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In recent decades, terrestrial ecosystems have been absorbing 
15–30% of all anthropogenic CO2 emissions1,2. Direct and indi-
rect anthropogenic impacts on the biosphere, however, can alter 

terrestrial sinks in the short and long terms3–6. Identifying the  
factors that affect the capacity of the biosphere to absorb carbon (C) 
and quantifying the magnitude of the sensitivity of this C sink to its 
driving factors helps to increase confidence in future projections of 
the coupled carbon cycle/climate system.

Increasing plant growth is a robust response to increasing 
CO2 concentrations under experimental conditions (the CO2 
fertilization effect)7,8. The extent to which increases in CO2 
can enhance large-scale photosynthesis and ultimately the net 
ecosystem production (NEP) remains uncertain5,7. Detecting 
this effect in the real world is much more difficult than under 
controlled experiments. However, recent efforts that used data 
based on eddy covariance with statistical models successfully 
detected positive effects of CO2 on water-use efficiency9, pho-
tosynthesis and NEP5.

The potential positive effect of elevated CO2 on productivity 
could be influenced by global warming6 and altered precipitation 
patterns10 as both water availability and temperature are strong 
drivers of photosynthesis and respiration worldwide11–13. Land-use 
change also alters the capacity of the biosphere to sequester car-
bon because land use causes a drastic change in C turnover and 
productivity. Atmospheric deposition of nitrogen and sulfur from 
the use of fossil fuels and fertilizers may also alter the ecosystem 
biodiversity, function, productivity and NEP5,14–17. Nitrogen depo-
sition is usually positively correlated with ecosystem productivity 
and NEP17–19. Conversely, sulfur deposition may reduce ecosystem 
C sinks, which has rarely been investigated in field studies20,21 and 
is absent from global models. Soil acidification, caused by acid  

deposition, of nitrogen and sulfur, often decreases the availability of 
soil nutrients22 and potentially reduces NEP23.

The observations that underlie the driver analysis of NEP 
described above were largely limited to temperate and boreal study 
sites, which makes it difficult to assess global scalability. Additionally, 
until recently, the only way to assess the terrestrial C sink was from 
ensembles of dynamic global vegetation models (DGVMs) or as a 
residual sink by subtracting atmospheric and ocean sinks from the 
estimates of CO2 emissions. Currently, inversion models, as well 
as long-term remotely sensed data24, can be used to test the gen-
erality of the patterns derived from ground-based measurements. 
Inversion models provide continuous gridded estimates for the net 
flux of land–atmosphere CO2 exchange (that is, NEP) with global 
coverage25,26. The gridded NEP results from inversions, combined 
with CO2 concentration records, gridded fields for climate, land-use 
change and atmospheric deposition, are arguably the best observa-
tion-based data to attempt a first empirical study of the combined 
effects of CO2, changes in climate and land use, and atmospheric 
nitrogen and sulfur deposition on terrestrial NEP patterns at the 
global scale. Given that previous site-level studies revealed that 
increasing CO2 is a dominant driver of trends in NEP5, we expect 
that it will also be the dominant driver at larger spatial scales and 
across the globe.

Here we investigated if the trends of NEP from the two most 
widely used multidecadal inversion models (MACC-II (Monitoring 
Atmospheric Composition and Climate - Interim Implementation) 
and Jena CarboScope) and DGVMs (TRENDY) from 1995 to 2014 
are related to increasing atmospheric CO2 and changing climate 
(temperature, precipitation and drought). Additionally, the effect of 
land-use on NEP at the global scale was investigated using statisti-
cal models to assess the sensitivity of NEP to the above-mentioned  
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predictors. We also analysed the effect of changing rates of the atmo-
spheric deposition of oxidized and reduced nitrogen (NOX and NRED, 
respectively) and sulfur on NEP, combined with increasing CO2 and 
changing climate and land use, over Europe and the United States.

CO2 and climate effects on global NeP
The global land (excluding Antarctica) mean annual NEP was 
2.3 ±  0.9, 2.3 ±  1.5 and 1.6 ±  0.5 PgC yr−1 (mean ±  1σ), respectively, 
for MACC-II, Jena CarboScope and the TRENDY ensemble during 
the period 1995–2014, similar in magnitude to the recent global car-
bon budget2. Both inversions and the TRENDY ensemble showed an 
overall positive trend in NEP from 1995 to 2014. The estimated NEP 
increased by (mean ±  s.e.m) 116.9 ±  6.1 TgC yr−1 for the MACC-II 
data set, by 178.0 ±  8.1 TgC yr−1 for the Jena CarboScope data set 
and by 22.5 ±  3.1 TgC yr−1 for the TRENDY ensemble (Fig. 1). This 
supports the increases in the global carbon budget2, with a lower 
increase of the DGVMs than those shown by the inversion models. 
The large differences between inversion models and DGVMs may 
arise because of the lack of information on river fluxes, inadequate 
parameterizations concerning land management and degradation 
in the process models or because of potential biases in inversion 
models. Both inversion model data sets produced similar trends 
for many parts of the world, an increasing NEP for Siberia, Asia, 
Oceania and South America, and a decreasing NEP for the south-
ern latitudes of Africa. Differences between inversions emerged for 
Europe and North America, possibly because the Jena CarboScope 
inversion uses a larger spatial error correlation of prior fluxes than 
that of MACC-II or because of other inversion settings2. However, 
their different flux priors did not drive differences in the trends 
between both data sets, given that priors did not change over the 
studied period. Jena CarboScope showed largely positive trends for 
Europe and largely negative trends for North America; MACC II 
showed more variation in the trends for both continents. The trends 
identified by the TRENDY ensemble agreed with atmospheric 
inversions for the northern-most latitudes, which indicates an 
increase in the carbon-sink capacity, but differed to those in many 
other regions.

Our analyses on temporal contributions, using the temporal 
anomalies of our predictors, attributed the increases in global NEP 
to increasing CO2, but found a consistent negative impact of tem-
perature on NEP, which limited the positive effect of increasing CO2 
(Fig. 1). These results were consistent for both data sets and most 
of the DGVMs of the TRENDY ensemble. The predictors used in 
this study explained a modest proportion of the variance in NEP, in 
contrast to the variance explained by spatial variability (that is, the 
pixel), which was rather high (Supplementary Section 2). Unknown 
contributions to the trends in NEP, the difference between all the 
contributions and the observed trend, were very close to zero for 
the analyses on inverse models and the TRENDY ensemble (Fig. 1).  
This result suggests that trends were captured very well by our 
analyses, which indicates that the methodology was able to disen-
tangle spatial from temporal variability. The sensitivity of NEP to 
increasing CO2 averaged 0.45 ±  0.01 (mean ±  s.e.m), 0.61 ±  0.03 
and 0.23 ±  0.01 gC m−2 ppm−1 for MACC-II, Jena CarboScope 
and TRENDY, respectively (Table 1), which represents sensitivi-
ties over the entire terrestrial surface of 60.4 ±  1.2, 81.4 ±  3.4 and 
30.7 ±  1.2 TgC ppm−1, respectively. Despite lower temporal attribu-
tions for temperature than CO2, the sensitivity of NEP to temperature 
was high, at − 3.8 ±  1.1, − 6.4 ±  2.9 and − 8.1 ±  0.9 gC m−2 yr−1 °C−1 for 
the MACC-II, Jena CarboScope and TRENDY models, respectively, 
equivalent to global sensitivities of − 515.7 ±  152.4, − 859.2 ±  386.3 
and − 1088.0 ±  118.1 TgC °C−1, respectively. Trends in NEP and the 
effect of CO2 and temperature on NEP significantly differed in mag-
nitude among the data sets used, but they all point towards the same 
conclusion: global NEP has increased during the study period and 
increasing CO2 was the most likely driving factor despite increasing 

temperatures that constrained this positive effect. The exact magni-
tude of the effect of increasing CO2 and temperatures on the global 
carbon cycle remains to be established

Geography of CO2- and climate-NeP effects
Our statistical models for the MACC-II and Jena CarboScope data 
sets indicated that the positive effect of CO2 on NEP was higher in 
regions with a higher annual precipitation and that this positive effect 
increased with increasing temperatures (Fig. 2 and Supplementary 
Section 1.1). In contrast, our analyses using the TRENDY ensemble 
did not show a significant interaction between CO2 and precipita-
tion or with temperature, which highlights the different behaviour 
in the DGVMs compared to the inversion models. We also found a 
significant positive interaction between mean annual temperature 
(MAT) and CO2 for Jena CarboScope and TRENDY. However, the 
same interaction was negative for MACC-II. Also, increasing tem-
peratures reduced NEP in warm regions but increased NEP in cold 
regions (Fig. 2).

The analyses on temporal contributions performed for inver-
sion and TRENDY NEP averaged over latitudinal bands (boreal, 
> 55° N; temperate, 35–55° N, 35–55° S; subtropical, 15–35° N, 
15–35° S; tropical, 15° N to 15° S), further supported previous 
results obtained at the global scale (Table 2 and Supplementary 
Sections 2.2–2.7). Increasing CO2 was the main factor that 
accounted for the increasing trends in NEP, with a consistent 
positive temporal contribution for almost all the latitudinal bands 
considered and for all three data sets. However, contributions esti-
mated from the TRENDY ensemble were generally lower than 
those of the inversion models. Proportionally, increasing CO2 
accounted for more than 90% of the trends in NEP in the MACC-II 
and Jena CarboScope data sets. For the TRENDY ensemble, the 
estimated contribution of CO2 to the trends in global NEP was 
more than 2.7 times higher than the estimated trends. Increasing 
temperatures had a negative effect for all latitudinal bands for the 
inversion models, but most of the effects were not statistically sig-
nificant and need to be interpreted as such. Instead, our analy-
ses for the TRENDY ensemble indicated a significant negative 
effect for all latitudinal bands, except for the temperate Southern 
Hemisphere. Similarly, the proportional contribution of tempera-
ture to the trends in NEP was less than 10% for the inversion mod-
els, but accounted for almost 95% of the trends estimated using the 
TRENDY ensemble. These results suggest that the parameteriza-
tion of temperature in the DGVMs does not accurately reproduce 
the estimation of the inverse models.

Even though all the regions presented, on average, positive 
trends, the tropical regions clearly had the highest contribution, 
across all three data sets, to global NEP trends and accounted for 
almost half of the increase (Table 2). Similarly, the tropical regions 
had the highest sensitivity to CO2 increase, which accounted for 
more than half of the total global sensitivity (Table 1). A similar pat-
tern was found for temperature, although the sign of the contribu-
tion was positive for MACC-II but negative for Jena CarboScope 
and TRENDY. The contribution of the Southern Hemisphere to 
the global trends was very modest compared to the contribution of  
the Northern Hemisphere using all the data sets. Our results using 
the MACC-II data set showed that subtropical, temperate and 
boreal regions of the Northern Hemisphere accounted for 44.2% 
of the global trends in NEP, whereas only 9.5% was attributed to 
subtropical and temperate regions of the Southern Hemisphere. 
Using the Jena CarboScope data set, these regions accounted for 
63.3 and 6.1%, respectively. Differences in the regional attributions 
between inversion models may emerge from the different inter-
hemispheric transport models or other inversion settings2. Results 
from the TRENDY ensemble were more extreme, because they 
indicated a negative contribution of the subtropical and temperate 
regions to the global trends in NEP. Differences between the global  
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estimates (trends and contributions of CO2 and temperature) and the  
sum of every region were low for all the data sets. The contribu-
tion of other variables to the trends in NEP (precipitation, drought, 
land-use change and unknown variables) were, on average, also  
low for most of the latitudinal bands, despite the variability among 
data sets (Table 2).

Atmospheric deposition
The MACC-II and Jena CarboScope data sets showed that NEP 
increased over Europe and the United States by 0.45 ±  0.13 and 
0.68 ±  0.16 gC m−2 yr−1, respectively (Supplementary Fig. 1). Our 
temporal contribution analyses suggested that increasing atmo-
spheric CO2 in both data sets contributed significantly to increas-
ing NEP. NEP sensitivity to CO2 was more than twofold higher in 
the Jena CarboScope than in the MACC-II data set (Supplementary 

Table 1), similar to the temporal contributions, at 0.22 ±  0.06 and 
0.46 ±  0.07 gC m−2 yr−1 ppm−1 for the MACC-II and Jena CarboScope 
models, respectively. The temporal contribution of decreasing NOX 
deposition to NEP differed between the two data sets; the contribu-
tion was positive for MACC-II and negative for Jena CarboScope. 
Our analyses consequently estimated a negative sensitivity of NEP 
to NOX for the MACC-II data set, but a positive sensitivity for the 
Jena CarboScope data set. Additionally, neither MACC-II nor Jena 
CarboScope indicated a strong impact of land-use change.

These statistical models indicated that, in both data sets, the 
positive effect of CO2 on NEP was higher in regions with a higher 
NRED deposition, but lower in regions with high sulfur deposition 
(means for MACC-II and annual anomalies for Jena CarboScope 
(Supplementary Section 2.8)). The results for NOX deposition, 
however, differed between the models. The positive effect of CO2 
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on NEP for the MACC-II data set was constrained by the annual 
anomalies of NOX, but was higher for the Jena CarboScope data set. 
We also estimated an overall negative but not significant sensitivity 
of NEP to sulfur deposition for both inversion models.

CO2 fertilization and global NeP
The positive effect of atmospheric CO2 on NEP must originate from 
a stronger positive effect on photosynthesis than on the sum of all 
the respiratory processes. Increases in atmospheric CO2 concentra-
tions have been widely reported to increase ecosystem photosyn-
thesis, mainly by two mechanisms: (1) increasing the carboxylation 
rates and decreasing photorespiration27 and (2) decreasing the sto-
matal conductance and therefore increasing water-use efficiency9,28, 
which would theoretically increase photosynthesis under water 
limitation. An increase in the gross primary production by either 
mechanism may thus account for the higher NEP due to increasing 
atmospheric CO2. A recent global analysis suggested that most of 
the gross primary production gains from CO2 fertilization are asso-
ciated with ecosystem water-use efficiency29. The positive interac-
tion between CO2 and annual precipitation that we found may not 
support this hypothesis (Fig. 2), given that plants living under wet 
conditions are usually less efficient in water use. However, plants 
that have a higher water availability may benefit from increasing 
CO2 more than those that suffer drought because photosynthesis 
would not be water limited.

Our estimates of global NEP sensitivity to CO2 were 0.45 ±  0.01, 
0.61 ±  0.03 and 0.23 ±  0.01 gC m−2 ppm−1 (globally 60.4 ±  1.2, 
81.4 ±  3.4 and 30.7 ±  3.4 TgC ppm−1) for the MACC-II, Jena 
CarboScope and TRENDY data sets, respectively, but these esti-
mates varied among the latitudinal bands and were inconsistent 
between data sets (Table 1). These estimates were similar to those 
reported in CO2-enrichment FACE (free-air CO2 enrichment) 
experiments30, despite the fact that FACE values were calculated for 
a much higher CO2 range for which the effect of CO2 may saturate31. 
However, they were much lower than the 4.81 ±  0.52 gC m−2 ppm−1 
reported in a study using eddy-covariance flux towers for a simi-
lar period5. The much larger areas analysed by the inverse models 
than the footprints covered by the eddy-covariance flux towers and 
FACE experiments may explain these differences between the esti-
mates. Flux towers are usually located in relatively homogeneous, 
undisturbed ecosystems, whereas each pixel in the inverse model 
aggregates information from several ecosystems (and even biomes), 
which often include non-productive land such as bare soil or cities.

Our results indicated that the variability of the estimates of NEP 
sensitivity to CO2 among the latitudinal bands might be associated 
with differences in climate and atmospheric nitrogen and sulfur 
deposition. The two atmospheric inversion models indicated that the 
effect of CO2 fertilization was stronger in wet climates (high annual 
precipitation) (Fig. 2), which supports the estimates provided by  
the latitudinal bands, with the highest sensitivity estimates for the  

Table 1 | Sensitivity of NeP to atmospheric CO2 concentrations and temperature

CO2 sensitivity  
(tgC yr− 1 ppm− 1)

Contribution to global 
sensitivity (%)

temperature sensitivity  
(tgC yr− 1 °C− 1)

Contribution to global 
sensitivity (%)

MACC

>  55° N 8.5 ± 0.4 14.1 − 35.3 ±  24.1 6.8

35–55° N 14.7 ± 1.3 24.3 − 132.0 ±  259.9 25.6

15–35° N −5.0 ± 1.4 − 8.3

15°N–15° S 31.9 ± 0.7 52.9 101.9 ±  216.6 − 19.8

15–35° S 2.2 ± 0.9 3.7 − 150.2 ±  131.3 29.1

35–55° S 0.6 ±  0.3 1.0 − 13.4 ±  49.3 2.6

Global 60.4 ± 1.2 −515.7 ± 152.4
Difference −7.4 ± 2.6 − 12.3 286.6 ±  397.4 − 55.6

JENA

>  55° N − 0.3 ±  1.0 − 0.3 − 49.8 ±  48.2 5.8

35–55° N 11.1 ± 3.9 13.6 − 213.6 ±  558.1 24.9

15–35° N 26.3 ± 2.7 32.3 − 268.7 ±  400.0 31.3

15° N–15° S 54.2 ± 3.6 66.6 − 697.6 ±  1136.5 81.2

15–35° S 5.4 ± 0.9 6.6 − 167.0 ±  133.9 19.4

35–55° S 0.2 ± 0.0 0.3

Global 81.4 ± 3.4 − 859.2 ±  386.3

Difference 15.4 ±  6.9 19.0 − 537.4 ±  1390.2 62.5

TRENDY

>  55° N 2.8 ± 0.1 9.0 17.3 ± 7.3 − 1.6

35–55° N 5.8 ± 0.5 19.0 −251.1 ± 79.3 23.1

15–35° N 5.9 ± 0.6 19.4 −368.8 ± 51.9 33.9

15° N–15° S 16.6 ± 1.1 54.2 −1612.2 ± 213.4 148.2

15–35° S 4.6 ± 1.2 14.9 −379.2 ± 141.1 34.9

35–55° S 0.3 ±  0.2 1.0 − 36.8 ±  18.1 3.4

Global 30.7 ± 1.2 −1088.0 ± 118.1

Difference 5.4 ± 2.1 17.5 −1542.7 ± 298.0 141.8

Differences are calculated as the difference between the sum of all the latitudinal bands and the global estimate. Bold coefficients differ significantly from 0 at the 0.01 level. Empty cells indicate that 
anomalies in temperature were not a significant predictor in the models that predict NEP.
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tropical band (Table 1). However, analyses based on the TRENDY 
ensemble did not show the same results. The positive effect of CO2 
tended to increase with temperature anomalies in both inversion mod-
els, but, again, the DGVMs did not show the same behaviour. These 
differences between inversion models and process-based models sug-
gest that DGVMs still fail to capture some of the interactions that 
occur in nature. The MACC-II and Jena CarboScope data sets further 
agreed on a stronger positive effect of increasing CO2 in regions with 
higher NRED depositions, which confirms previous studies that suggest 
the effect of CO2 fertilization is stronger in nitrogen-rich sites32–34.

Climate, land use and carbon sinks
Climatic warming clearly had a secondary effect on the trends 
in NEP from 1995 to 2014. The MACC-II, Jena CarboScope and 
TRENDY data sets estimated that NEP decreased globally by 
around − 0.5 ±  0.2, − 0.9 ±  0.4 and − 1.1 ±  0.1 PgC for every degree of 
increase in the Earth’s temperature. Assuming that a CO2 increase of 
100 ppm is equivalent to an increase of global temperature of 1 °C, 
the effect of the increasing CO2 concentrations largely outweighs 
the negative effect of increasing temperature on NEP (global esti-
mates: 6.0 ±  0.1, 8.1 ±  0.3 and 3.1 ±  0.1 PgC for a 100 ppm of CO2 
increase according to MACC-II, Jena CarboScope and TRENDY, 
respectively). The difference, though, is much lower for TRENDY 
than for the inversion models, with a higher negative impact of 

temperature and a lower positive effect of CO2. This difference in 
the effects of temperature and CO2 may explain the lower trends 
observed in TRENDY data sets compared to MACC-II and Jena 
CarboScope data sets. It also suggests that a different parameteriza-
tion of temperature, CO2 and their interaction may be needed on 
DGVMs to capture the observed trends in the inversion models.

The quasi-monotonically increasing atmospheric CO2 concentra-
tions were more important than temperature in driving NEP trends. 
Increasing temperature, however, did not have the same effect on 
NEP around the world. The analyses of both inverse models indi-
cated that increasing temperatures had a positive effect on NEP only 
in cold regions (when MAT ≤  1.5, 9 and − 5.9 °C for MACC-II, Jena 
CarboScope and TRENDY, respectively, when CO2 =  400 ppm (Fig. 2  
and Supplementary Section 2.1)). These findings support previous lit-
erature that reported a positive effect between temperature increase 
and NEP in temperate and boreal forests35. Instead, the general nega-
tive effect of temperature on NEP could be due to a greater stimulation 
of ecosystem respiration (Re) than photosynthesis by higher tempera-
tures36,37. The potential benefit to C sequestration of increased photo-
synthesis would then be negated by a greater increase in Re. Increasing 
temperatures can also be linked to heat waves and drier conditions, 
which may decrease gross primary production more than Re38.

The effects of land-use change on NEP trends differed greatly 
among the data sets, both at the global scale and when using  
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latitudinal bands. Our statistical models identified several signifi-
cant relationships between NEP and land-use change, but the large 
differences in effects (direction and magnitude) among the data sets 
preclude drawing firm conclusions. The coarse resolution of analysis 
probably blurred the effects of land-use change on the NEP trends.

Our study highlights the dominant role of rising atmospheric 
CO2 concentrations triggering an increase in land C sinks over the 
entire planet from 1995 to 2014, with the tropics accounting for 
around half of this increase in NEP despite being only around 22% 
of the global land (excluding Antarctica (Table 2)). Therefore, to 
preserve tropical ecosystems should be a global priority to mitigate 
anthropogenic CO2 emissions. Temperature has diminished the 
capacity of terrestrial ecosystems to sequester C, which jeopardizes 
future C sink capacity in light of global warming. So far, our results 
suggest that the benefit of increasing atmospheric concentrations 
of CO2 are still compensating the negative ones of temperature rise, 
in terms of C sequestration. However, if it has not started to change 
already6, this pattern may eventually reverse with saturation of land 
C sinks5,31 or because warm ecosystems tend to decrease NEP as 
temperature rises (Fig. 2). Additionally, the comparison between 

model results indicated that the DGVMs were unable to reproduce 
several features of the global land C sinks observed in inversion 
models. Process-based Earth system models will need to improve 
their parameterization to capture these features to better predict the 
future of land C sinks.

Online content
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Methods
Data sets. NEP data. We used gridded global monthly NEP data for 1995–2014 
from two inversion models: (1) the MACC CO2 (http://www.gmes-atmosphere.
eu/catalogue/)25,39 database, version v14r2, and (2) the Jena CarboScope 
database version s93_v3.7 using a constant network of towers (http://www.
bgc-jena.mpg.de/CarboScope/)26. The MACC CO2 atmospheric inversion 
system relies on the variational formulation of Bayes’ theorem to analyse direct 
measurements of CO2 concentrations from 130 sites around the globe for 
1979–2014. Optimized fluxes were calculated at a global horizontal resolution 
of 3.75 ×  1.875° (longitude ×  latitude) and a temporal resolution of eight days, 
separately for daytime and night-time. The underlying transport model was run 
with interannually varying meteorological data from the ECMWF ERA-Interim 
reanalysis. The Jena inversion model estimates the interannual variability of CO2 
fluxes based on raw CO2 concentration data from 50 sites. The model uses a 
variational approach with the TM3 transport model (4 ×  5°, using interannually 
varying winds). Prior terrestrial fluxes were obtained from a modelled mean 
biospheric pattern and fossil-fuel emissions from the EDGAR emission database40. 
We also used NEP data from an ensemble of ten DGVMs compiled by the 
TRENDY project (version 4, models CLM4.5, ISAM, JSBACH, JULES, LPJG, 
LPX, OCN, ORCHIDEE, VEGAS and VISIT) to see if the results obtained from 
atmospheric inversions data match those obtained with DGVMs simulations41. 
We used the output from simulation experiment S3, which was run with varying 
atmospheric CO2 and changing land use and climate41.

Meteorological, land-use change and atmospheric CO2 data. We extracted gridded 
temperature and precipitation time series from the Climatic Research Unit TS3.23 
data set42. We also used the Standardized Precipitation–Evapotranspiration Index 
(SPEI) drought index43 from the global SPEI database (http://SPEI.csic.es/database.
html) as a measure of drought intensity (positive values indicate wetter-than-
average meteorological conditions, and negative values indicate drier-than-average 
conditions). We used annual SPEI1 (monthly SPEI averaged over a year). MAT, 
mean annual precipitation (MAP) and SPEI were calculated for each year and 
pixel. We used land-use change maps from land-use harmonization2 (LUH2, http://
luh.umd.edu/data.shtml) and calculated the percent coverages of forests, croplands 
and urban areas per pixel, so we could further estimate whether they increased or 
decreased from 1995 to 2014. We used the data for atmospheric CO2 concentration 
from Mauna Loa Observatory provided by the Scripps Institution of Oceanography 
(Scripps CO2 Program).

Data for nitrogen and sulfur deposition. Annual data for NOX from NO3
–, NRED from 

NH4
+ and sulfur (SO4

−) wet deposition were extracted from (1) the European 
Monitoring and Evaluation Programme with a spatial resolution of 0.15 ×  0.15° for 
longitude and latitude, (2) the MSC-W (Meteorological Synthesizing Centre-West) 
chemical-transport model developed to estimate regional atmospheric dispersion 
and deposition of acidifying and eutrophying nitrogen and sulfur compounds over 
Europe and (3) the National Atmospheric Deposition Program (NADP) that covers 
the United States with a spatial resolution of 0.027 ×  0.027° for longitude ×  latitude. 
We used only data for wet deposition because the NADP database only contained 
records for dry deposition from 2000 onwards. Analyses focused on atmospheric 
deposition were restricted to Europe and the United States because temporal 
gridded maps of atmospheric deposition were not available for other regions. Maps 
of atmospheric deposition for the regional analyses were adjusted to the resolution 
of the carbon-flux maps (3.75 ×  1.875° for the MACC-II model and 4 ×  5° for the 
Jena CarboScope model for longitude ×  latitude).

Statistical analyses. Gridded, global and regional trend detection on NEP. To 
determine how NEP has changed from 1995 to 2014, we first calculated the trends 
for each pixel in both inversion models and an average data set of the TRENDY 
ensemble using linear regressions with an autoregressive and moving-average 
(autoregressive structure at lag p =  1, and no moving average q =  0) correlation 
structure to account for temporal autocorrelation. Trends over larger areas (for 
example, the entire world or latitudinal bands), either for NEP or the predictor 
variables, were calculated using generalized linear mixed models (GLMMs) with 
random slopes, also including random intercepts44 (for example, NEP ≈  year). We 
used pixel as the random factor (which affects the intercepts and slopes of the year) 
and an autoregressive and moving-average (p =  1, q =  0) correlation structure. All 
average trends shown were calculated using this methodology.

Calculation of temporal contributions on trends of NEP. The temporal 
contributions of increasing CO2, climate (MAT, MAP and SPEI), and land-use 
change (forests, croplands and urban areas) to the observed trends in NEP were 
assessed for the MACC-II, Jena CarboScope and TRENDY data sets for the 
entire world. We repeated the analysis for five latitudinal bands to determine if 
the contributions of CO2, climate and land-use change were globally consistent 
using MACC-II, Jena CarboScope and the mean ensemble of the TRENDY data 
sets. For the MACC-II and Jena CarboScope data sets, we also determined the 
temporal contribution of the atmospheric deposition of nitrogen (NOX and NRED) 
and sulfur to the trends in NEP in a combined analysis that also included CO2, 
climate and land-use trends. This latter analysis was restricted to Europe and the 

United States due to the lack of atmospheric-deposition time series for the rest 
of the world.

The temporal contributions of the predictor variables were calculated following 
the methodology already established5,45, as follows:

 (1) Using a GLMM with an autocorrelation structure for lag 1 and using the pixel 
as the random factor that affects only the intercept, we fitted full models for 
NEP as a function of CO2, mean MAT per pixel, annual anomaly of MAT, 
mean MAP per pixel, annual anomaly of MAP, the annual SPEI and mean 
percentage of forested, cropped and urban areas per pixel and their annual 
anomalies. We included the first-order interaction terms between CO2 and 
all the predictors and between the mean values and the anomalies for all the 
predictors (except SPEI, which interacted with mean MAT and MAP). When 
the interaction term between the means and the anomalies (for example, the 
MAT mean ×  MAT anomaly) was included, the model estimated the effect of 
the anomaly as a function of the average value. This implies a change in the 
effect of increasing or decreasing the anomalies, depending on the mean for 
the site (for example, increasing the temperature may have a positive effect 
in cold climates but a negative effect in warmer climates). For models that 
included atmospheric deposition, we also included the interaction between 
climatic variables and CO2 and the interactions between the means and an-
nual anomalies of atmospheric deposition (NOX, NRED and sulfur). The models 
were fitted using maximum likelihood to allow the comparison of models 
with different fixed factors.

 (2) We used the stepwise backwards–forwards model selection (stepAIC function 
in R (ref. 46)) from the full models, using the lowest Bayesian information cri-
terion, to obtain the best model. The amount of the variance explained by the 
models was assessed with the r.squaredGLMM function in R (MuMIn pack-
age47) following the method of Nakagawa and Schielzeth48. Model residuals 
met the assumptions required in all the analyses (normality and homoscedas-
ticity of residuals).

 (3) We then used the selected models to predict the changes of the response vari-
ables during the study period (1995–2014). We first extracted the observed 
trend (mean ±  s.e.m.) in NEP using raw data and GLMMs with an autocor-
relation structure or lag 1. We then calculated the trend of NEP predicted by 
the final model and the trends of NEP predicted by the same model while 
maintaining the temporally varying predictors (that is, anomalies) constant 
one at a time (for example, MAT anomalies were held constant using the 
median per pixel, with all the other predictors changed based on the observa-
tions). The difference between the predictions for the final model and  
when one predictor was controlled was assumed to be the contribution of 
that predictor variable to the change in NEP. The differences between all 
individual contributions and the observed trend in NEP were treated as  
unknown contributions.

Calculation of sensitivities of NEP to temporal predictors. Finally, we calculated the 
average sensitivities of NEP to the predictor changes by dividing the temporal 
contributions of each predictor of delta NEP by their temporal trends. Spatial 
variability on the effects of temporal predictors to NEP were assessed using the 
GLMMs fitted to estimate the temporal contributions of the predictors. To visualize 
the interactions we used the R package visreg49. All the errors were calculated  
with the error-propagation method using the following two equations—for 
additions and subtractions, ε ε ε= +C A B( ) ( )2 2 , and for multiplications and 
divisions, ε = +ε ε( ) ( )C C A

A
B
B

2 2 , where ɛ indicates the error associated to each 

value (A, B or C). To calculate global and regional estimates, we multiplied the 
model outputs (gC m−2) times land area. We considered the land Earth surface area 
to be 134,375,000 km2 excluding the Antarctic region. Land area for the different 
latitudinal bands used were: > 55° N, 23,818,000 km2; 35–55° N, 31,765,000 km2; 
15–35° N, 29,213,000 km2; 15° S to 15° N, 29,926,000 km2; 15–35° S, 17,308,000 km2; 
35–55° S, 2,345,600 km2.

Data availability
The authors declare that the data supporting the findings of this study are publicly 
available in the web pages provided in the article. The TRENDY simulations are 
available from the corresponding author upon request.
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