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Direct human influence on atmospheric CO2
seasonality from increased cropland productivity
Josh M. Gray1, Steve Frolking2, Eric A. Kort3, Deepak K. Ray4, Christopher J. Kucharik5, Navin Ramankutty6{ & Mark A. Friedl1

Ground- and aircraft-based measurements show that the seasonal
amplitude of Northern Hemisphere atmospheric carbon dioxide
(CO2) concentrations has increased by as much as 50 per cent over
the past 50 years1–3. This increase has been linked to changes in tem-
perate, boreal and arctic ecosystem properties and processes such as
enhanced photosynthesis, increased heterotrophic respiration, and
expansion of woody vegetation4–6. However, the precise causal mech-
anisms behind the observed changes in atmospheric CO2 seasonal-
ity remain unclear2–4. Here we use production statistics and a carbon
accounting model to show that increases in agricultural productivity,
which have been largely overlooked in previous investigations, explain
as much as a quarter of the observed changes in atmospheric CO2

seasonality. Specifically, Northern Hemisphere extratropical maize,
wheat, rice, and soybean production grew by 240 per cent between
1961 and 2008, thereby increasing the amount of net carbon uptake
by croplands during the Northern Hemisphere growing season by
0.33 petagrams. Maize alone accounts for two-thirds of this change,
owing mostly to agricultural intensification within concentrated pro-
duction zones in the midwestern United States and northern China.
Maize, wheat, rice, and soybeans account for about 68 per cent of extra-
tropical dry biomass production, so it is likely that the total impact of
increased agricultural production exceeds the amount quantified here.

Changes in the seasonality of Northern Hemisphere atmospheric CO2

concentrations were first noted three decades ago using data from atmo-
spheric monitoring sites at Mauna Loa, Hawaii and Barrow, Alaska1,7,8.
Parallel evidence from remote sensing, ecosystem models, and eddy
covariance measurements have established that Northern Hemisphere
extratropical growing seasons have become longer, with concomitant
changes in species composition, photosynthetic activity, and ecosystem
respiration in boreal and arctic terrestrial ecosystems4,5,9. Hence, to explain
observed increases in CO2 seasonality, most studies have focused on the
role of climate-induced changes to the terrestrial biosphere in Northern
Hemisphere mid- to high latitudes2,5,6.

Graven et al.3 recently compared Northern Hemisphere atmospheric
CO2 concentrations collected from aircraft around 1960 with similar mea-
surements collected around 2010. Their results not only confirm pat-
terns observed from ground stations, but also reveal a strong latitudinal
gradient in changes to the amplitude of CO2 seasonality, with measure-
ments collected over boreal and arctic regions showing larger increases
than measurements collected at lower latitudes. On the basis of the shape
of the seasonal CO2 cycle at higher latitudes, Graven et al.3 suggested that
longer growing seasons are insufficient to explain the observed changes
in atmospheric CO2 seasonality, and that enhanced uptake of CO2 during
the middle of the growing season must also be occurring. Consistent with
these results, our analyses show that changes in mid-latitude cropland
production, with shorter and more intense carbon uptake periods than
natural ecosystems10, and where crop-specific yields have increased by
as much as 300% over the past 50 years11 (Fig. 1), explain a large and

previously unrecognized proportion of increases in the seasonality of
Northern Hemisphere atmospheric CO2.

Maize, wheat, rice, and soybeans (MWRS) account for about 64% of
global caloric consumption12 and 58% of global dry biomass produc-
tion. The bulk of this production occurs in extratropical regions where
MWRS represents an even larger share of dry biomass production (68%;
Extended Data Tables 1 and 2), and where production has increased
240% since 1965. Remarkably, the harvested area of extratropical MWRS
increased less than 18% over this time period, reflecting the fact that pro-
duction increases were overwhelmingly associated with more produc-
tive agricultural practices rather than expansion of cultivated area13.
Specifically, higher yields were facilitated by development and adoption
of improved cultivars and management practices in combination with
technological advances, particularly in irrigation and fertilization12,14,15.

To quantify the contribution of croplands to changes in atmospheric
CO2 seasonality, we developed a carbon accounting methodology that
uses gridded time series of MWRS production statistics13 to calculate
MWRS net ecosystem production (NEP) during annual carbon uptake
and carbon release periods (CUP and CRP) for the Northern Hemi-
sphere extratropical zones defined by Graven et al.3 (see Methods). In
total, extratropical MWRS net primary production (NPP) increased by
0.88 petagrams of carbon (Pg C) between 1961 and 2008, which corre-
sponds to an additional 648 million tonnes of annually harvested biomass.
However, since the growing periods for MWRS are not completely in
phase with the primary Northern Hemisphere atmospheric CUP (espe-
cially in areas supporting multiple cropping and winter wheat), roughly
one-quarter of total MWRS productivity occurs during the CRP, thereby
mitigating the net impact of total changes in cropland productivity on
the seasonality of atmospheric CO2.

After accounting for the proportions of uptake and release within the
CUP and CRP (see Methods), we estimate that changes in Northern
Hemisphere extratropical MWRS production increased NEP during
the CUP by 0.33 Pg. Since we assume that this carbon is returned to the
atmosphere during the CRP, the net effect is an increase in seasonal
biosphere–atmosphere carbon exchange of 0.66 Pg C (95% confidence
interval 0.49–0.90), from 0.25 Pg C in 1961 to 0.91 Pg C in 2008, a rate
of roughly 14 teragrams per year (Tg yr21) (Fig. 2a). Graven et al.3 used
inverse modelling to quantify the change in seasonal carbon exchange
over the same period. Their estimate of 1.3–2.0 Pg C is the additional
‘‘seasonal net carbon transfer’’ (defined as half the sum of carbon assim-
ilated in the CUP and carbon released in the CRP in a net neutral system)
over all extratropical lands that is necessary to replicate the observed
seasonality enhancement in the atmospheric CO2 record, accounting
for transport and mixing processes. Thus, our results indicate that
changes in extratropical production of MWRS accounts for 17%–25%
of the enhanced carbon exchange needed to explain the increasing sea-
sonal amplitude of Northern Hemisphere atmospheric CO2.

Although increases in extratropical MWRS productivity have occurred
throughout the Northern Hemisphere (Fig. 3), 88% of the enhanced
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seasonal carbon exchange due to increased MWRS production is asso-
ciated with changes in North America (46%, mostly in the United States)
and East Asia (42%, mostly in China), where maize is the dominant crop
(Figs 2c and 3; Table 1). Further, even though wheat and maize account
for similar proportions of total contemporary extratropical MWRS pro-
duction (34% and 43%, respectively), maize accounts for over 66% of
the total change in atmospheric CO2 seasonality attributable to crop-
lands (Table 1; Fig. 2b). In contrast, wheat explains only 9% of the total
change because a substantial proportion of wheat production occurs
outside the atmospheric CUP (Extended Data Table 3). Rice accounts
for the second largest contribution to increased seasonality (14%; Table 1).
However, like wheat, the impact of rice on CO2 seasonality forcing is
relatively minor because a substantial proportion of total rice produc-
tion occurs outside of the CUP. The role of soybeans is also fairly modest,
accounting for 11% of the crop-induced increase in CO2 seasonality
forcing (Fig. 2b).

Crop-specific geographic patterns in MWRS production strongly influ-
ence the relative contribution of different regions to total forcing on atmo-
spheric CO2 seasonality by croplands. Europe, for example, accounts
for 38% of contemporary extratropical wheat production and 20% of
total extratropical MWRS production, but contributed only 11% to the
increase in CO2 seasonality associated with increased MWRS produc-
tion (Figs 2c and 3). Total MWRS production is low throughout cen-
tral Eurasia (Fig. 3), accounting for only 6% of total contemporary
extratropical MWRS production. Further, because winter wheat is the
dominant crop in this region, central Eurasia accounts for only 2% of
the total change in CO2 seasonality attributable to agriculture (Fig. 2c;
Table 1). These results highlight the profound impact that increases in
North American and Chinese maize production have had on seasonal
carbon budgets of the extratropical Northern Hemisphere.

One of the most remarkable aspects of the changes in cropland pro-
ductivity we report here is that land used for MWRS production cur-
rently occupies less than 6% of vegetated land areas in the extratropical
Northern Hemisphere13. Thus, increases in CO2 seasonality associated
with MWRS production are being driven almost exclusively by crop
management practices and improved genetics that have profoundly trans-
formed the seasonal carbon budgets of intensively managed agroeco-
systems. Increases in extratropical MWRS production over the past
50 years exceed 240%, whereas model inversions and atmospheric CO2

records imply that total uptake by terrestrial ecosystems during the extra-
tropical Northern Hemisphere growing season increased only 40%–60%
during the same period3. Hence, our results indicate that management
of agricultural ecosystems occupying a relatively small proportion of
land area has had an outsized impact on the seasonality of Northern
Hemisphere atmospheric CO2. Further, most of this contribution occurred
in two key regions (northern China and the midwestern USA) via enor-
mous increases in production of a single crop: maize.

Many of the technologies enabling production increases are energy
intensive, and are therefore sources of greenhouse gases (for example,
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Figure 2 | Attributing the enhanced seasonality. Annual contributions of
Northern Hemisphere extratropical MWRS production to atmospheric CO2

seasonality SCO2,MWRS from 1961 to 2008 with 95% confidence intervals
(quantiles from 106 iterations) (a), contributions to the total increase by
crop (b), and by region (c; see Extended Data Fig. 5). a shows a linear fit with
a slope of 14 Tg C yr21.
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Figure 1 | Latitudinal patterns of increased crop production. Average gridded production values were summed over one-degree latitudinal bands for three-year
intervals centred on 1965 and 2005 for maize (a), wheat (b), rice (c), soybeans (d) and MWRS (e).
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fertilizer production, transportation, farm mechanization, and irrigation)16.
However, CO2 emissions associated with these technologies are rela-
tively aseasonal, and increases in these emissions over the last 50 years
are much smaller than changes in seasonal assimilation of CO2 arising
from increased crop productivity17. Similarly, alternative crop residue
management practices (for example, no-till) can alter long-term crop-
land soil carbon source–sink dynamics18, but have relatively little impact
on the seasonality of carbon budgets. Hence, seasonal changes in CO2

emissions arising from changes in farming technology and practices are
small compared to those associated with changes in crop productivity.

Our analysis focused on MWRS because these four crops are the most
important and geographically extensive food crops on the planet, and
because there are high-quality, global, gridded time series available that
allowed us to calculate crop-specific and spatially explicit MWRS NEP13.
In doing so, however, our analysis excluded roughly 32% of Northern
Hemisphere extratropical crop dry-biomass production. Since a large
proportion of this unaccounted production occurs in crops with sea-
sonal assimilation patterns that are largely in phase with the Northern
Hemisphere CUP, it is likely that the total forcing on atmospheric CO2

seasonality due to cropland intensification exceeds the contribution
from MWRS alone, perhaps substantially so.

Current Earth system models do not replicate observed changes in
atmospheric CO2 seasonality3,19. The results presented here suggest that
poor representation of agroecosystems within these models explains
a substantial proportion of this problem. Indeed, recent results from
satellite-borne Sun-induced fluorescence measurements show that both
process-based and data-driven models significantly underestimate GPP
in croplands, with errors as large as 275% in intensively cultivated areas
such as the midwestern USA and the North China plain20. Improved
representations of contemporary farming practices (fertilization, irri-
gation, herbicide/pesticide application), multiple cropping, the impact

of weeds, pests and diseases on crop physiology and yields, and the higher
tolerance of newer cultivars and hybrids to stresses (for example, drought
tolerance, flooding) are therefore required for Earth system models to
capture geographically and seasonally dependent variations in crop-
land carbon budgets. In addition to improved process representations,
improved data sets that provide spatially and temporally resolved infor-
mation regarding cropland management practices are also needed.

Numerous studies have documented changes in the Northern Hemi-
sphere biosphere over the past several decades4,9,21–23, but few have explicitly
considered the linkage between these changes and increased atmospheric
CO2 seasonality. Changing terrestrial source–sink dynamics related to
CO2 fertilization, growing season length extension, enhanced assimila-
tion/respiration, and biome expansion has been invoked as a primary
mechanism leading to the increased atmospheric CO2 seasonality1,2,24,25.
Analysis of global carbon budgets point to an increased land sink over
the past half-century, although the location of this sink, and the causal
mechanisms behind it remain unclear26–29. Although it is not incon-
sistent with these studies, our analysis demonstrates that a substantial
portion of increased CO2 seasonality results from a process that is roughly
neutral in terms of its impact on the terrestrial carbon sink. Thus, care
must be taken when making inferences regarding the causal linkages
between CO2 seasonality and terrestrial carbon sink dynamics.

By identifying a large and previously unrecognized mechanism that
affects atmospheric CO2 concentrations, the results reported here illu-
minate an important anthropogenic impact on global carbon budgets,
and reveal another pathway through which humans are fundamentally
altering the Earth system. In the coming decades, climate change impacts
on natural ecosystems are likely to continue, leading to ongoing (and
possibly accelerating) intensification of the seasonal cycle of atmospheric
CO2. In parallel, current projections suggest that global food production
will need to nearly double over the next 50 years12,30, requiring concom-
itant increases in cropland productivity, and by extension, imposing an
even stronger signature of human activities in atmospheric CO2.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
Quantifying cropland SCO2. Seasonality in annual atmospheric CO2 concentrations
arise from the non-uniform temporal distribution of carbon uptake and release by
Earth’s biotic and abiotic processes. Here we quantify the forcing on Northern
Hemisphere (NH) atmospheric CO2 seasonality due to atmosphere–biosphere
carbon exchange (SCO2) as the difference in NEP (NEP~{

Ð
NEE dt) when the

net Northern Hemisphere biosphere is a source of carbon to the atmosphere (CRP;
NEE . 0) and NEP when the net Northern Hemisphere biosphere is a sink of
carbon from the atmosphere (CUP; NEE , 0). Thus SCO2 5 NEPCRP 2 NEPCUP

(Extended Data Fig. 1). Expressing the proportions of annual NPP and Rh that occur
during the CUP as h and Q (that is, NPPCUP 5 hNPP and Rh,CUP 5 QNPPCRP), and
given that NEP 5 NPP 1 Rh, after substitution we obtain:

SCO2~½(1{h)NPP(1{Q)Rh�{(hNPP{QRh) ð1Þ
Equation (1) may be used to calculate the contribution to SCO2 from one component

(for example, a single ecosystem) of the carbon cycle, SCO2,i, where SCO2~
Pn

1
SCO2,i

for n components. In this analysis, when calculating SCO2, the CUP is constant
across all components (May–August) rather than from the individual component’s
distinct carbon uptake period. This is because we wish to determine a particular
component’s forcing on Northern Hemisphere atmospheric CO2 concentrations,
rather than the maximum component-scale difference in NEP. An ecosystem that
is assimilating carbon when the net biosphere is releasing carbon would act to
weaken (not magnify) the seasonal forcing. Thus, SCO2 depends not only on the
magnitude of seasonal NEP, but also the degree to which the overall Northern
Hemisphere biosphere and individual ecosystem component CUP are in phase. In
this analysis, the CUP and CRP were defined as static periods (May–August and
September–April, respectively) under the assumption that interannual variations
and long-term trends in the timing of atmospheric CO2 uptake/release were small.
This assumption also facilitates comparison with the results of ref. 3 that also assumed
a static CUP from 1960 to the present.

Here we calculated the contributions to SCO2 from extratropical (see Extended
Data Fig. 5) production of maize, wheat, rice, and soybeans (SCO2,MWRS) and con-
sidered its change over time: DSCO2,MWRS 5 SCO2,MWRS,t2 2 SCO2,MWRS,t2. Assum-
ing that soil carbon changes due to agricultural management, changes in long-term
food storage, and the proportion of yield heterotrophically respired out of extra-
tropical regions due to exports are negligible, annual extratropical MWRS NPP
(NPPMWRS) may be assumed to be balanced by annual Rh,MWRS (ref. 31), and
SCO2,MWRS 5 2(h – Q)NPPMWRS. Further, if h and Q are constant through time, then
DSCO2,MWRS 5 2(h 2 Q)DNPPMWRS. We calculate NPPMWRS,t for a particular time

t as the sum of NPP across all crops: NPPMWRS,t~
Pk

1
NPPi,t for k crops.

Converting crop production to total crop NPP. We modified an established
approach32,33 to convert crop production P to total crop carbon (NPP) by way of
biophysical parameters describing the biomass carbon fraction (CF, the propor-
tion of dry biomass that is carbon), the harvested biomass moisture fraction (MF,
the proportion of harvested biomass that is water), the fraction of grain produced
that is harvested (harvest efficiency HE), and biomass partitioning parameters that
account for the total root, stem, and leaf biomass production associated with the
harvested biomass. The latter may be expressed in terms of the ratio of grain to
total above-ground biomass (harvest index, HI), and R:S

NPP~P
CF 1{MFð Þ

HE

� �
1zR:S

HI

� �
ð2Þ

Global crop yields and cultivated areas from spatialized national inventory data14

were used to calculate P for MWRS for the period 1961–2008. We assumed a con-
stant carbon fraction of dry biomass of carbon fraction 5 0.45 (ref. 33), and an
average MWRS moisture content of MF~0:105 with a range of 0.09–0.11 from the
literature33. Harvest efficiency accounts for a variety of factors that reduce actual
yields from their potential, including combine efficiency, herbivory, and crop fail-
ures. Lacking detailed data on these processes, we assumed a very conservative value
for harvest efficiency (0.97), representing the maximum value for industrialized
crop production, and adopted a range for harvest efficiency of 0.9–0.97 with a most
likely value of 0.95. Since harvest efficiency in less industrialized and technologically
advanced production regimes is probably lower, and there is some non-negligible
amount of non-harvested or failed crops, we stress that this is a conservative esti-
mate (favouring lower amounts of total production) for harvest efficiency.

We compiled 86 values of harvest index for MWRS34–43, and 24 values of R:S
reported in the literature34,39,44–50, and analysed their distributions. The average reported
harvest index across all crops was 0.42 and ranged from 0.17 to 0.62 (Extended
Data Fig. 2a). An F-test did not support there being a significant difference between
crop-specific values of harvest index (P 5 0.57). Therefore, we used a single harvest
index distribution for all crops, and defined it by the most-likely value (the harvest

index mean is 0.42), and the range containing 95% of the data (0.2–0.6). Owing
mostly to challenges in accurately measuring total root biomass39, there is high
variability in the literature values of R:S. As with harvest index, our data showed no
significant difference between R:S among MWRS (P 5 0.62), so we adopted a com-
mon distribution defined by the mean value 0.35, and a broad range of variability:
0.1–0.7 (Extended Data Fig. 2b). The goal of this exercise was not to provide a rigor-
ous metanalysis of harvest index and R:S values reported in the literature, but rather
to characterize a realistic and defensible distribution of these parameters for the
crops of interest.

There is modest literature and theoretical support for harvest index increasing
for certain crops over time, owing mostly to dwarfing varieties of wheat and rice34.
For example, Hay et al.34 reported increases in wheat and rice harvest index of
0.05–0.1 over the period 1960–1990, but stable harvest index for maize. Johnson
et al.39 assumed an increase from 0.35 to 0.53 for maize, and from 0.28 to 0.45 for
wheat over the period 1940–2000. In contrast, Lorenz et al.41 analysed five studies
growing maize varieties from different eras and found that four out of the five did
not have a significant change in harvest index over time. We found no support for
increasing harvest index across all crops in our data set, although the relative pau-
city of data before 1980 prohibited a definitive analysis. However, given the disagree-
ment between existing studies, the difficulties in drawing conclusions about changes
in harvest index from historical crop varieties grown in modern conditions, and
the relatively modest reported increases, we used temporally static distributions for
harvest index in this study.

Our analysis assumes that parameters controlling biomass partitioning in crops
(that is, harvest index and R:S) were constant. Cultivars that preferentially partition
assimilated carbon to grain (for example, dwarfed varieties of wheat and rice) violate
this assumption, and widespread adoption of these crops would introduce bias to
our results. However, analysis of available crop data suggest that changes in harvest
index and R:S for wheat and rice between 1960–2010 were insignificant. Further,
changes in productivity for maize and soybean, which have no dwarfed equiva-
lents, account for 77% of the total MWRS contribution to increased atmospheric
CO2 seasonality, such that allowing the harvest index for wheat and rice to increase
by 30% reduces our estimate of the MWRS forcing on atmospheric CO2 by only
2%. Hence, our assumption of invariance in harvest index and R:S appears to be
robust.

An assessment of the uncertainty in the gridded production data of ref. 15, or of
the FAO data from which these data are derived, has not been undertaken. How
well production statistics reflect actual production amounts probably varies across
reporting units and depends on the technological and logistical capacity to undertake
the large-scale data collection and processing efforts necessary to produce high-
quality estimates. Although a detailed assessment of this uncertainty would theoret-
ically be possible for small areas, we are not aware of any efforts to do so. Nevertheless,
we assessed the effect of variable levels of uncertainty on the 95% confidence intervals
of our change in seasonality estimate. To do so, we assumed that the annual pro-
duction totals may be subject to 6N% errors drawn from a uniform distribution.
Since the change in seasonality is approximately linear with changes in NPP (see
equation (1)), the confidence intervals broaden with increasing uncertainty N at a
rate of 0.006 Pg C per 1% increase in uncertainty. Thus, if the total production values
were within 10% of the true value, the 95% confidence interval of our estimate increases
from 0.50–0.90 to 0.47–0.92, and to 0.41–1.00, assuming 630% errors. We note that
the majority of the MWRS production considered in this study occurred in developed
countries with ample capacity to provide accurate estimates. Coupled with the eco-
nomic value in obtaining and reporting accurate statistics, this fact suggests that
production uncertainties are probably low.
Assimilation proportion in CUP, h. The temporal partitioning of crop NPP into
proportions occurring when net Northern Hemisphere ecosystems are assimilat-
ing carbon (CUP) and releasing carbon (CRP) is dependent on crop-specific sow-
ing and harvest dates and developmental phenology. We employed two different
approaches to determining h for the crops in this study: analysis of eddy-covariance
flux data, and the use of global crop calendars with assumptions about the distri-
bution of NPP between sowing and harvest dates. In applying our model of the
change in seasonality, crop-specific values of h are assumed to be constant through
time. Note, however, that specifying h on a crop-specific basis means that the com-
posite MWRS value of h will be responsive to changes in the relative production of
crops through time.

The FluxNET ‘‘free and fair use dataset’’51 contains eddy-covariance flux data for
several agricultural sites throughout the world. Subsets of these data include only
complete years for four sites in the USA: US-Bo1, US-Ne1, US-Ne2, and US-Ne3,
comprising 22 full years of measurements over maize and soybean crops under var-
ious irrigation and tillage management protocols (Extended Data Fig. 3). We assumed
that GPP and NPP were proportional throughout the growing period (that is, auto-
trophic respiration was a static proportion of GPP)52, and estimated h by calculat-
ing the proportion of FluxNET-modelled GPP falling within the atmospheric CUP
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for each year across sites. The median value of h across all site years was 0.85, and all
values were in the range 0.72–0.93. We found no statistically significant difference
between h values for maize and soybean rotations (Student’s t-test P 5 0.39). There-
fore, we adopted the range 0.72–0.93 and a most likely value of 0.85 for the distri-
butions of both hmaize and hsoybean. We assumed that these USA-based values are
representative of maize and soybean production throughout the Northern Hemi-
sphere on the basis of the congruence of crop calendars in China/East Asia and
North America (Extended Data Table 3), and the similarity of climatic forcing
throughout these regions.

We adopted a different approach to determining hrice and hwheat, owing to the
lack of available full-year eddy-covariance flux data for these crops. Additionally,
these crops have unique challenges in defining h due to winter versus spring wheat,
and their prevalence in multicropping rotations53. For these reasons, we relied on
global crop calendars54 (Extended Data Table 3) providing typical sowing and har-
vest dates, and assumptions about the temporal distribution of NPP within the crop
growing seasons. We assumed that root and non-harvested aboveground biomass
is created entirely during the crop’s vegetative growth phase, that the grain portion
of NPP is created entirely during the following reproductive growth phase55, and
that NPP is accumulated at a constant rate within each of these periods. We defined
the reproductive growth phase of wheat and rice as the final 40 days before harvest
and calculated the proportion of crop biomass that was created during the atmo-
spheric CUP.

Nearly 97% of all the rice produced in the temperate zone is produced in China
and East Asia12. Modes of Chinese rice production vary with geography. In the north,
where temperature is a limiting factor, production typically occurs in single-crop
rotations or in double rotations of winter wheat and summer rice. In the south, where
multicropping rotations dominate, rice is typically one or two of the two or three
crops grown in various rotations throughout the region. We used maps of Chinese
rice rotations and associated areas56 to characterize the relative magnitudes of rice
produced during various growing seasons. These data indicate that 72% of Chinese
rice production occurs during the main growing season. Since triple-cropped rice
contributes a small fraction of the overall production, we assumed that the remain-
ing 28% of rice production conforms to the sowing and harvest dates for the second
rice crop. Thus, using the sowing and harvest dates for the first and second rice
crops, and the abovementioned assumptions about temporal partitioning of bio-
mass between vegetative and reproductive growth phases, we calculated the pro-
portion of rice production occurring in the CUP as the sum of the products of the
first or second rice crop production proportion and the corresponding average
proportion of production in CUP to be (0.72 3 0.90) 1 (0.28 3 0.355) 5 0.75. Con-
tinuing in this fashion for the minimum and maximum during-CUP production
portions, we arrived at a range for during-CUP rice production of 0.65–0.84, and a
most likely value of 0.75.

Calculating hwheat presented similar challenges because of differences in the grow-
ing seasons, and relative production magnitudes, of winter and spring wheat vari-
eties. In the USA, winter wheat varieties account for about 70% of production. Using
areas of double- and triple-cropping57, and assuming that all double- and triple-
cropped wheat is a winter variety, and that all single-cropped wheat is a spring variety,
we conclude that winter varieties account for 64% of Chinese wheat production.
The fraction is lower in Canada owing to the harsher winters, and the same or higher
throughout Europe. Therefore, we assumed that the global winter/spring wheat pro-
portions followed that of the USA, and calculated the proportion of winter and
spring wheat NPP occurring in the CUP as for rice, arriving at a most likely value
for hwheat of 0.52 and a likely range of 0.47–0.57. For comparison, calculating hmaize

and hsoybean on the basis of crop calendars rather than eddy-covariance data, we
arrive at very similar range for hmaize of 0.72–0.88, with a most likely value of 0.80,
and for hsoybean a range of 0.79–0.86, with a most likely value of 0.83. Thus, the two
methods have reasonable agreement, bolstering our confidence in the estimates of
hwheat and hrice. Future efforts may seek to define these parameters on the basis of
satellite observations of growing season timing, which clearly show that agricul-
tural lands have shorter photosynthetically active periods than do natural ecosys-
tems (Extended Data Fig. 7).
Respiration proportion in CUP, Q. As with h, we relied on analysis of eddy-
covariance flux data to determine the proportion of respiration occurring in the
CUP, Q. Since our calculation of crop NPP accounts for autotrophic respiration, Q
should be the proportion of Rh of crop residues occurring in the CUP, rather than
the total respiration. We assumed that Rh occurs across two pools: grain biomass
(Qg), and root/shoot/leaves/and so on (Qrs). The respiration from grain occurs due
to human and animal consumption of grain biomass, and was assumed to occur
evenly throughout the year. Thus, Qg was assumed to be constant across crops and
equivalent to the proportion of the year occupied by the CUP, or one-third. As with
h, all Q parameters were assumed to be constant through time.

Calculating Qrs required partitioning the FluxNET-estimated total ecosystem
respiration into heterotrophic and autotrophic proportions. Autotrophic respiration

dominates total respiration during crop growth, accounting for 40%–60% of GPP52.
Aubinet et al.52 analysed eddy-covariance data, soil chambers, and biomass mea-
surements to estimate the autotrophic to total respiration fraction and found that
in no case was the fraction lower than 0.65. Here, we assumed that the ratio of auto-
trophic to total ecosystem respiration during the growing season was in the range
0.65–0.85, and used that information to partition the FluxNET-estimated total
ecosystem respiration into autotrophic and heterotrophic components. Then, as
with h, we estimated Qrs as the proportion of total annual Rh that occurs during the
CUP. In this way we determined that Qrs is probably in the range 0.36–0.68 with a
most likely value of 0.5. Since the rate of Rh is largely determined by climate, we
assume that these values are representative for all crops in this study.
Estimating SCO2,MWRS and DSCO2,MWRS. We used equations (1) and (2) to calcu-
late annual values of SCO2,MWRS, and accounted for parameter uncertainty by adopt-
ing a Monte Carlo approach. Parameter values were specified by PERT distributions
(special case of a beta distribution) using the minimum, maximum, and most likely
values previously specified (Extended Data Fig. 4). Carbon fraction and Qg were
assumed to have constant values for all simulations. SCO2,MWRS in each year was
calculated from 1 3 106 parameter set realizations. The change in the forcing of
MWRS production on atmospheric carbon seasonalityDSCO2,MWRS was calculated
as the difference between SCO2,MWRS in 1961 and in 2008, the endpoints of our
global production data.
Soil carbon and production-related emissions. Non-crop CO2 emissions assoc-
iated with MWRS production were not explicitly considered in this study. How-
ever, extrapolating the average USA values of agriculture-associated carbon emissions
to the globe (accounting for the full life-cycle emissions associated with agricultural
inputs: production, transport, application, irrigation, farm machinery and so on)24,
we determined that the likely upper limit of carbon emissions associated with the
total global production of agricultural crop is about 0.2 Pg C yr21. However, as with
the Rh of biomass, the impact of these emissions on atmospheric CO2 seasonality
depends on the temporal partitioning of emissions into CUP and CRP components,
with during-CUP emissions offsetting the additional assimilated carbon, and emis-
sions in the CRP enhancing the total flux of carbon to the atmosphere. Considering
that many of the dominant components of these emissions are not strongly seasonal
(such as the production and transport of agricultural inputs), and that the most
emissions-intensive during-CUP process is irrigation, which accounts for a small
percentage of total cultivated area (15% in the United States), we can assume that
the imbalance between the CUP and CRP proportions of emissions is probably
small, but slightly favours during-CUP emissions. Further, actual emissions for
temperate production of crops are probably considerably less than the calculated
global maximum value of 0.2 Pg C yr21 because these crops represent only a frac-
tion of the global production of all crops. Thus, we conclude that the unaccounted-
for carbon emissions associated with agricultural production most probably leads
to a modest reduction only in the estimated contribution of increased agricultural
production to the seasonality of atmospheric CO2 concentrations, although this
contribution may increase with the expansion of irrigation.

Changes in soil carbon due to agricultural production were also not calculated
here, despite the fact that agricultural production has the potential to alter soil carbon
source/sink dynamics with a magnitude dependent mostly on the management of
crop residues24,58. In the context of atmospheric carbon seasonality, increased soil
carbon storage would reduce the amount of CUP-assimilated carbon returned to
the atmosphere during the CRP, and therefore diminish the impact on atmospheric
CO2 seasonality. However, the amount of carbon sequestered in croplands is gen-
erally less than 2% of NPP31, and therefore soil carbon changes have low potential
to affect seasonality on an annual timescale. Additional unaccounted-for emissions
of carbon associated with land-use conversion for agriculture may contribute sig-
nificantly to global carbon source/sink dynamics owing to the release of long-term
carbon stores59, but probably contributes very little to the seasonality of atmospheric
CO2 because of the relatively small magnitude of the extratropical increase in MWRS
area (only about 18% expansion in this time frame). Further, total extratropical
harvested area actually decreased 2% over this time period12, meaning that it is likely
that MWRS expansion has been on existing croplands.
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Extended Data Figure 1 | Calculating DS. Schematic diagram showing the
CO2 seasonality difference (DS) for two time periods representing a baseline
condition (t1) with CO2 seasonality St1 and a scenario where NEE is enhanced

35% (t2) with correspondingly higher seasonality, St2. Flux-derived daily
NEE (a), cumulative NEE (b), and NEPCUP and NEPCRP (c). Note the
assumption that annual NEP 5 0 (b).
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Extended Data Figure 2 | Harvest index and root:shoot ratio. Crop-specific and MWRS aggregate distributions of literature-reported values of harvest index
(a) and R:S (b).
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Extended Data Figure 3 | Agricultural fluxes from FluxNET. NEE and GPP
for agricultural FluxNET sites used in this study to determine the h and Q
parameters. Shading corresponds to May, June, July, and August, the CUP at

the latitudes of most agricultural production, and the CUP definition used
throughout this study.
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Extended Data Figure 4 | Parameter distributions. PERT distributions for all Monte-Carlo-varied parameters in this study. Shown are moisture fraction
(a), harvest efficiency (b), R:S ratio (c), harvest index (d), CUP proportion of NPP (e), and CUP proportion of Rh (f).
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Extended Data Figure 5 | Aggregation zones. Eco-climatic (top; from ref. 3) and aggregated production regions (bottom) used in this study.
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Extended Data Figure 6 | Increased production and seasonality. Change in MWRS production (top) and SCO2,MWRS (bottom) over the period 1965–2005.
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Extended Data Figure 7 | Remotely sensed growing season length. Mean
‘greenup’ and dormancy values from MODIS Land Cover Dynamics product
(MCD12Q2) for pixels identified as agriculture (AG) and deciduous
broadleaf forest (DBF) in the MODIS Land Cover product (MCD12Q1;

classes 12 and 4, respectively) for 1u latitudinal bands in North America (a)
(MODIS tiles are h11v03, h12v03, h13v03, h10v04, h11v04, h12v04, h09v05,
h10v05, and h11v05), and for China (b) (MODIS tiles are h23v03, h24v03,
h25v03, h26v04, h27v04, h26v05, and h27v05.)
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Extended Data Table 1 | Global dry biomass production

Global production and dry biomass (in megatonnes), dry biomass fraction (1 2 moisture fraction), and the crop-specific and cumulative fraction around 2012 for all crops accounting for greater than 0.1% of total
harvested dry biomass.
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Extended Data Table 2 | 2009–2011 mean MWRS dry biomass production

‘MWRS fraction’ is the MWRS production fraction of total production (in Tg) for all crops for which we have moisture fraction data (see Extended Data Table 1), which is the majority of total crop production in each
region (99.2% for Eastern Asia, 99.6% for North America, 99.0% for Europe, 96.9% for Western Asia, and 98.6% for Central Asia.
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Extended Data Table 3 | Proportion of NPP in CUP

Crop calendars from ref. 54 and the FluxNET-derived (denoted with an asterisk), and calendar-derived values for h.
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