
How much has the increase in
atmospheric CO2 directly affected past
soybean production?
Gen Sakurai1, Toshichika Iizumi1, Motoki Nishimori1 & Masayuki Yokozawa2

1National Institute for Agro-Environmental Sciences, 3-1-3 Kannondai, Tsukuba, Ibaraki 305-8604, Japan, 2Graduate School of
Engineering, Shizuoka University, 3-5-1 Johoku Naka-ku, Hamamatsu 432-8561, Japan.

Understanding the effects of climate change is vital for food security. Among the most important
environmental impacts of climate change is the direct effect of increased atmospheric carbon dioxide
concentration ([CO2]) on crop yields, known as the CO2 fertilization effect. Although several statistical
studies have estimated past impacts of temperature and precipitation on crop yield at regional scales, the
impact of past CO2 fertilization is not well known. We evaluated how soybean yields have been enhanced by
historical atmospheric [CO2] increases in three major soybean-producing countries. The estimated average
yields during 2002–2006 in the USA, Brazil, and China were 4.34%, 7.57%, and 5.10% larger, respectively,
than the average yields estimated using the atmospheric [CO2] of 1980. Our results demonstrate the
importance of considering atmospheric [CO2] increases in evaluations of the past effects of climate change
on crop yields.

M
ounting evidence that increasing atmospheric CO2 concentration ([CO2]) is changing global climate
patterns1 is central to understanding the relationship between climate change and food security. To
understand the effects of climate change on crop production, it is important to evaluate the effects of past

climate change on crop yields. Among the various environmental factors that influence crop production,
increases in atmospheric [CO2] is one of the most important because of its enhancement of photosynthetic
rates2,3, a phenomenon known as the CO2 fertilization effect. In the last 30 years, the atmospheric [CO2] has
increased by approximately 50 ppm4.

Previous statistical analyses of historical data on crop yields and climate conditions have revealed the important
effects of temperature increases5–9. Few studies, however, have statistically delineated the independent effects of
atmospheric [CO2] increases on past crop yields10. This is largely because the average temperatures during crop
growing seasons have varied with space and time, which makes it possible to statistically distinguish between
temperature effects and non-climatic effects (including the CO2 fertilization effect). It is difficult, however, to
statistically isolate CO2 fertilization effects from the other effects because the average atmospheric [CO2] does not
vary widely over space and time.

It may be possible to employ non-statistical approaches, using process-based crop models, to evaluate past CO2

fertilization effects11. However, simple simulation studies using process-based models may provide misleading
results because of the uncertainty of the model parameters when estimating climatic effect in large scale12,13.
Process-based models, if used to evaluate past effects of atmospheric [CO2] increases on large-scale crop yields,
should consider the spatial variations of the parameters12 and the uncertainties associated with the down-
regulation of the CO2 fertilization effect under field conditions14.

In the present study we applied a Bayesian statistical approach to the parameter estimation of a basic process-
based model of soybean growth. In this approach, the spatial variability of the model parameters was considered
by estimating the posterior distribution of the parameters from historical yield data using the Markov-chain
Monte Carlo (MCMC)15 method for each grid cell.

Using this method, we estimated past CO2 fertilization effects in two steps. First, we updated the distributions
of the model parameters using county-level historical data for crop yields from 1980 to 2006 in three major
soybean-producing countries (the USA, Brazil, and China) with a spatial resolution of 1.125u3 1.125u (latitude 3
longitude). This Bayesian updating procedure enabled us to optimize our model for each grid cell by considering
the uncertainties in the parameters. Second, we evaluated the effect of elevated atmospheric [CO2] on the soybean
yields in the three countries from 1980 to 2006 by comparing the yields calculated by the models under historical
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climatic conditions with those under de-trended CO2 conditions in
which the atmospheric [CO2] was fixed at the 1980 level (339 ppm).

Results
We estimated the posterior distribution of some of the model para-
meters for each grid cell (total, 397) using historical yield data for
soybeans; seven parameters were estimated for each cell. The para-
meters were related to the CO2 fertilization effect, corrections for
technological differences among cells, drought stress, and cold stress
(see Supplementary Information). Although the number of para-
meters estimated is somewhat large, several had prior distributions
that limited their values to within realistic bounds (see Supplementary
Information).

By calibrating the parameters for each grid cell, we obtained spa-
tially optimized models with a high capacity to estimate past
observed yield. High correlations between historical and estimated
yields were obtained for most areas of the three countries (Fig. 1),
except in southern Brazil. The average correlation coefficient was
0.62 (SD, 0.22). The average RMSE was 0.30 t/ha (SD, 0.09).

We next estimated the past CO2 fertilization effect by comparing
the yields calculated by the models under historical climatic condi-
tions with those under de-trended CO2 conditions in which the
atmospheric [CO2] was fixed at the value for 1980. The CO2 fert-
ilization effects during the past quarter century were estimated by
comparing the estimated yield under historical climatic conditions
for the last five years (2002–2006) with the estimated yield for these
same years under atmospheric [CO2] conditions for 1980 (Fig. 2).
We observed large spatial variation in the CO2 fertilization effect
among cells. The average impact of the CO2 fertilization effect on
soybean crop yield during the last quarter century was 0.11 t/ha in
the USA, 0.19 t/ha in Brazil, and 0.10 t/ha in China. These values
correspond to respective increases in average yield attributable to
increases in atmospheric [CO2] of 4.33%, 7.58%, and 5.05%.

The magnitude of the CO2 fertilization effect was positively cor-
related with the average solar radiation during the growing period
(Kendall’s rank correlation test; t 5 0.18, P , 0.001); negatively
correlated with the maximum leaf area index (LAI) for the cells
(t 5 20.59, P , 0.001); and negatively correlated with the ratio of
precipitation to potential evapotranspiration (P:PET) during the
growing season (t 5 20.23, P , 0.001) (Fig. 3).

To estimate the inflection point where the CO2 fertilization effect
starts to increase with increasing P:PET, we estimated the parameters
for three models: a simple linear model (model 1), a model with two
intersecting straight lines, both of which had a slope (model 2), and a
model with two intersecting straight lines, one of which had a slope of
zero (model 3). Model 3 was selected at the best model on the basis of
the Akaike information criterion (AIC) values (Fig. 3). The estimated
inflection point was at P:PET 5 0.92.

Discussion
We found large increases in soybean yields over the past 27 years due
to the CO2 fertilization effect. The average effect of elevated atmo-
spheric [CO2] on soybean yield during the last quarter century (i.e.,
the difference between the average yield for 2002–2006 estimated
using historical CO2 levels and the average yield for 2002–2006 esti-
mated using 1980 CO2 levels) was 0.13 t/ha. This shows that soybean
yields during 2002–2006 have increased by 5.84% on average as a
result of corresponding increases in atmospheric [CO2] from 1980.

The effect was slightly higher than that suggested by the results of
previous free-air CO2 enrichment (FACE) studies, in which an
increase in atmospheric [CO2] of approximately 180 ppm gave an
average increase of approximately 14%16. If there is a linear relation-
ship between atmospheric CO2 levels and the CO2 fertilization effect,
then the expected CO2 fertilization effect from 1980 (atmospheric
[CO2], 338 ppm) to 2006 (377 ppm) would be approximately 3%.
However, the relationship between atmospheric [CO2] and the CO2

fertilization effect is not linear17. Considering the response curve of
photosynthesis17 to [CO2], our results for this relationship are not
inconsistent with previous reports. In addition, McGrath and Lobell
(2011)10 suggested that the CO2 fertilization effect can more than
double under conditions of water stress relative to that in the absence
of water stress; this would also increase the average of the historical
CO2 fertilization effect at a global scale above that expected simply
from the FACE experiment (3%).

The spatial variation of the CO2 fertilization effect was associated
with certain environmental conditions and specific crop character-
istics. The positive correlation between the magnitude of the CO2

fertilization effect and the average solar radiation during the growing
period might be explained by the fact that crops cannot receive the
maximum benefits of increased [CO2] in an area with limited solar
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Figure 1 | Correlation coefficients between estimated and observed crop
yield. The values shown represent the correlation coefficients for the

relationship between estimated and observed soybean crop yield from 1980

to 2006 (from 1990 to 2006 for Brazil) for each grid cell in (a) the USA, (b)

Brazil, and (c) China. Estimated yield was calculated using a model in

which the parameters were estimated for each cell using the Bayesian

method. This figure was generated using R version 3.0.2 (http://www.

R-project.org/).
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radiation. The negative correlation with the maximum LAI of the
grid cells might be explained by differences in growth associated with
LAI. When leaf area is small, increases in the daily rate of photosyn-
thesis result in exponential increases in biomass; however, as leaf area
increases, the proportion of photosynthetically active radiation
(PAR) absorbed by leaves per unit area gradually decreases18; for
example, although an increase in LAI from 6.0 to 7.0 (an increase
of about 17%) would result in an increase in absorbed PAR of only
2.1%, a 17% increase in LAI from 4.0 to 4.7 would result in an
increase of 4.4%, assuming an extinction coefficient of 0.5 and the
Beer’s law approximation. Finally, the magnitude of the CO2 fert-
ilization effect was negatively correlated with the P:PET ratio during
the growing season. Elevated atmospheric [CO2] decreases stomatal
conductance, which can result in increased soil moisture. This could
explain the greater CO2 fertilization effect in dry areas in our study10.

From the effects of these mechanisms, we would expect the CO2

fertilization effect to be higher in the northern part of Brazil and in
the southern parts of the USA and China than in the other areas in
this study, because P:PET values were lower in northern Brazil
(Fig. 4) and the maximum LAI values of grid cells were lower in
the southern USA and China.

One possible criticism of this study is that our model includes only
relatively robust processes; for example, it incorporates a ‘‘big leaf’’
model and Farquhar’s model. We excluded several processes from
the model, such as nitrogen dynamics, allocation of photosynthetic
products, insect damage, and cold-weather damage. Moreover,
although soybean is a forage crop that establishes a symbiotic rela-
tionship with a nitrogen-fixing bacterium, nitrogen supply can
inhibit the acclimatization of photosynthesis to elevated [CO2], even
for legumes19. However, there are no historical forcing data that cover
the entire world during the entire study period that could be used to
simulate such detailed processes, and there is no guarantee that
modelling of such detailed processes would be applicable worldwide.
Moreover, it would be difficult to determine more parameter values
using only the historical yield data. We believe that the degree of
simplicity of the model in this study is the good compromise between
complexity and robustness for calculating a global-level yield res-
ponse to climate change.

In this study, the distributions of the several parameters of the
model were estimated using historical yield data for each grid cell.
This procedure enabled us to optimize our model for each cell.
However, in several cells, particularly in southern Brazil, there were
poor correlations between historical and modelled yields. One pos-
sible reason is that the historical yields in Brazil may have responded
to factors not considered in our model.

In this context, another possible criticism of this study is that we
used only one model to estimate the CO2 fertilization effect, and it
might therefore be useful to apply the same procedure to other crop
models to estimate CO2 fertilization effects on past crop yields.
Because many models adopt Farquhar’s model17 for the photosyn-
thesis–CO2 response curve, it is unlikely that estimates of the CO2
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Figure 2 | Spatial variability of the CO2 fertilization effect. The average

impact of the CO2 fertilization effect (%) on soybean yield between 1980

and 2006 in each grid cell in (a) the USA, (b) Brazil, and (c) China. The

values shown are averages for 2002–2006. The effect was estimated by

comparing the estimated yield (t/ha) for 2002–2006 under historical

climatic conditions with the estimated yield for the same five years using

atmospheric CO2 conditions from 1980. This figure was generated using R

version 3.0.2 (http://www.R-project.org/).

Figure 3 | Relationship between the average CO2 fertilization effect on
crop yield between 1980 and 2006 and the ratio of precipitation to
potential evapotranspiration (P:PET) during the growing season in each
grid cell. PET was estimated according to Thornthwaite (1948)30. The red

line was generated using local regression. The blue line represents the

model selected by AIC model selection analysis; it shows an inflection

point around P:PET 5 0.92.
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fertilization effect based on other models would differ substantially
from those reported in this study. Even so, it would be worth con-
firming our results by applying our methodology to other models.

Methods
Model. We used robust models for the estimation of soybean growth. The
photosynthetic carbon assimilation was calculated by the enzyme kinetics model
developed by Farquhar et al17. For simplicity, we assumed that soybean production is
not limited by levels of nitrogen and other nutrients20. We used a ‘‘big-leaf’’ model21 in
which each plant is treated as a single big leaf. Soil water content and drought stress
were calculated by the Soil & Water Assessment Tool22. The model description is
provided in the Supplementary Information.

Data. The data from a FACE experiment were obtained from Morgan et al23. We used
their aboveground biomass and leaf biomass data for the Bayesian estimation of the
parameters. The historical yield data for each cell were obtained from the United
States Department of Agriculture (USDA) (http://www.usda.gov/wps/portal/usda/),
the Brazilian Institute of Geography and Statistics (http://www.ibge.gov.br/home/),
and the National Bureau of Statistics of China. These three countries account for
approximately 68% of the world soybean production24. Although the yield data for
China covered only four provinces, these provinces account for 51% of the net

soybean production in China25. For climate data, we used the Japanese re-analysis
dataset26, which covers regions across the globe at a spatial resolution of 1.125u 3

1.125u (latitude 3 longitude). We estimated the crop yields for each grid cell by
averaging the yield data for the counties or municipalities included in the cell. We
used only grid cells that have more than 1% of the soybean harvest areas27 in the cells
and including more than 14 years of yield data with no more than 3 consecutive years
of missing data.

Parameter estimation using FACE data. We estimated parameter values from FACE
data using the Markov-chain Monte Carlo (MCMC) method with simulated
tempering28. The estimated parameters are listed in Supplementary Tables S1 and S2
online. The number of MCMC steps was set to 200 000, with 20 tempering
temperatures for each prospective model.

Parameter estimation using county-level data. The parameters were updated with
the historical yield data for the three countries included in this study using the
DiffeRential Evolution Adaptive Metropolis (DREAM) algorithm29. The calculation
was performed independently for each grid cell. We assumed a linear trend for the
effects of improvements in agricultural management on the soybean yield, and
estimated the slope of the linear trend for each grid cell together with the other model
parameters (see Supplementary Information). The estimated linear trend for the
effects of agricultural improvements included all technological progress (but no
climatic factors), such as changes in fertilizer input, the repertoire of pesticides, soil
improvement techniques, and crop cultivars. The estimated parameters are listed in
Supplementary Table S3 online. The number of MCMC steps was set to 50 000 with
10 chains for each cell. To estimate the posterior distributions of the parameters using
the historical yield data from the grid cell, we assumed a multivariate normal
distribution for the error distribution of soybean yield. We set the non-diagonal
element of the variance–covariance matrix of the error distribution to zero; i.e., we
assumed no correlation among the errors.

Estimation of CO2 fertilization effect. The past CO2 fertilization effect was
estimated by comparing the yields estimated under historical weather and
atmospheric [CO2] conditions with those estimated under conditions in which the
atmospheric [CO2] was fixed at the 1980 level. The effects of past temperature,
precipitation, and solar radiation trends were estimated in a similar manner. The
trends of temperature, precipitation, and solar radiation were estimated using simple
linear regression analysis of data pertaining to the crop-growing season.

1. [IPCC] Intergovernmental Panel on Climate Change. Contribution of working
group I to the fourth assessment report of the intergovernmental panel on climate
change 2007. (Cambridge University Press, 2007).

2. Ainsworth, E. A. & Long, S. P. What have we learned from 15 years of free-air CO2

enrichment (FACE)? A meta-analytic review of the responses of photosynthesis,
canopy properties and plant production to rising CO2. New Phytol. 165, 351–372
(2005).

3. Kimball, B. A., Kobayashi, K. & Bindi, M. Responses of agricultural crops to free-
air CO2 enrichment. Adv. Agron. 77, 293–368 (2002).

4. Keeling, R. F., Piper, S. C., Bollenbacher, A. F. & Walker, J. S. in Technical report
trends. A compendium of data on global change (Carbon Dioxide Information
Analysis Center, 2009).

5. Lobell, D. B., Schlenker, W. & Costa-Roberts, J. Climate trends and global crop
production since 1980. Science 333, 616–620 (2011).

6. Schlenker, W. & Roberts, M. J. Nonlinear temperature effects indicate severe
damages to us crop yields under climate change. Proc. Natl. Acad. Sci. USA 106,
15594–15598 (2009).

7. Lobell, D. B. & Field, C. B. Global scale climate–crop yield relationships and the
impacts of recent warming. Environ. Res. Lett. 2, 014002 (2007).

8. Lobell, D. B. & Asner, G. P. Climate and management contributions to recent
trends in us agricultural yields. Science 299, 1032 (2003).

9. Nicholls, N. Increased Australian wheat yield due to recent climate trends. Nature
387, 484–485 (1997).

10. McGrath, J. M. & Lobell, D. B. An independent method of deriving the carbon
dioxide fertilization effect in dry conditions using historical yield data from wet
and dry years. Glob. Change Biol. 17, 2689–2696 (2011).

11. Challinor, A. J. & Wheeler, T. R. Use of a crop model ensemble to quantify CO2

stimulation of water-stressed and well-watered crops. Agric. For. Meteorol. 148,
1062–1077 (2008).

12. Iizumi, T., Yokozawa, M. & Nishimori, M. Parameter estimation and uncertainty
analysis of a large-scale crop model for paddy rice: Application of a Bayesian
approach. Agric. For. Meteorol. 149, 333–348 (2009).

13. Challinor, A. J., Wheeler, T. R., Slingo, J. M. & Hemming, D. Quantification of
physical and biological uncertainty in the simulation of the yield of a tropical crop
using present-day and doubled CO2 climates. Phil. Trans. Roy. Soc. B 360,
1981–2194 (2005).

14. Ainsworth, E. A. & Rogers, A. The response of photosynthesis and stomatal
conductance to rising [CO2]: Mechanisms and environmental interactions. Plant
Cell Environ. 30, 258–270 (2007).

15. Gelman, A., Carlin, J. B., Stern, H. S. & Rubin, D. B. Bayesian data analysis, second
edition. (Chapman, Hall/CRC, 2004).

110°W 100°W 90°W 80°W 70°W 60°W

20°N

25°N

30°N

35°N

40°N

45°N

50°N

 0.0
 0.6
 1.2
 1.8
 2.4
 3.0

(a)

USA

80°W 70°W 60°W 50°W 40°W 30°W

35°S

30°S

25°S

20°S

15°S

10°S

5°S

0°

 0.0
 0.6
 1.2
 1.8
 2.4
 3.0

(b)

Brazil

100°E 110°E 120°E 130°E 140°E 150°E 160°E

25°N

30°N

35°N

40°N

45°N

50°N

55°N

 0.0
 0.6
 1.2
 1.8
 2.4
 3.0

(c)

China

Figure 4 | Spatial variability of P:PET. The value of P:PET averaged for

1980–2006 is shown for each grid cell in (a) the USA, (b) Brazil, and

(c) China. This figure was generated using R v. 3.0.2 software (http://www.

R-project.org/).

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 4978 | DOI: 10.1038/srep04978 4

http://www.usda.gov/wps/portal/usda
http://www.ibge.gov.br/home
http://www.R-project.org
http://www.R-project.org


16. Ainsworth, E. A., Leakey, A. D., Ort, D. R. & Long, S. P. Face-ing the facts:
Inconsistencies and interdependence among field, chamber and modelling
studies of elevated [CO2] impacts on crop yield and food supply. New Phytol. 179,
5–9 (2008).

17. Farquhar, G. D., von Caemmerer, S. & Berry, J. A. A biochemical model of
photosynthetic CO2 assimilation in leaves of c3 species. Planta 149, 78–90 (1980).

18. Dermody, O., Long, S. P., McConnaughay, K. M. & DeLucia, E. How do elevated
CO2 and O3 affect the interception and utilization of radiation by soybean
canopy? Glob Change Biol. 14, 556–564 (2008).
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