean square error (RMSE) for δ13C values of CO2 
as follows:

R2 = 1 −
∑n

i=1(Simi −Obsi)
2

∑n
i=1(Simi −Obs )

2 ,

RMSE =√
1
n ×∑

n

i=1 (Simi −Obsi)
2,

where i represents the index number of data points, Simi is the model 
simulation, Obsi is the corresponding observation and n is the total 
number of data points. The R2 value indicates how well model simula-
tions match the observations, with higher R2 value denoting better 
model fitness. The RMSE, a non-negative value, is a measure of accuracy 
that computes model simulation errors; the closer the RMSE value 
approaches 0, the better the model fits the data. The criteria for satisfac-
tory model performance were R2 > 0.6 for CO2 (ref. 66) and RMSE < 2 for 
δ13C values of CO2. We excluded plots where model simulations did not 
meet the criteria for satisfactory performance to enable further analysis 
of the model parameters and CO2 response across different rotation 
types or during the corn growing phase (Supplementary Figs. 7 and 9).  
The overall modelling workflow is summarized in Supplementary Fig. 15. 
The calibrated parameters from data assimilation and time-series data–
model comparisons are shown in Supplementary Figs. 16–19.

To test the influence of initial values on model simulation, we var-
ied the initial root inputs and the pool size of initial POC (equivalent to 
non-protected plus protected C pool in Agro-IBIS) for evaluating the 
impact of model input uncertainty in the isotope-enabled models. We 
selected the most parsimonious sets of initial values by comparing the 
model performances among the scenarios with different initial values 
(Supplementary Information), which were used for further model syn-
thesis. In the selected most parsimonious scenarios, we calculated CO2 
production from the root structural C, non-protected and protected 
slow C in the Agro-IBIS model; CO2 production from easily decompos-
able root C, particulate and mineral-associated organic C in the CN-SIM 

model; and C fluxes from POC1, POC2, MOC and microbial growth and 
maintenance in the MEND model.

To compare the effects of different year rotations on the model 
parameters and CO2 production from the C pools defined in the three 
soil C models, we calculated the natural logarithm of response ratios 
that were used as an indicator of effect size from 3-year and 4-year rota-
tions relative to the control (2-year rotation). The effects of rotations 
for a variable were considered to be significant if the 95% confidence 
intervals did not overlap with zero. The analysis of data from corn plots 
followed the same protocol as for all phases of the rotations, specifi-
cally by selecting only corn plots for inclusion in the analysis.

Data analysis
For SOC and TN stocks, δ13C value of SOC stock, δ15N value of TN stock, 
cumulative total CO2 production, and cumulative C3- and C4-derived 
CO2 production, we averaged the variables from the plots with the same 
year rotation to test differences among different year rotations (n = 8, 
12 and 16 for 2-, 3- and 4-year rotations, respectively). A normality test 
was conducted to ascertain whether the data conform to a normal dis-
tribution. Analysis of variance (ANOVA) followed by Dunnett’s test was 
used to compare these variables in the 4-year and 3-year rotations with 
the control (2-year rotation). All statistical analyses were performed 
using the SciPy 1.14.1 package in Python 3.8 and R statistical software 
version 4.2.1.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available in the 
Environmental Data Initiative at https://doi.org/10.6073/pasta/7f1dac
6bf350221c54d1eb349ca89bbf (ref. 67). Source data for all the figures 
in the main text are provided with this paper.

Code availability
Code (R and Python scripts) used to generate the figures are deposited 
to the Environmental Data Initiative at https://doi.org/10.6073/pasta/
7f1dac6bf350221c54d1eb349ca89bbf (ref. 67).
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.
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Data collection In this study, data collection was performed exclusively through laboratory incubations and field measurements, without the use of external 
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Data analysis In this study, Markov chain Monte Carlo simulations were conducted using the DREAM 1.0 software package, with all statistical analyses were 
performed using the SciPy 1.14.1 package in Python 3.8 and R statistical software version 4.2.1

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

Data availability: The data that support the findings of this study are available in the Environmental Data Initiative with the identifier https://doi.org/10.6073/
pasta/71cbefa68d69571534f05a747d7891a8. Source data for all the figures in the main text are provided with the paper. 
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Human research participants
Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender N/A

Population characteristics N/A

Recruitment N/A

Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description This study leveraged a long-term (20-year) Iowa, USA field experiment comparing a conventional, two-year corn-soybean rotation 
with three- and four-year extended rotations (corn-soybean-small grain + red clover, or corn-soybean-small grain + alfalfa-alfalfa) 
that also received manure inputs, where each phase of the three rotations was grown during each year in four replicated blocks (a 
plot size of 18 m x 84 m). We quantified SOC and total N stocks to 1 m, and incubated additional intact 1-m soil cores in the lab to 
measure soil carbon dioxide (CO2) fluxes and δ13C values and net N mineralization. The measurements were integrated with three C 
isotope-enabled models to test underlying mechanisms by which diversified cropping systems might alter decomposition. 

Research sample Soil samples were collected in fall 2021 from 0 to 100 cm depth across 36 field sites featuring different cropping systems: a 2-year 
corn-soybean rotation (8 field plots), a 3-year corn-soybean-small grain/red clover rotation (12 field plots), and a 4-year corn-
soybean-small grain/alfalfa-alfalfa rotation (16 field plots).

Sampling strategy Following harvest in 2021, we took four 3.8-cm diameter cores from four cardinal locations in each plot to a depth of 100 cm using a 
hydraulic soil probe. One intact soil core from each plot was randomly selected for lab incubation. The remaining three soil cores 
from each plot were divided into 0–15 cm, 15–30 cm, 30–60 cm, and 60–100 cm depth increments and then composited to form one 
sample per depth per plot for soil chemical analysis. 

Data collection Wenjuan Huang collected data on the measurements of soil chemical properties. Soil organic C (SOC) was determined by subtracting 
carbonate C from total soil C. The δ13C value of SOC was calculated by a two-source mixing model. Soil N and its δ15N value were 
also measured by an elemental analyzer/continuous flow isotope ratio mass spectrometry at the Center for Stable Isotope 
Biogeochemistry at the University of California, Berkeley, CA, USA. We calculated N stock and its mass-weighted δ15N value, similar 
to the calculation for SOC.  
Net N mineralization was measured by the differences in inorganic N (ammonium + nitrate) between the initial composited soil 
samples and the samples after incubation. The composited and air-dried soil subsamples were extracted with 2 M KCl in a 1:5 soil: 
solution mass ratio, shaken for 1 hr, and then centrifuged for 10 min at 10,000 g. The extraction was measured by microplate 
colorimetry for ammonium (NH4+-N), and by second-derivative spectroscopy for nitrate (NO3--N) 53. The intact soil cores from the 
lab incubation were divided into the same soil depths and subsampled for measuring NH4+-N and NO3--N using the same methods 
as described above. Net N mineralization was calculated as the difference in inorganic N before and after ~1-year incubation.  
Wenjuan Huang also conducted the lab incubation to measure soil CO2 production and its carbon isotope ratios (δ13C). One intact 
soil core from each plot was incubated in the lab at constant moisture and temperature to monitor soil CO2 production and its δ13C 
value every three days on average over 406 days. Soil moisture in each soil core was adjusted to field capacity by gradually adding 
water before extra water ran off the core. The soil cores were sealed with plastic lids equipped with two stainless steel Swagelok 
fittings and tubing for air flushing and automated headspace gas sampling using a dynamic chamber approach. Briefly, each soil core 
was flushed with air at a constant rate (60 ml/min), and an outlet from the core diverted gas to a tunable diode laser for 
measurement of CO2 concentration and its δ13C value when sampling and vented gas to the laboratory when not sampling.  
 
Bo Yi and Wenjuan Huang conducted the data-model assimilation in the three mechanistic C models. The three models included the 
Agricultural version of the Integrated Biosphere Simulator (Agro-IBIS) soil biogeochemistry submodule, the organic carbon 
decomposition module (CN-SIM) from the Dynamic Land Ecosystem Model (DLEM), and the Microbial-ENzyme Decomposition 
(MEND) model. 

Timing and spatial scale Soil samples were collected near Boone, Iowa, USA (42°01'N, 93°47'W) in fall 2021.  
Gas samples were taken 106 times (at three-day intervals on average) over 406 days from 2022 to 2023 at Iowa State University, and 
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measurements from day 188 to day 255 were missed due to equipment failure. 
Model were conducted over a 406-day period based on laboratory incubation settings. Two models, CN-SIM and Agro-IBIS, operated 
on a daily timestep, while MEND utilized a hourly timestep.

Data exclusions No laboratory incubation data were excluded from our analysis.  
Model simulations on some soil samples did not achieve satisfactory performance and were excluded based on the criteria of a 
determination coefficient (R²) greater than 0.6 for CO2 and a root mean square error (RMSE) less than 2‰ for the δ13C value.

Reproducibility The findings can be reproducible by following the above description of sampling strategy, data collection, timing, and spatial scale.

Randomization The 36 plots in these three different rotation systems were arranged in a randomized complete block design. In each plot, we took 
four 3.8-cm diameter cores from four cardinal locations to a depth of 100 cm using a hydraulic soil probe. One intact soil core from 
each plot was randomly selected for lab incubation. The remaining three soil cores from each plot were divided into 0–15 cm, 15–30 
cm, 30–60 cm, and 60–100 cm depth increments for soil chemical analysis. 

Blinding Blinding is not applicable to our study since our focus is on soil.

Did the study involve field work? Yes No

Field work, collection and transport

Field conditions Soils were sampled in Marsden Farm near Boone, Iowa. During 2002–2021, the mean annual precipitation and temperature were 
993 mm and 9.05 °C , respectively.

Location Iowa State University’s Marsden Farm near Boone, Iowa, USA (42°01'N, 93°47'W). 

Access & import/export We get permission to collect soil samples from the Research Team from Iowa State University’s Marsden Farm, and they are 
contributors for this manuscript.

Disturbance Some soil holes were left in the field; we attempted to mix the surrounding soil to prevent further erosion. These holes will be refilled 
during subsequent cultivation.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging
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