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Abstract Substantial evidences indicate a widespread increase in European vegetation greenness
since the 1980s due to CO, fertilization effects (eCO,) and climate warming, but the impact of this process
on the regional terrestrial carbon cycle has not been systematically evaluated. Using empirical models
based on eddy covariance and process-based models, we found that the widespread greening did not
contribute to an increase in European carbon uptake (decrease in net ecosystem exchange) with a non-
significant trend from 2000 to 2018. The greening-associated increase in gross primary productivity (GPP)
is offset by the simultaneous increase in ecosystem respiration (TER). Moreover, frequent heatwaves cause
stronger reductions in GPP than TER, preventing the increase of carbon uptake. These results reveal the
double-edged sword effect of warming on European ecosystems and will help constrain regional models.

Plain Language Summary In the past decades, elevating CO, concentration and rising
temperature have promoted the photosynthesis of European vegetation, thus increasing the greenness of
vegetation. However, whether these processes could promote the ability of terrestrial ecosystems to absorb
CO, still lacks systematic evaluation. By using a variety of advanced vegetation dynamic models, we found
that enhanced vegetation growth which absorbed more CO,, but also an enhancement of ecosystem
respiration which released more CO, in Europe during 2000-2018. The offsetting effect of these two
processes has resulted in non-significant trend in the European net CO, uptake. In addition, the extremely
high temperature events (heatwaves) frequently occurred in Europe in recent years, which have caused
vegetation damage or even death, triggered forest fires, etc., thereby severely inhibited the carbon sink
capacity of the terrestrial ecosystem.

1. Introduction

Climate warming has been suggested to contribute to high-latitude greening by lengthening the growing
season and simulating plant photosynthesis, and thus, enhanced terrestrial ecosystem productivity (Chen
et al., 2019; Ciais et al., 2019; Zhu et al., 2016). In addition, elevating atmospheric CO, concentration also
enhanced vegetation productivity by the fertilization effects, although it appears to decline across most re-
gions worldwide in recent years (Wang et al., 2020). However, mounting evidences indicate that respiration
has an explicit dependency on productivity, and increasing productivity has simultaneously stimulated the
increase of ecosystem respiration (Bahn et al., 2008; Hogberg et al., 2001; Moyano et al., 2007). Continued
warming also contributes to the decomposition of large amounts of organic matter stored in permafrost
soils and enhances the respiration of vegetation, increasing the terrestrial carbon losses to the atmosphere
(Commane et al., 2017; Su-Jong et al., 2018). Thus, the balance between gross primary productivity (GPP)
and ecosystem respiration (TER) has the potential to alter ecosystem carbon dynamics and the magnitude
and seasonality of atmospheric CO, concentrations (Anderegg et al., 2015; Graven et al., 2013).

LIU ET AL.

1of 11


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0002-9088-262X
https://orcid.org/0000-0003-2375-9995
https://orcid.org/0000-0002-0431-1354
https://orcid.org/0000-0002-3237-3122
https://doi.org/10.1029/2021GL094870
https://doi.org/10.1029/2021GL094870
https://doi.org/10.1029/2021GL094870
https://doi.org/10.1029/2021GL094870
https://doi.org/10.1029/2021GL094870
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021GL094870&domain=pdf&date_stamp=2021-10-14

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL094870

Great concerns have been focused on the change of European ecosystem productivity. A study based on
satellite observations derived a large European sink of 1.02 + 0.30 PgC in 2010, which greatly absorbs the
anthropogenic CO, emissions (Reuter et al., 2014). At biomes scale, due to eCO,, climate change (CLI),
nitrogen deposition and forest management, the mean net primary productivity (NPP) of European forests
was 520 = 75 gC m~2 yr~! during 1990-2005 (Luyssaert et al., 2010), and European forests have accumulat-
ed 3.1 PgC since 1750 (Naudts et al., 2016). Model and yield statistics based NPP estimation of European
cropland ranged between 490 and 846 gC m~2 yr~! over the period of 1990-2000s (Ciais et al., 2010). The net
biome productivity (NBP) of European grassland was estimated to be a net uptake of 15 gC m=2 yr—! over
the period 1961-2010 (Chang et al., 2015). The widespread greening contributes to an increase in ecosystem
productivity, it inevitably leads to an increase in ecosystem respiration. However, the balance between them
across ecosystems of the European continent has not been carefully evaluated.

In recent years, Europe has been affected by several summer mega-heatwaves and droughts, for example,
in western Europe (2003) (Ciais et al., 2005), western Russia (2010) (Barriopedro et al., 2011), and central
and northern Europe (2018) (Liu et al., 2020; Peters et al., 2020). The 2003 heatwave has caused a large
carbon loss (—500 TgC), equivalent to 4 years of net carbon uptake by the European ecosystems (Ciais
et al., 2005). A remarkably high NPP anomaly of about —100 TgC was observed in Europe during the 2010
heatwave (Barriopedro et al., 2011). In summer 2018, central Europe and southern Sweden experienced the
record-low carbon sinks, with CO, uptake dropping locally by more than 50% (—30 gC m~2 month ') (Bastos
et al., 2020). While several studies have analyzed the impact of a single heatwave on terrestrial ecosystem
carbon in a particular year, less attention has been devoted to the influence of heatwaves on the long-term
carbon cycle trend in Europe.

Here, we focus our analysis on geographic Europe (including western Russia) and address three questions:
(a) How does the European carbon uptake respond to the widespread vegetation greening trend? (b) What
are the factors influencing the changes in European carbon fluxes? (c) How do the frequent European heat-
waves affect the long-term carbon cycle?

2. Materials and Methods

2.1. Carbon Fluxes Data

To evaluate the trend of European carbon uptake, we used simulations for the period 2000-2018 of eight
dynamic global vegetation models (DGVMs) from the TRENDY: CABLE, CLASS, DLEM, JSBACH, JULES,
ORCHIDEE, SDGVM, and VISIT. The TRENDY intercomparing project integrates simulations from state-
of-the-art DGVMs (Sitch et al., 2015). The DGVMs provide autotrophic respiration (RA) and heterotrophic
respiration (RH), and the TER was calculated as the sum of RA and RH. The net ecosystem exchange (NEE)
was derived as the difference between TER and GPP. For the NEE, a positive (negative) value indicates
carbon release (uptake). The TRENDY provides several simulations, including: S1, varying CO,; S2, varying
CO, and climate; S3, varying CO, and climate and landcover. Therefore, the differences of simulations rep-
resent the eCO,, CLI and landcover change, respectively. Similar to previous studies (Fu et al., 2020; Jung
et al., 2017), we used the S2 simulations to examine the trend of carbon fluxes change.

We also used the carbon fluxes from independent FLUXCOM data set to compare with the TRENDY. The
FLUXCOM has the same drive setting as the S2 simulations of TRENDY. The FLUXCOM provides carbon
and energy fluxes based on three machine learning methods (Random Forests, Artificial Neural Networks,
Multivariate Adaptive Regression Splines), which were trained on daily carbon flux estimates from 224 flux
tower sites with meteorological measurements and satellite data as inputs (Jung et al., 2020). Here, we used
the aggregated estimate of carbon fluxes driven by different remote sensing (RS) and meteorological data-
sets (Meteo) for the period of 2000-2018.

The monthly net ecosystem productivity (NEP) from CMIP6 historical simulations for the period of 2000-
2014 were also used as a validation. Because CMIP6 simulations do not provide NEE, we use NEP (-NEE)
instead. We selected the following 11 models: ACCESS-ESM, BCC-CSM-MR, CanESM, CESM-WACCM,
CMCC-CM-SR, CMCC-ESM, EC-Earth-Veg, EC-Earth-Veg-LR, IPSL-CM6A-LR, MPI-ESM-LR, and TaiESM.
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The eddy covariance (EC) measurements of carbon fluxes from tower sites were obtained from the Inte-
grated Carbon Observation System (ICOS) 2018 and the FLUXNET Network 2015. When evaluating the
long-term trend of European carbon uptake, we used sites that cover all ecosystem types and has been
updated until 2018 with complete records of at least 9 years. This led to a final list of 40 sites (Table S1 in
Supporting Information S1). When evaluating the impact of heatwave on seasonal carbon uptake, we chose
the sites located in the center of heatwaves and has been updated until the heatwave years. Finally, 42 sites
were selected.

2.2. Vegetation Index Data

Two satellite-based vegetation indices were used to evaluate vegetation greenness. Monthly gridded En-
hanced Vegetation Index (EVI) with a spatial resolution of 0.05° for 2000-2018 were retrieved from the
Moderate resolution Imaging Spectroradiometer (MODIS). Compared with commonly used Normalized
Difference Vegetation Index (NDVI), EVI is less prone to suffer from saturation problems, so it can well
capture the change of vegetation greenness (Huete et al., 2006; Vicca et al., 2016). Monthly gridded leaf area
indices (LAI) were provided from the Global Land Surface Satellite (GLASS) with a spatial resolution of
0.05° for the period of 2000-2017. The GLASS LAI algorithm is based on time-series reflectance data using
general regression neural networks, and is trained by the combined LAI from MODIS and CYCLOPES LAI
products (Xiao et al., 2013).

2.3. Climate Data

Several climatic factors were selected to explore the drivers of the European carbon fluxes, including air
temperature (TMP), shortwave radiation (SWR), soil moisture (SM) and vapor pressure deficit (VPD).
Monthly gridded TMP with a 0.5° spatial resolution from 2000 to 2018 were obtained from the Climatic
Research Unit (CRU TS v4.03) at the University of East Anglia (Harris et al., 2014). Monthly gridded SWR
at 0.25° spatial resolution from ERA5 data set was provided by the European Centre for Medium Range
Weather Forecasts (Hersbach & Dee, 2016). Monthly gridded SM at 0.25° spatial resolution for the period of
2000-2018 was retrieved from the Global Landsurface Evaporation: the Amsterdam Methodology (Brecht
et al., 2016). Monthly VPD was calculated based on above TMP and the following equations (Buck, 1981):

17.3xTinin 17.3xTmax
AVP = 0.5 x| 0.611x ¢min #2373 | () 6711 x ¢ Tmax +237:3 1)
VPD = SVP — AVP @)

where T, and T,__are maximum and minimum temperature (°C), respectively. SVP and AVP are saturat-
ed vapor pressure and actual vapor pressure (kPa), respectively.

2.4. Statistical Analysis

The nonparametric Mann-Kendall (MK) test was used to analyze the trend of carbon fluxes, vegetation
indices, and the meteorological factors at each pixel. The MK test has the advantage that no assumptions
are made about the distributions of the samples, and it is rarely susceptible to abnormal values (Alexander
et al., 2006; Kendall, 1948). Partial correlation analysis between carbon fluxes and climate factors was per-
formed to determine the main drivers. The partial least squares regression (PLSR) was used to identify the
sensitivity of carbon fluxes to climate factors. These two methods can effectively overcome the multicolline-
arity problem existing among explanatory variables (Cohen, 1992; Mehmood et al., 2012). The significances
of the trend and correlation were assessed at a p-value less than 0.05.

We calculated the contribution of landcover classes to the mean European carbon fluxes (mean carbon
fluxes of landcover class as a proportion of mean European carbon fluxes), European carbon fluxes trend
(landcover class carbon fluxes trend as a proportion of European carbon fluxes trend), and the interannual
variation of European carbon fluxes using the following equation (Ahlstrom et al., 2015).
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where x, is the carbon fluxes anomaly (departure from a long-term trend) for region j at time ¢ (in years),
and X, is the European carbon fluxes anomaly.

To evaluate the effects of heatwaves on terrestrial carbon cycle in Europe, a heatwave was defined as a
period when at least five consecutive days during which the daily maximum temperature exceeded the cli-
matological mean over the reference period 1961-1990 by at least 5 K (Liu et al., 2020). A heatwave year was
defined as a year in which a mega-heatwave occurred. The occurrence of heatwave is often accompanied by
a decrease in precipitation and a decrease in air humidity (Boeck et al., 2010), which are also the primary
characteristics of drought, this study calls these compound events as heatwave.

3. Results
3.1. Trend of European Carbon Fluxes
3.1.1. Spatial Variation Trend of European Carbon Fluxes

This study used the carbon fluxes (GPP, TER, and NEE) from process-based models (TRENDY), machine
learning algorithms models (FLUXCOM) and EC measurements, to analyze the carbon cycle over the Eu-
ropean land. And two vegetation indices, EVI and LAI from MODIS and GLASS respectively, were used to
study the change trend of vegetation. Over the period 2000-2018, we observed a widespread greening over
Europe (Figures la and 1c, Table S2 in Supporting Information S1). The regions where EVI significantly
increased (decreased) accounted for 33.82% (17.35%) of the total land area. LAI had similar spatial patterns
to EVI that significantly increased in 19.08% of the total land area, and significantly decreased in 5.41%.

Increased vegetation greenness leads to an increase in GPP, and both independent carbon datasets indicate
a widespread increase in southern, central, and northern Europe (Figures 1d and 1g, Table S2 in Support-
ing Information S1). TRENDY shows that GPP significantly increased in 21.73% of the total land area, while
FLUXCOM shows 5.87%. The spatial patterns of TER variation are highly consistent with those of GPP (Fig-
ures le and 1h, Table S2 in Supporting Information S1). TRENDY shows a significant increase in 31.05% of
the total land area, while FLUXCOM shows a significant increase in 10.64%. The increased GPP was largely
offset by the simultaneous increase of TER, resulting in almost no significant change in the European NEE
(Figures 1f and 1i, Table S2 in Supporting Information S1). For most EC sites, the sign of trend in carbon
fluxes agrees well with that of TRENDY and FLUXCOM, but there are disagreements in significance level
(Figures 1d-1f, Figure S1 and Table S1 in Supporting Information S1).

3.1.2. Temporal Trend of European Carbon Fluxes

On the continental scale, both EVI and LAI increased significantly (Figure 2b), with a trend of
8.90 + 1.26 X 10~*yr~! and 2.43 + 1.1 x 1073 yr~}, respectively. Accompanying with this strong greening,
all eight TRENDY models present an increasing trend of European GPP (Figure 2d), five with significant
increases; the ensemble mean of the TRENDY models and FLUXCOM both have a significant increase, with
a trend of 0.036 % 0.01 TgC yr—! and 0.007 + 0.004 PgC yr~, respectively. Simultaneously, seven of the eight
TRENDY models show a significant increase in European TER (Figure 2c), and the ensemble mean shows
a significant increase of 0.037 = 0.007 PgC yr—!. Although, FLUXCOM shows a smaller increasing trend of
0.007 £ 0.003 TgC yr~1, it is highly consistent with TRENDY in the fluctuation of the trend line. Due to the
compensation between GPP and TER, all the TRENDY models show a non-significant trend of the Euro-
pean NEE (Figure 2e), with an ensemble mean of 4.79 + 4.9 x 10~ PgC yr~!, and the FLUXCOM shows a
non-significant increase of 2.43 & 2.8 X 10~° PgC yr~L. During the period of 2000-2014, CMIP6, TRENDY
and FLUXCOM all show a slight change of European carbon uptake, but CMIP6 shows a significant trend
(Figure S2 in Supporting Information S1). In conclusion, carbon uptake across Europe did probably not
change over the period 2000-2018, partly due to the simultaneous increase of GPP and TER.
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Figure 1. Spatial patterns of Manner-Kendall (MK) trend in vegetation indices, temperature, and carbon fluxes over
Europe during 2000-2018. The first (a-c) row shows Enhanced Vegetation Index, temperature, and leaf area indices,
respectively. The second (d-f) and third (g-i) rows show carbon fluxes of gross primary productivity, ecosystem
respiration, and net ecosystem exchange from the TRENDY and FLUXCOM, respectively. Symbols in the second row
indicate the trend of carbon fluxes from eddy covariance sites (names in Table S1 in Supporting Information S1), whose
monitoring time spans 2000-2018. To highlight the impact on European carbon uptake, the second and third columns
(except c) reverse the color scale used in the first column, so that green indicates a positive effect, orange indicates a
negative effect. Sig is short for significant, and Non-Sig is short for non-significant. CRO and WET indicate cropland
and wetland, respectively. The significance level is p < 0.05.

3.1.3. Trends in Seasonal and Landcover Class Variation of European Carbon Fluxes

On the seasonal time-scale, European NEE from TRENDY in spring has a significant decreasing trend of
0.018 PgC yr—! (Figure 2f), which may be related to the advance of the start of the growing season (Fu
et al., 2014; Vico et al., 2021). This advanced spring phenology makes the trend of GPP (0.060 PgC yr—1)
greater than that of TER (0.042 PgC yr~!), resulting in a net carbon increase. Similarly, the trend of GPP
(0.070 PgC yr~!) in summer is greater than that of TER (0.062 PgC yr~1), but the slight difference does not
lead to a significant decrease in NEE (0.008 PgC yr—!). Relatively high temperature and evaporation in
summer can easily lead to water stress on vegetation growth, which in turn leads to reduced productivity
(Reich et al., 2018). In the autumn, we observed a significant increase in NEE (—0.013 PgC yr~!), mainly
because TER increases more quickly than GPP. This conclusion is consistent with the advanced autumn
zero-crossing date in the Northern Hemisphere, which is the time when the detrended seasonal CO, vari-
ations cross the zero line from below (Piao et al., 2008). In general, the positive trend of NEE in spring and
summer in Europe is offset by the negative trend in autumn, resulting in no significant trend of interannual
NEE (—4.78 x 107> PgC yr7!), and the trends in carbon fluxes in spring and summer dominate the trend
throughout the year.
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Figure 2. Changes in European climate data, vegetation indices, and carbon fluxes during 2000-2018. (a) Soil moisture
and temperature, (b) Enhanced Vegetation Index and leaf area indices, (c) ecosystem respiration (TER), (d) gross
primary productivity (GPP), (e) net ecosystem exchange (NEE), and (f) Interannual and seasonal trends in European
carbon fluxes (NEE, TER, and GPP). The inset histograms indicate the values of the trends in each case. The gray lines
in (c-e) represent the TRENDY models: CABLE, CLASS, DLEM, JSBACH, JULES, ORCHIDEE, SDGVM, and VISIT.
The shaded areas in (d and e) represent heatwave years in Europe. The dashed line in (a—e) represents the trend, the
asterisks in (f) represent the significance level: p < 0.05.

When the European mean NEE and its trend (2000-2018) are partitioned among the land cover classes, we
find that forest accounts for the largest fraction (37.43%, 0.21 PgC year!) of the average sink over this period
(0.56 PgC year™) (Figure S3 in Supporting Information S1). However, we found that cropland dominates
the positive European NEE trend (62.76%, 1.70 TgC year—; Europe, 2.71 TgC year—2). One possible reason
is that cropland is more affected by human disturbance than forest, and anthropogenic activities such as
irrigation, weeding, and pest control can promote carbon absorption (Ciais et al., 2010). Another possible
reason is related to the large uncertainty in the forest TER trend (Figure S3 in Supporting Information S1).
Forest and cropland dominate the change of mean and trend for TER and GPP, and forest has a larger effect
than cropland. Moreover, the forest is found to account for the largest fraction (41.14%) of European NEE
interannual variation (IAV), exceeding cropland (39.89%), and grassland (3.07%); it also makes a dominant
contribution to European TER and GPP IAV.

3.2. Factors Affecting Changes in European Carbon Fluxes
3.2.1. Influence of CO, and Climate Change on European Carbon Fluxes

To investigate the drivers of ecosystem carbon fluxes, we calculated the trend of carbon fluxes in different
simulation experiments based on TRENDY models. Our analyses show that the eCO, dominates the trend
of GPP and TER. Spatially, the increasing trend of GPP due to eCO, in most regions of Europe is slightly
greater than that of TER, thus leading to a non-significant increase in NEE in most regions except northwest
Russia (Figure S4 in Supporting Information S1). On the continental scale, rising CO, greatly promoted the
increase of GPP and TER (Figure S5 in Supporting Information S1), but due to the offsetting effect between
these two fluxes, it only had an insignificantly negative effect on NEE (—6 TgC year—?). The climatic effects
on GPP and TER (NEE) are positive (negative) in southern and northern Europe, but negative (positive) in
western Europe and southeastern Russia. Due to the spatial compensation, CLI ultimately led to an increase
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Figure 3. Differences in European carbon fluxes between normal and heatwave years by TRENDY (light color boxes)
and FLUXCOM (dark color boxes). (a) Gross primary productivity. (b) Ecosystem respiration. (c) Net ecosystem
exchange. The green boxes represent normal years, and the purple boxes represent heatwave years. The p indicates the
significance of the differences in carbon fluxes between normal and heatwave years based on the method of one-way
ANOVA.

in NEE (6 TgC year™"). Compared to the eCO, and CLI, the individual effect of the landcover change is ap-
parently limited in carbon fluxes.

To further explore the climatic drivers of carbon fluxes, we examined the partial correlations between car-
bon fluxes and climate variables (Figure S6 and Table S3 in in Supporting Information S1). There is a strong
positive correlation between GPP, TER and TMP over almost the whole of Europe, the significant areas are
40.31% and 62.16% of the continental land, respectively. SM also exerted a significantly positive influence
over southern Europe on GPP and TER for 25.44% and 31.03% of continental land, respectively. VPD and
SWR have a weak correlation with GPP and TER. In terms of NEE, we found that all climate variables exert-
ed limited influence. In addition, we used the PLSR method to determine which climate variables had the
strongest effects on the trend of GPP and TER. We observed that a rising TMP has led to an increase in GPP
and TER over western Europe, but a decreased in northern Europe (Figures 1d-1i and Figure S7 in Support-
ing Information S1). The increase in SM and the decrease in VPD, that is, the increase in water availability,
have contributed to the increase of GPP and TER in central Europe. We also calculated the sensitivities of
regional mean GPP and TER to climate variables based on the PLSR method (Figure S8 in Supporting In-
formation S1). GPP and TER are mainly sensitive to TMP and SM, and their sensitivity to TMP is greater
than that of SM. In addition, the sensitivity of TER to climate variables is usually greater than that of GPP.

3.2.2. Influence of Heatwaves on European Carbon Fluxes

Compared with other regions in mid- and high-latitudes, Europe has experienced frequent heatwaves in
recent years, which have caused crop yield reduction, fire outbreak and tree deaths, and led to a reduction
of the net CO, uptake in the ecosystem (Bastos et al., 2020; Beillouin et al., 2020; Liu et al., 2020). There are
apparent differences in European carbon fluxes between heatwave and normal years, we estimated non-sig-
nificant decrease in the GPP and TER with 196 and 71 TgC, and a non-significant increase in the NEE with
129 TgC based on TRENDY (Figure 3). Based on FLUXCOM, we estimated a significant (p = 0.035) 105 TgC
decrease in GPP, a non-significant 15 TgC decrease in TER, and a significant (p = 0.005) 86 TgC increase in
NEE. The decrease of GPP was greater than that of TER in heatwave years, leading to the increase of NEE.

To further investigate the effect of European heatwaves on the seasonal variation of net carbon uptake,
three representative heatwaves (2003, 2010, and 2018) were selected for analysis. The heatwaves of 2003,
2010, and 2018 occurred in western Europe, western Russia, central and northern Europe, respectively (Fig-
ures S9-S11 in Supporting Information S1). There were obvious seasonal differences of NEE in the central
region of the heatwaves, which were consistent among data sets at varying spatial scales, all three heat-
waves were preceded by increased carbon uptake in springs, followed by great carbon release in summer
(Figure S12 and Table S4 in Supporting Information S1). The reason is that the increase of GPP in spring of
heatwave years is larger than that of TER, while the decrease of GPP in summer is also larger than that of
TER (Figures S13 and S14 in Supporting Information S1).
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4. Discussion

Our results revealed that persistent and widespread greening of European vegetation led to the increase of
GPP, and eCO, is the dominant driver (Figures S4 and S5 in Supporting Information S1) (Keenan et al., 2016;
Wang et al., 2020). Elevating CO, also has pronouncedly increased TER due to carbon supplied through in-
creased GPP (Janssens et al., 2001; Migliavacca et al., 2011). The eCO, tends to benefit photosynthesis more
than respiration and therefore contributes to a slight increase in European carbon uptake. The effect of
CLI on European carbon uptake was smaller than that of CO,. There is strong positive correlation between
GPP, TER, and TMP in Europe, that is, warming is the primary climate driver of the regional carbon up-
take. These findings have been proved on a larger spatial scale of Northern Hemisphere (Ciais et al., 2019;
Keenan & Riley, 2018; Zhu et al., 2016). However, due to the reduced water availability in western Europe
(Figure S7 in in Supporting Information S1), warming has led to a decline in GPP and TER in these areas.
Finally, CLI has slightly reduced European net carbon uptake. In general, the eCO, and CLI are the dom-
inant factors of European carbon uptake, but their effects are opposite, the positive effect of the former
partially alleviate the negative effect of the latter.

The frequent heatwaves are another important factor affecting the carbon cycle in Europe (Figure 3). Al-
though, the GPP and TER in Europe have gradually increased, they have greatly decreased in heatwave
years (Figures 2c and 2d). The trend of NEE is non-significant, partly due to the NEE increased in the
heatwave years (Figure 2e). These results are consistent with those studies based on the atmospheric CO,
measurements and atmospheric inversion models on the 2018 heatwave (Rodenbeck et al., 2020; Thompson
et al., 2020). Under normal circumstances, an increase in temperature could promote an increase in respi-
ration, but the severe deficit of SM and extreme TMP during the heatwaves could stress plants and hence
reduce photosynthesis and autotrophic respiration (Doughty et al., 2015; Shi et al., 2014). Meanwhile, due to
the reduced supply of plant carbon substrates and the decline of microbial decomposition, soil heterotroph-
ic respiration also showed a decreased trend (Thakur et al., 2018; Zeglin et al., 2013).

Our results indicate that the heatwaves were preceded by decreased NEE in spring, followed by increased
NEE in summer (Figure S12 and Table S4 in Supporting Information S1). This seasonal compensation
weakened the carbon loss, but it is still difficult to make up for the annual loss. These findings are supported
by the research that only focused on the 2018 European heatwave, which showed that the carbon uptake in
northern Europe enhanced in spring and reduced in summer during the 2018 heatwave (Smith et al., 2020).
In the heatwave years, the sunny spring advanced vegetation activities so that increased net carbon uptake,
but these processes would also exacerbate the consumption of soil moisture through evapotranspiration,
and this water deficit would persist into the following summer (Fischer et al., 2007; Lian et al., 2020). How-
ever, the lack of soil moisture has been widely proved as an important reason for the devastating heatwave
in Europe (Liu et al., 2020; Miralles et al., 2014). While these heatwaves were exceptional at the time, their
probability of occurrence increases in the coming century due to anthropogenic global warming (Barriope-
dro et al., 2011). In other words, heatwaves may become a regular factor that will affect the European carbon
cycle in the future in addition to temperature, rather than an occasional factor.

Due to differences in the data at spatial scales and temporal resolutions, there are uncertainty in estimat-
ing European carbon uptake. TRENDY and FLUXCOM show a high spatial consistency for carbon fluxes
on the sign of the trend, but FLUXCOM shows smaller area and magnitude of significant trend in carbon
fluxes (Figures 1 and 2), which may be because it is known to underestimate the magnitude of interannual
variability (Jung et al., 2020). Despite the good agreement in trend between TRENDY/FLUXCOM and EC
sites, there is still a few disagreements in sign and significance (Figures 2d-2f), which may be related to the
fact that the ecosystem type in which EC sites are located is monotonous, while the type of TRENDY and
FLUXCOM at corresponding pixels are mixed due to the coarse spatial resolution. In addition, CMIP6 indi-
cated a significant trend of European NEE compared to that of TRENDY/FLUXCOM, the discrepancy may
be due to an over-sensitivity of CMIP6 to CO, fertilization effect (Smith et al., 2016). Therefore, more work
is needed to enhance observations and improve the accuracy and resolution of models. Our study indicated
the spatial heterogeneity of carbon fluxes changes in Europe, future studies can further attribution from the
aspects of biome type and human activities. In addition, the legacy of extreme weather, such as heatwaves,
on the European carbon cycle deserves further investigation.
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