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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Spring 2020 lockdown led to air 
pollutant emission reduction in Europe. 

• GPP significantly changed in 34 out of 
44 terrestrial ecosystems. 

• 10 % higher solar irradiance contributed 
to GPP increase in 14 sites. 

• GPP decreased at 10 sites due to soil and 
atmospheric drought. 

• Atmospheric ozone changes unlikely 
cause of GPP anomaly.  

A R T I C L E  I N F O   

Editor: Dr. Elena Paoletti  
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A B S T R A C T   

Carbon dioxide (CO2) uptake by plant photosynthesis, referred to as gross primary production (GPP) at the 
ecosystem level, is sensitive to environmental factors, including pollutant exposure, pollutant uptake, and 
changes in the scattering of solar shortwave irradiance (SWin) − the energy source for photosynthesis. The 2020 
spring lockdown due to COVID-19 resulted in improved air quality and atmospheric transparency, providing a 
unique opportunity to assess the impact of air pollutants on terrestrial ecosystem functioning. However, 
detecting these effects can be challenging as GPP is influenced by other meteorological drivers and management 
practices. Based on data collected from 44 European ecosystem-scale CO2 flux monitoring stations, we observed 
significant changes in spring GPP at 34 sites during 2020 compared to 2015–2019. Among these, 14 sites showed 
an increase in GPP associated with higher SWin, 10 sites had lower GPP linked to atmospheric and soil dryness, 
and seven sites were subjected to management practices. The remaining three sites exhibited varying dynamics, 
with one experiencing colder and rainier weather resulting in lower GPP, and two showing higher GPP associated 
with earlier spring melts. Analysis using the regional atmospheric chemical transport model (LOTOS-EUROS) 
indicated that the ozone (O3) concentration remained relatively unchanged at the research sites, making it 
unlikely that O3 exposure was the dominant factor driving the primary production anomaly. In contrast, SWin 
increased by 9.4 % at 36 sites, suggesting enhanced GPP possibly due to reduced aerosol optical depth and 
cloudiness. Our findings indicate that air pollution and cloudiness may weaken the terrestrial carbon sink by up 
to 16 %. Accurate and continuous ground-based observations are crucial for detecting and attributing subtle 
changes in terrestrial ecosystem functioning in response to environmental and anthropogenic drivers.   

1. Introduction 

The emergence of the novel coronavirus disease (COVID-19) in late 
2019 and its rapid global spread led to significant restrictions on human 
activities. Many European countries implemented stringent measures, 
including full or partial lockdowns, following the World Health Orga-
nisation’s declaration of Europe as the global epicentre of the pandemic 
on 13 March 2020 (World Health Organisation, 2020). These lockdown 
measures entailed the closure of borders, schools and non-essential 
businesses, along with the implementation of “stay at home” policies 
and mobility restrictions. Consequently, there was an unprecedented 
reduction in primary air pollutant emissions across much of Europe. 

Specific restrictions varied by country, but during the most intensive 
lockdown period of lockdown between March 23 and April 26, sub-
stantial reductions in emissions were observed. Nitrogen oxides (NOx) 
decreased by an average of 33 %, non-methane volatile organic com-
pounds (NMVOCs) by 8 %, sulphur oxides (SOx) by 7 %, and particulate 
matter 2.5 (PM2.5) by 7 % across 30 European countries (Guevara et al., 
2021). Road transport accounted for > 85 % of the total reduction in all 
pollutants, except for SOx (Guevara et al., 2021). 

The reduction of NOx emissions resulted in a substantial decrease in 
nitrogen dioxide (NO2) concentration, as observed through measure-
ments, modelling and satellite-based data, with reductions ranging from 
20 % to 50 % (Barré et al., 2021; Bauwens et al., 2020; Menut et al., 

2020; Putaud et al., 2021). However, the impact of the lockdown on PM 
concentration was less pronounced, with decreases on the order of 5 % 
to 15 % depending on region. This difference can be attributed to 
complex chemical reactions, meteorological variability, unaffected 
ammonia (NH3) emissions from business-as-usual agricultural opera-
tions, and increases in emission from domestic heating (Menut et al., 
2020; Venter et al., 2020). 

The impact of lockdown on atmospheric ozone (O3) concentration – 
known to reduce leaf level photosynthesis – was mixed. Most urban 
areas experienced higher-than-usual O3 concentration due to reduced 
atmospheric titration by NO, while a slight decrease or increase in O3 
was observed downwind of cities and in rural areas (Menut et al., 2020; 
Ordóñez et al., 2020). Regional variations in meteorological conditions 
played a dominant role in the O3 anomaly. Decreases in O3 concentra-
tion were observed in the Iberian Peninsula, southern and western 
France, central Italy and some locations of northern Europe, while in-
creases were observed in other areas (Ordóñez et al., 2020). 

While the effects of lockdown measures on air pollutant concentra-
tions have been well-documented, there is still a significant gap in our 
understanding of how terrestrial ecosystems’ photosynthetic activity 
specifically responds to changes in air quality. To better understand the 
resilience and functioning of terrestrial ecosystems, it is crucial to gain 
insight into the real-world response of plant productivity, particularly 
gross primary production (GPP), to variations in air quality. The spring 
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2020 lockdown’s substantial reduction in primary pollutant emissions 
provides a unique opportunity to assess how improved air quality can 
affect GPP. Understanding these intricate relationships is essential, as 
atmospheric pollutants can have diverse effects on plant productivity, 
both positive and negative, and over different time scales. Particulate 
matter, for instance, has somewhat counter-intuitively the potential to 
enhance GPP by allowing more diffuse radiation to penetrate plant 
canopies (Mercado et al., 2009; Roderick et al., 2001; Wang et al., 2018). 
On the other hand, O3 causes direct oxidative damage to the photo-
synthetic machinery (Grene, 2002; Pell et al., 1997; Wittig et al., 2009). 
Among atmospheric pollutants, long-term dry and wet deposition of 
nitrogen (N) can influence GPP both positively (where N is limiting) and 
negatively (where N saturation occurs) (Flechard et al., 2020a; Flechard 
et al., 2020b). 

Our study aims to address such knowledge gaps by investigating 
several hypotheses. Firstly, we aim to demonstrate the effectiveness of a 
network of ecosystem-scale CO2 flux monitoring stations in detecting 
changes in GPP during the COVID-19 lockdown. Secondly, we postulate 
that GPP during the spring of 2020 was higher due to the reduction of 
atmospheric pollutants compared to previous years. Thirdly, we antic-
ipate that the decrease in PM concentrations and the subsequent in-
crease in incoming shortwave solar radiation (SWin), and thus in 
photosynthetically active radiation (PAR) would enhance 

photosynthesis. Lastly, we hypothesize that the reduction of NOx emis-
sions would lead to decreased O3 formation in rural areas and reduced 
its phytotoxic effects, resulting in increased photosynthesis. To test these 
hypotheses, we analysed turbulent surface-atmosphere CO2 fluxes from 
eddy covariance measurements and meteorological data from 44 
ecosystem monitoring stations across Europe, alongside air pollution 
data simulated by a regional-scale chemical transport model (LOTOS- 
EUROS). This study represents the first assessment of the potential im-
pacts of COVID-19 lockdowns on terrestrial ecosystem GPP, contributing 
to a better understanding of the interactions between air quality, envi-
ronmental factors and ecosystem productivity. 

2. Materials and methods 

2.1. Fluxes and meteorological datasets 

This analysis utilized eddy covariance fluxes and meteorological data 
collected at the 44 European ecosystem flux tower stations (Fig. 1), 
which can be accessed through the Integrated Carbon Observation 
System (ICOS) Carbon Portal (Warm Winter 2020 Team and ICOS 
Ecosystem Thematic Centre, 2022). These stations are located in 11 
European countries and represent nine plant functional types, including 
closed shrubland (CSH), deciduous broadleaf forest (DBF), evergreen 

Fig. 1. Location of the 44 eddy covariance flux tower sites in this study. Abbreviations: CSH, closed shrubland; DBF, deciduous broadleaf forest; EBF, evergreen 
broadleaf forest; ENF, evergreen needleleaf forest; GRA, grassland; MF, mixed forest; OSH, open shrubland; SAV, savannah; WET, wetland. 
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broadleaf forest (EBF), evergreen needleleaf forest (ENF), grassland 
(GRA), mixed forest (MF), open shrubland (OSH), savannah (SAV) and 
wetland (WET). The dataset thus covers the main European geograph-
ical areas, and the dominant plant functional types present in Europe, 
with the exception of croplands, which were excluded from the analysis 
due to the year-to-year variability in crops within pluri-annual rotations, 
making the detection of GPP anomalies difficult to discern. 

The majority of our study sites are located in rural areas. However, 
several peri-urban sites are also included, located in close proximity to 
major European metropolitan areas. These include FR-Fon, situated 50 
km from Paris (with a metropolitan population of 13 million in-
habitants); IT-Cp2, located 25 km from Rome (with a population of 4.3 
million inhabitants); CH-Cha, CH-Fru and CH-Lae, all within 30 km from 
Zürich (with a population of 1.4 million inhabitants); DE-Gri, DE-Hzd, 
DE-Obe and DE-Tha, all located within 30 km from Dresden (with a 
population of 1.3 million inhabitants); and BE-Bra, situated 13 km from 
Antwerp (with a population of 1.1 million inhabitants). 

The CO2 flux data used in this study were subjected to quality control 
and processed using standardized procedures described in Pastorello 
et al. (2020). At each site, net ecosystem CO2 exchange (NEE) was 
filtered using 40 different friction velocity thresholds and gaps in the 
half-hourly data were filled, resulting in 40 alternative full time-series of 
NEE. The most representative NEE values were selected based on the 
Nash-Sutcliffe model efficiency coefficient (Pastorello et al., 2020). GPP 
and ecosystem respiration (TER) were derived using daytime and 
nighttime partitioning methods (Lasslop et al., 2010; Reichstein et al., 
2005). To avoid any potential circularity issues with light response 
parameter estimations (see Section 2.6), we used GPP estimates that 
were calculated using the temperature response function of TER from 
measured nighttime NEE (Reichstein et al., 2012). The uncertainty of 
NEE was quantified as the joint uncertainty, which includes both 
random uncertainty (Hollinger and Richardson, 2005) and the uncer-
tainty associated with friction velocity thresholds (Pastorello et al., 
2020). To calculate uncertainty in GPP and TER, only the uncertainty 
associated with friction velocity thresholds was retained, using the 25th 
and 75th percentile values of the ensemble generated with 40 friction 
velocity thresholds. The uncertainty was then summed over the period 
considered. In this study, we defined the reference period as the spring- 
time interval from March to June in the years 2015–2019 for several 
reasons. Firstly, most sites have observational data since 2015, and this 
period is recent enough to be representative of conditions in 2020, both 
in terms of climate and vegetation characteristics. Secondly, using a 
medium-term averaging period increases the likelihood of obtaining a 
‘normal’ approximation, which can help to even out short-term swings 
induced by interannual meteorological variability. The reference period 
is defined as the average across the years 2015–2019 or specific years for 
certain sites as listed in Table S1 and described below. 

To ensure high quality data for bias-free comparison and analysis, we 
further screened the four-month gap-filled NEE data of each year that 
were available between 2015 and 2020 based on quality flags. Quality 
flags of 0, 1, 2 and 3 indicate measured fluxes, good quality, medium 
quality and poor quality gap-filled NEE, respectively (Pastorello et al., 
2020). Specifically, we only included the spring data in which at least 
80 % of the NEE data had quality flags of 0 to 2. This screening process 
resulted in a total of 44 sites for this study, with 31 sites providing data 
for the full study period of 2015–2020 (i.e. six years), 10 sites providing 
five years of data, two sites providing four years of data, and one site 
providing two-year of data (Table S1). 

2.2. Air pollution datasets 

To determine ecosystem exposure to atmospheric pollution, we used 
hourly air pollutant concentration data simulated by a regional-scale 
chemical transport model (LOTOS-EUROS) (Manders-Groot et al., 
2016), which had a spatial resolution of 0.1◦ × 0.1◦. The simulated 
pollutants included gaseous species such as ozone (O3), nitrogen dioxide 

(NO2), nitric oxide (NO), ammonia (NH3) and sulphur dioxide (SO2), as 
well as particulate matter (PM), which consisted of secondary inorganic 
aerosol smaller than 2.5 μm (SIA2.5), particulate matter smaller than 10 
μm (PM10) and particulate matter smaller than 2.5 μm (PM2.5). The 
LOTOS-EUROS model has various sources of uncertainties related to its 
different components such as emissions, chemical conversions, chemical 
interactions between species, and deposition (Manders et al., 2017). 
These uncertainties can lead to different behaviours for each modelled 
species, making it difficult to accurately predict their concentrations in 
the atmosphere. To verify the model, we conducted a comparison be-
tween the measured and modelled half-hourly averaged O3 concentra-
tions at the FI-Hyy site, where on-site ozone measurements were 
available, during the reference and lockdown periods in 2020. The re-
sults showed reasonable agreement between the measured and modelled 
data (Fig. S1). 

To quantify the relative change in pollutant concentrations between 
the reference period and the year 2020, two calculations were per-
formed: one with “business as usual” emissions, i.e. no COVID-19 re-
ductions were considered, and another with COVID-19 modulated 
anthropogenic emissions (Guevara et al., 2021). For short vegetation 
sites (CSH, GRA, OSH, SAV and WET), we used ground level air pollutant 
concentrations (~2 m above the surface), while for forests (DBF, EBF, 
ENF and MF), we used the concentration at 12.5 m (i.e. within or just 
above the tree canopy). To obtain half-hourly estimates from the series 
of hourly concentration that were consistent with the data acquisition 
frequency for fluxes and meteorological data, we applied a linear 
interpolation procedure to the series of hourly concentration. 

2.3. Diffuse and total radiation 

To compensate for the lack of full radiation instruments at some 
study sites, we utilized solar radiation components (global SWin, direct 
SWdir and diffuse SWdif) from the Copernicus Atmosphere Monitoring 
Service (CAMS) radiation service. These data were obtained at 15-min 
intervals for all- and clear-sky conditions (Gschwind et al., 2019; Lefè-
vre et al., 2013; Qu et al., 2017). UTC date and time were converted to 
the local time, and half-hourly irradiance data were calculated by 
averaging the 15-min measurements. The diffuse radiation fraction (DF) 
was then determined as the ratio of diffuse to global irradiance on the 
horizontal plane at ground level. Both the CAMS all-sky and clear-sky 
radiation estimates were subjected to rigorous input quality control, 
regular benchmarking against ground stations, and regular monitoring 
to ensure consistency and detect possible trends (Schroedter-Hom-
scheidt et al., 2021). 

The mean bias between the on-site measurements and CAMS data 
was found to be 2.3 ± 7.2 W m− 2, indicating a good agreement between 
the measured and modelled SWin. Additionally, we compared the CAMS 
modelled SWdif with the on-site measurements at a deciduous broadleaf 
forest site in Germany (DE-HoH). The temporal analysis demonstrated a 
high degree of agreement between the observed and modelled data 
throughout the 2015–2020 period (Fig. S2). These findings further 
validate the reliability and accuracy of the CAMS radiation service in 
estimating solar radiation parameters. 

2.4. Quantification of spring 2020 anomalies 

To quantify potential anomalies for spring 2020 (March-
–April–May–June), we compared the variables in 2020 (X2020) to the 
reference period from 2015 to 2019 (Xref). For each of the variables GPP, 
NEE, TER, precipitation (Ptot) and evapotranspiration (ET), we calcu-
lated the average spring sum over the reference period. For all other 
variables, we calculated the mean for each period from half-hourly data 
and averaged them for the reference period. We then expressed the 
anomalies as both absolute (ΔX) and relative (ΔY) changes using the 
following equations: 
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ΔX = X2020–Xref (1) 

and 

ΔY =
X2020 − Xref

Xref
× 100% (2) 

A positive anomaly indicates that X was higher during the 2020 
spring than during the reference period. 

2.5. Statistical analysis 

To assess the statistical significance of the differences between the 
reference period and the 2020 data, we used the Student’s t-test to test 
the null hypothesis that the difference between the mean of 2015–2019 
and 2020 is zero at the 5 % significance level. 

2.6. Maximal rate of photosynthesis and canopy radiation-use efficiency 

We estimated the ecosystem light response parameter (α, γ, Pmax) by 
fitting the Michaelis-Menten rectangular hyperbola function (Falge 
et al., 2001; Lasslop et al., 2010) to measured half-hourly NEE data from 
April 20 to May 15 as follows: 

NEE = −
αPmaxSWin

αSWin + Pmax
+ γ (3) 

Here, NEE (μmol m− 2 s− 1) is the net ecosystem CO2 exchange, α 
(μmol CO2 J− 1) represents the initial slope of the light-response curve 
(also known as the canopy radiation-use efficiency), Pmax (μmol CO2 
m− 2 s− 1) denotes the maximum canopy CO2 uptake rate at light satu-
ration, γ (μmol CO2 m− 2 s− 1) is ecosystem respiration (TER), and SWin 
(W m− 2) is the incoming shortwave radiation. To mitigate the potential 
influence of substantial changes in leaf area index (LAI) from March to 
June, particularly at colder weather sites, we specifically selected the 
period from April 20 to May 15 to estimate the ecosystem light response 
parameters. Additionally, we only included data with vapour pressure 
deficit (VPD) values below 1.5 kPa to avoid the confounding effect of 
VPD limitation on canopy conductance and photosynthesis. 

2.7. Multiple linear model and simulation 

To investigate the causes of the spring 2020 GPP anomalies, we 
constructed multivariate models based on data for potential environ-
mental drivers from the reference period and compared the simulated 
estimates to observed values. Using meteorological variables (SWin, 
SWdif, Ta and VPD) obtained at each site, we built a multivariate model 
of GPP with a least square regression. We identified the most parsimo-
nious linear model of GPP by applying information criterion techniques 
via the dredge function of the “MuMIn” package in R (Bartoń, 2020; 
Tang et al., 2018). The dredge algorithm generates all possible univar-
iate and multivariate models of the response variable (GPP) based on 
predictors (meteorological and/or pollutant variables), and selects the 
model with the minimum value of the Akaike information criterion 
(AIC) – the model with the lowest value of the likelihood function by 
number of model parameters – as the most parsimonious (Akaike, 1976). 
We then used this model trained on the reference period to predict the 
2020 GPP at a daily time scale. In addition to R2, we used the normalized 
root-mean-square error (NRMSE) values computed by the MATLAB 
“compare” function to assess the model’s fitness by indicating how well 
the predictions or simulations matched the observed data (MathWorks, 
2022). The NRMSE ranges from − ∞ to 100 %, where 100 % indicates a 
perfect fit, − ∞ indicates a poor fit and a fitness value of zero indicates 
that the identified model is no better than a straight line at matching the 
observed output. 

3. Results 

3.1. GPP, meteorological and air pollution anomalies during the spring 
2020 lockdown 

The spring GPP anomaly for 2020, ΔGPP, varied widely among the 
44 sites, ranging from − 202 to +390 g C m− 2 (− 31 % to +47 %) 
(Fig. S3). Overall, we observed an increase in both the mean GPP and its 
standard deviation (+5.3 % or +39 g C m− 2, p = .04, and +18 %, 
respectively) (Fig. 2). Notably, among the 44 sites, 34 sites showed 
significant differences between the 2020 and reference GPP at the 5 % 
level. Of these 34 sites, 22 sites showed a positive anomaly ranging from 
+5.2 % to +47 %, while 12 sites showed a negative anomaly of − 7.1 % 
to − 47 % (Fig. S1, Table S1). We found no marked differences in GPP, 
meteorological conditions and pollutant anomalies between peri-urban 
sites and other sites (Tables S1, S2 and S3). Consequently, all sites 
were pooled together in the analysis. 

Fig. 3 illustrates the difference in the frequency distribution of GPP 
and its drivers between the spring 2020 and the reference period across 
the 44 sites. During the spring of 2020, the distribution of GPP shifted 
towards higher values, coinciding with clearer and drier atmospheric 
conditions. The average increase in SWin in 2020 was +13 ± 13 W m− 2 

(mean ± SD, a relative change of +6.9 %, p < .001) for the measured 
SWin and +11 ± 9 W m− 2 (+5.6 %, p < .001) for the CAMS modelled 
SWin, respectively, across all sites (Table S2). Specifically, there were 
increases in SWdir (+13 ± 12 W m− 2, +12 %, p < .001), as well as re-
ductions in SWdif (− 2.4 ± 4 W m− 2, − 2.8 %, p < .001) and the diffuse 
radiation fraction (DF) (− 0.04 ± 0.04, − 6.4 %, p < .001). 

The ambient concentrations of several air pollutants, simulated by 
the LOTOS-EUROS model, declined significantly in spring 2020 (p <
.001) for each species: NO by − 0.08 ± 0.09 ppb (− 32 %), NO2 by − 0.48 
± 0.49 ppb (− 26 %), SIA2.5 by − 0.64 ± 0.53 μg m− 3 (− 18 %), PM2.5 by 
− 0.71 ± 0.58 μg m− 3 (− 12 %), PM10 by − 0.77 ± 0.61 μg m− 3 (− 7.8 %), 
and SO2 by − 0.01 ± 0.01 ppb (− 4.5 %). However, despite substantial 
reductions in its precursors, there was a small but still significant 
anomaly of O3 concentration (− 0.72 ± 0.51 ppb, − 1.8 %, p < .001). In 
contrast, atmospheric NH3, which is emitted primarily from agricultural 
activities such as manure and fertilizer application in spring, remained 
relatively stable with a minor increase of +1.35 % (+0.07 ± 0.07 ppb, p 
< .001). 

We analysed the cumulative GPP and environmental variables 
averaged over the 44 sites in spring 2020 and compared them with each 
previous spring from 2015 to 2019 (Table 1). Our results show that the 
GPP increased by +44 ± 178 g C m− 2 (+5.7 %), +35 ± 144 g C m− 2 

(+4.9 %), +62 ± 129 g C m− 2 (+8.9 %) and + 43 ± 137 g C m− 2 (+6.1 
%) compared to the springs of 2015, 2016, 2017 and 2019, respectively. 
In contrast, a small reduction of − 3.4 ± 136 g C m− 2 (− 0.45 %) was 
observed for 2020 compared to 2018. 

3.2. GPP anomalies by plant functional type 

The positive GPP anomaly was observed in all ecosystems with short 
vegetation (grassland, savannah and shrubland) and eight out of 11 
deciduous broadleaf (DBFs) or mixed forests (MFs). On the other hand, 
the majority of evergreen needleleaf forests (ENFs) (9/12 sites) and 
three DBFs exhibited a negative GPP anomaly. Meanwhile, the sites with 
no significant change in GPP, ranging from − 7 % to +4.1 %, included all 
four wetlands (WETs), three ENFs, one grassland site (GRA), one mixed 
forest (MF) and one open shrubland site (OSH) (Table S1, Fig. S3). 

The midday Bowen ratio (β), a ratio of sensible heat flux to latent 
heat flux, which is directly influenced by stomatal conductance in a 
given canopy, remained almost unchanged in GRA, SAV and OSH sites, 
and was < 1.0 in 2020. In forests (DBF, EBF, ENF and MF), there was a 
stronger negative relationship between the anomalies in GPP and β 
(Fig. 4), suggesting that the spring 2020 GPP in these ecosystems might 
have been impacted by atmospheric or soil dryness. 
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Fig. 2. Comparison of frequency distribution of gross primary production (GPP) across study sites in Europe between the springs of reference years (blue bars) and 
2020 (green bars). 

Fig. 3. Comparison of reference (blue line) and 2020 spring (green line) probability density distribution across 44 sites in Europe for (a) GPP (gross primary 
production), (b) Ptot (precipitation), (c) SIA2.5 (secondary inorganic aerosol smaller than 2.5 μm), (d) PM10 (particulate matter smaller than 10 μm), (e) PM2.5 
(particulate matter smaller than 2.5 μm), (f) SWin, (incoming shortwave radiation, measured on-site), (g) SWin from the Copernicus Atmosphere Monitoring Service 
(CAMS), (h) CAMS SWdir (direct radiation), (i) CAMS SWdif (diffuse radiation), (j) CAMS DF (diffuse fraction), (k) Ta (air temperature), (l) clear sky SWin, (m) clear 
sky SWdir, (n) clear sky SWdif and (o) clear sky DF. 
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3.3. Attributions of GPP anomalies 

To investigate potential mechanisms underlying the GPP anomalies 
across the 34 sites where the GPP change was significant, we compared 
the 2020 GPP derived from eddy covariance measurements with the GPP 
simulated by empirical/semi-empirical models, which were constructed 
using meteorological and pollutant variables over the reference period 
for each site (Fig. 5). We categorised these 34 sites into three groups 
based on the contribution of meteorological and pollutant variables to 
the models, and the occurrence of management operations (Fig. 6, 
Table S4). 

3.3.1. GPP anomalies explained by meteorology 
Group 1 consists of 24 sites where the meteorology-based model 

explained > 53 % of the variance in GPP, with the exceptions of CH-Aws, 
CH-Dav, DE-Hai and DE-Hzd (see discussion in Sections 4.1 and 4.4). 
The contribution of pollutant variables to the total variance was < 6 % 
(Table S4). These sites, at which no agricultural or forest management 
occurred in spring 2020, experienced brighter, warmer and drier con-
ditions compared to the reference years of 2015–2019. Specifically, 
there was an increase in mean SWin by +15 ± 11 W m− 2, Ta by +0.2 ±
1.2 ◦C, and VPD by +0.06 ± 0.07 kPa. Conversely, Ptot and soil water 
content (SWC) decreased by − 36 ± 82 mm and − 0.04 ± 0.06 m3m− 3, 

respectively. Among these sites, 11 out of 24 sites experienced a 
reduction in GPP (− 105 ± 63 g C m− 2, − 14 %), while the remaining 13 
sites showed an increase in GPP (+134 ± 94 g C m− 2, +17 %).  

• Impact of atmospheric and soil water limitations. The reduction 
in GPP observed in 10 sites coincided with an increased Bowen ratio, 
β (+0.55 ± 0.44, +32 %, p < .001), indicating tighter stomatal 
control in spring 2020. This anomaly was accompanied by higher 
VPD (+0.03 ± 0.04 kPa, +8.2 %, p = .02) and lower SWC (− 0.06 ±
0.06 m3 m− 3, − 23 %, p = .005). Furthermore, at these sites, the mean 
canopy radiation-use efficiency (α) and the maximal rate of photo-
synthesis (Pmax) decreased by − 0.01 ± 0.02 μmol CO2 J− 1 (− 11 %, p 
= .13) and − 3.7 ± 3.6 μmol CO2 m− 2 s− 1 (− 20 %, p = .006), 
respectively. Interestingly, the decline in GPP was concurrent with a 
continuous reduction in SWC at five forests (CH-Dav, DE-Hai, DE- 
Hzd, DE-Obe and DE-Tha) from summer 2018 to spring 2020, 
reaching their minimum values (Fig. S4). In addition to Ptot deficits 
(− 45 ± 65 mm, − 19 %, p = .20), ET also declined by − 44 ± 45 mm 
(− 24 %, p = .09). Apart from drought effects, the decline in GPP at 
the boreal spruce forest (RU-Fy2) might be attributed to other fac-
tors. The relative change in β was +5.9 %, lower than other sites with 
Δβ >+10 %, and SWin decreased by − 5.9 W m− 2 (− 3.3 %, p = .37) in 
relation to higher Ptot (+30 mm, +13 %, p = .57), suggesting limited 
drought impact at this site.  

• Impact of global solar radiation. At the 13 sites from Group 1 
which had a positive GPP anomaly, the average increase in β was not 
significant (+0.17 ± 0.45, +11 %, p = .19). A significant increase in 
SWin was observed at 12 out of 13 sites (+19 ± 12 W m− 2, +9.8 %, p 
< .001), except for an alpine grassland, CH-Aws (1978 m a.s.l.). This 
coincides with reduced Ptot (− 26 ± 85 mm, − 9.7 %, p = .3), SIA2.5 
(− 0.87 ± 0.62 μg m− 3, − 21 %, p < .001), PM2.5 (− 0.96 ± 0.67 μg 
m− 3, − 14 %, p < .001) and PM10 (− 1.0 ± 0.7 μg m− 3, − 9 %, p <
.001). Further, α and Pmax increased by +0.02 ± 0.02 μmol CO2 J− 1 

(+18 %, p = .04) and + 2.5 ± 10 μmol CO2 m− 2 s− 1 (+9.3 %, p = .4) 
on average at these sites, respectively. 

Table 1 
Mean anomalies and standard deviations of cumulative spring (March–June) 
gross primary production (ΔGPP), incoming shortwave radiation (ΔSWin) and 
air temperature (ΔTa) between 2020 and individual years from the reference 
period of 2015–2019.  

Year compared ΔGPP (g C m− 2) ΔSWin (W m− 2) ΔTa (◦C) 

2015  +44 ± 178  +15 ± 17  +0.54 ± 1.0 
2016  +35 ± 144  +24 ± 18  +0.58 ± 0.88 
2017  +62 ± 129  +9.0 ± 17  − 0.21 ± 1.3 
2018  − 3.4 ± 136  +12 ± 12  − 0.30 ± 0.98 
2019  +43 ± 137  +7.7 ± 16  − 0.02 ± 1.2  

Fig. 4. Relationship between anomalies in gross pri-
mary production (ΔGPP) and anomalies in Bowen 
ratio (Δβ) across study sites from four classes of plant 
functional types (PFTs) during the spring of 2020, 
compared with the reference period. Solid lines 
represent linear regression lines of each PFT class. 
Abbreviations for PFTs: DBF, deciduous broadleaf 
forest; EBF, evergreen broadleaf forest; ENF, ever-
green needleleaf forest; GRA, grassland; MF, mixed 
forest; OSH, open shrubland; SAV, savannah; WET, 
wetland.   
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3.3.2. GPP anomalies explained by meteorology and air pollution 
Group 2 consists of two alpine grasslands, IT-MBo (1550 m a.s.l.) and 

IT-Tor (2160 m a.s.l.), along with a broadleaf forest, FR-Hes. These sites 
exhibited significant increases in GPP: IT-MBo (+105 ± 62 g C m− 2, 
+15 %), IT-Tor (+75 ± 92 g C m− 2, +29 %), and FR-Hes (+197 ± 116 g 
C m− 2, +24 %). Across all sites, there was a substantial increase in α 
(+0.05 ± 0.03 μmol CO2 J− 1, +71 %, p = .12) and Pmax (+6.4 ± 6.2 
μmol CO2 m− 2 s− 1, +56 %, p = .13). Given that IT-MBo is a meadow that 
is extensively managed with low mineral fertilisation and cut once a 
year in mid-July, IT-Tor is an unmanaged grassland, and FR-Hes 

experienced no management-induced disturbance in 2020, it is evident 
that spring GPP anomaly in this group cannot be attributed to man-
agement practices. During both the reference period and the spring of 
2020, IT-MBo showed concentrations of PM2.5 and PM10 that were more 
than twice as high as those at IT-Tor, despite similar relative changes. 
Additionally, FR-Hes consistently exhibited the highest concentrations 
of O3, SO2 and NH3 throughout the study period. The analysis revealed 
that at FR-Hes, IT-MBo and IT-Tor, atmospheric pollutants contributed 
to 12 %, 8.7 % and 11 % of the variance in GPP, respectively, resulting in 
an improvement in NRMSE by 11 %, 8.3 % and 6 %. At FR-Hes and IT- 

Fig. 5. Classification of study sites into three groups based on model simulations. Comparison of daily GPP values between observation-based estimates (black line) 
and meteorology-based models (red line, a-c), and meteorology+pollution-based models (blue line, b) from March to June 2020. The simulation patterns of each 
group representative are shown: (a) SE-Svb (ENF) for Group 1, (b) IT-MBo (GRA) for Group 2 and (c) BE-Dor (GRA) for Group 3. All meteorological and pollutant 
variables were included in the model simulations for all study sites in the three groups. However, only Group 2 exhibited a significant improvement in model 
performance with the inclusion of pollutants, as indicated by the blue line. For Groups 1 and 3, the improvement in model performance with the inclusion of 
pollutants (not shown) was not significant. Peak divergences in the observed GPP in (c) are attributed to management practices. Grey shaded areas indicate 
observation based GPP uncertainty. Red and blue shaded areas represent the 95 % confidence intervals on model-predicted values. 

Fig. 6. The distribution of the relative change in gross primary production (GPP) in the spring of 2020 (March–June) relative to the spring average for 2015–2019 
reference period at the three groups of study sites in Europe. Error bars represent one-sided uncertainty in the GPP anomaly. 
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MBo, there was increase in SWin (+23 ± 1.9 W m− 2, +11 %, p = .04) and 
a decrease in SWdif (− 5 ± 1.2 W m− 2, − 5.5 %, p = .11), which coincided 
with reductions in the concentrations of SIA2.5 (− 1.4 ± 0.98 μg m− 3, 
− 29 %, p = .10), PM2.5 (− 1.5 ± 0.99 μg m− 3, − 16 %, p = .28) and PM10 
(− 1.6 ± 1.0 μg m− 3, − 13 %, p = .27). Notably, there was a decrease in 
Ptot by − 82 mm (− 25 %, p < .01) at FR-Hes and an increase in Ptot (+83 
mm, +20 %, p < .001) at IT-MBo (Table S2). In the case of IT-Tor, mean 
SWin, SWdif, SIA2.5, PM2.5 and PM10 decreased by − 2.6 W m− 2 (− 1.2 %, 
p = .24), − 2.9 W m− 2 (− 3.5 %, p = .001), − 0.97 μg m− 3 (− 20 %, p <
.001), − 1.4 μg m− 3 (− 29 %, p < .001) and − 0.99 μg m− 3 (− 15 %, p <
.001), respectively, in spring 2020, while Ptot increased by +22 mm 
(+6.5 %, p = .41) (Table S2 and S3). 

3.3.3. GPP anomalies affected by management practices 
Group 3 comprises one forest site, three productive grasslands (GRA) 

and three savannahs (SAV) that were subjected to various management 
practices including forest thinning (FI-Hyy), cutting and fertilizer 
application (BE-Dor, CH-Cha and DE-RuR), grazing (ES-Abr), or grazing 
and nutrient manipulation experiment (ES-LM1 and ES-LM2). Our 
analysis revealed that meteorological factors accounted for < 55 % of 
the variation in GPP at these sites. Thinning operations at FI-Hyy in 
January 2020 resulted in a 40 % reduction in LAI (Aslan et al., 2023; 
Mammarella et al., 2023), and a significant decline in spring GPP (− 120 
± 49 g C m− 2, − 24 %, p < .001). Conversely, the remaining sites of the 
group experienced an increase in GPP during 2020 (+81 ± 31 g C m− 2, 
14 %), with GRAs showing a greater increase (+192 ± 48 g C m− 2, +16 
%) compared to SAVs (+81 ± 31 g C m− 2, +14 %). The difference in 
GPP can be partly attributed to positive anomalies in SWin at GRAs (+26 
± 6.4 W m− 2, +14 %, p = .02), accompanied by a decrease in SWdif 
(− 7.6 ± 2.0 W m− 2, − 8.7 %, p = .02). In contrast, SAVs exhibited 
reduced SWin (− 11 ± 4.2 W m− 2, − 4.5 %, p = .04) and increased SWdif 
(+6.4 ± 0.76 W m− 2, +8.6 %). The negative response of ΔTa on ΔGPP in 
the SAVs, as opposed to the GRAs (Fig. S5) can be attributed to warmer 
temperature (+0.46 ± 0.08 ◦C, +2.7 %, p = .01) and decreased water 
availability (ΔPtot = − 14 ± 16 mm, − 8.1 %, p = .27), leading to early 
senescence in spring 2020. 

4. Discussion 

Using a 6-year time series from a network of 44 CO2 flux monitoring 
sites, we successfully detected subtle year-to-year changes in spring 
GPP, and examined the underlying factors driving these changes. Our 
findings unveiled a significant GPP anomaly in 34 out of 44 European 
study sites, with 12 sites experiencing a negative anomaly and the 
remaining 22 sites showing a positive anomaly. This anomaly coincided 
with substantial changes in soil and atmospheric dryness, solar irradi-
ance, air pollutants and vegetation management practices. Through our 
statistical approach, we were able to identify which group of variables – 
meteorology or pollutants – contributed most to the GPP anomaly. In the 
subsequent subsections, we discuss the extent to which these factors 
might have influenced the spring 2020 anomaly and explore potential 
connections – or lack thereof − with the impact of lockdown measures 
on atmospheric composition. 

4.1. Drought-related reduction in GPP 

Nearly all sites which experienced a GPP decrease in spring 2020 
were affected by soil dryness (lower-than-usual SWC) or atmospheric 
drought (higher-than-usual VPD), as indicated by a significant positive 
anomaly in the Bowen ratio. A strong reduction in ET supports the hy-
pothesis of stomatal closure in these ecosystems, mostly forests. How-
ever, the considerable decrease in the canopy radiation-use efficiency 
(α) suggests that biochemical (non-stomatal) processes also played a role 
in inhibiting photosynthesis in response to drought stress, in line with 
previous studies (Escalona et al., 1999; Gourlez de la Motte et al., 2020). 
Drought causes reductions in terrestrial ecosystem production (Ciais 

et al., 2005; Zhao and Running, 2010) through stomatal closure and/or 
metabolic limitation (Flexas and Medrano, 2002), with effects on GPP 
that can be either immediate (e.g. stomatal closure) or delayed (e.g. 
altered hydraulic conductance, metabolic capacity, leaf longevity, or 
ecosystem composition) (Fu et al., 2022; Liu et al., 2019; Pereira et al., 
2007; Yu et al., 2022). Indeed, Europe experienced one of the most se-
vere droughts in the 21st century during the summer of 2018 and to a 
lesser extent 2019 (Bastos et al., 2020; Buras et al., 2020; Schuldt et al., 
2020). The legacy effects of this drought on vegetation may have per-
sisted until 2020 at CH-Dav, DE-Hai, DE-Hzd, DE-Obe and DE-Tha 
(Fig. 7). Trees are particularly susceptible to insect and pathogen out-
breaks under prolonged or extreme drought (Jactel et al., 2012), which 
can lead to mortality and a shift in forest structure and composition (Li 
et al., 2021). These legacy effects which are not incorporated in the 
model may explain in part the relatively large discrepancies between 
observed and predicted GPP, especially at more severely drought- 
impacted sites such as CH-Dav, DE-Hai and DE-Hzd (R2 < 0.43, 
NRMSE < 25 %). While other sites experienced a negative GPP anomaly 
due to drought, the afforested peatbog RU-Fy2 was the only site where 
this anomaly was not linked to dry conditions. Instead, excess rainfall 
may have created anaerobic conditions that weakened the photosyn-
thetic activity of spruce trees. 

4.2. Positive GPP anomalies were associated with an enhancement in 
solar irradiance 

Our findings indicate that the positive GPP anomaly was primarily 
driven by enhanced SWin, which outweighed the combined negative 
effects of increased VPD, reduced Ptot and DF. In spring 2020, we 
observed a main shift in the distribution of the diffuse fraction, from 
0.67 to 0.59 for the peak value (Fig. 3j). This change is beyond the range 
where the increase in diffuse fraction has a fertilizing effect on GPP, 
which is typically below 0.45 (Knohl and Baldocchi, 2008; Ezhova et al., 
2018; Park et al., 2018). Additionally, Ta remained relatively stable 
compared to previous springs, suggesting a limited contribution to the 
GPP anomaly. 

There remains debate as to the extent to which the radiation 
anomalies should be attributed to changes in aerosol optical depth (i.e. 
COVID-19 induced changes in anthropogenic pollutant emissions) or 
changes in cloudiness. A recent study by Voigt et al. (2022) reported that 
the lower aerosol optical thickness during the lockdown led to increased 
SWin over Europe. The clear sky irradiance anomalies observed in 2020 
anomalies (Fig. 3m-o) suggest a decline in aerosol optical depth in spring 
2020, but the impact of aerosol concentration on the diffuse fraction of 
incoming radiation was hardly distinguishable from changes in cloud 
fraction due to lower atmospheric humidity (Fig. 3b). A combined 
analysis of ground-based and satellite observations supports the hy-
pothesis that the observed irradiance enhancement was largely due to 
changes in cloud fraction in Western Europe (van Heerwaarden et al., 
2021). Ground observations indicated that cloudiness and aerosol op-
tical depth were both exceptionally low in spring 2020 over Europe. 

4.3. Impacts of atmospheric pollutants on GPP 

In a typical year, ozone (O3) concentration in spring is usually too 
low (< 50 ppb on average) to cause acute harm to plants (Fares et al., 
2013), particularly for central-northern European ecosystems when the 
plants are still dormant. These observations do not support the hy-
pothesis that a change in O3 mediated the COVID-19 effect on GPP. 
Furthermore, the small decrease in O3 concentrations (− 1.8 %) simu-
lated by LOTOS-EUROS in spring 2020 would have a negligible effect on 
carbon assimilation. 

The increases in α and Pmax in Group 2 (FR-Hes, IT-MBo and IT-Tor) 
suggest that the stronger plant uptake of CO2 in 2020 at these sites might 
be linked to reductions in pollutant exposure or deposition through 
photosynthesis pathway and/or stomata (Coyne and Bingham, 1978; 
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Philip, 2002). The long-range transboundary transport of air pollutants 
from the Po Valley has been demonstrated to affect not only the Italian 
Alpine region, but also other Italian regions and surrounding countries 
(Carbone et al., 2014; Diémoz et al., 2019a, 2019b; Finardi et al., 2014; 
Nyeki et al., 2002). With a population of over 20 million inhabitants, the 
Po Valley is one of the European pollution hotspots in northern Italy. 
Due to the valley’s morphology and topography, pollutants are often 
trapped within the valley, which is enclosed by the Alps to the north and 
west, and the Apennine to the south. The aerosol particles, mainly of 
secondary origin from the Po Valley, can form layers that are advected 
by thermally driven winds or synoptic flows and extend up to 4000 m a. 
s.l. on the north-western Alps, potentially impacting high-altitude eco-
systems through dry and wet deposition (Diémoz et al., 2019a, 2019b; 
Oldani et al., 2017; Wang et al., 2023). However, aerosol deposition 
occurs mainly on non-stomatal leaf surfaces and the ground, rather than 
diffusing through stomata like gases. Overall, the potential impact of 
aerosols on ecosystem functioning may be mediated through soil pro-
cesses, stomatal transpiration, or migration of solutes on the leaf surface 
(Burkhardt, 2010; Burkhardt et al., 2012). While the direct link between 
aerosol deposition and phytotoxicity is not well-established, further 
research is needed to investigate these relationships. Similarly, previous 
studies have shown that NH3 and PM2.5 originating from the northeast of 
France (Bressi et al., 2014; Sciare et al., 2010; Viatte et al., 2021), where 
FR-Hes is located, have a significant impact due to long-range transport 
over Paris. Our findings are consistent with these studies, as FR-Hes is 
exposed to agricultural fields in the prevailing wind direction and 
ranked among the top four or six forest sites with the highest relative 
reduction in concentrations of PM2.5, PM10 and SO2, as well as a relative 
increase in NH3 concentration. 

4.4. Limitations and confounding effects: Timing of snow melt, lagged 
effects and management practices 

One limitation of our approach is that the model simulation cannot 
account for all known drivers of GPP and ecosystem behaviour that 
occurred during the reference period. This can result in the underesti-
mation or overestimation of GPP. For example, the timing of snow melt 
at continental locations or upland sites, which is not considered in the 
models, likely contributes to the divergence observed over nearly the 
entire duration of spring 2020 for CH-Aws and IT-Tor (R2 < 0.53, 
NRMSE < 32 %). Snow cover is a critical factor that affects the 
phenology and productivity of high-altitude vegetation in the European 
Alps (Choler, 2015; Xie et al., 2017). The anomalously warm winter 
2019–2020 at these sites (Ta: +1.7 ± 0.39 ◦C, +58 %, p < .001) resulted 
in less snowfall and earlier spring melts (Barnett et al., 2005), thus 
advancing the onset of the growing season and extending the carbon 
uptake period in spring (Desai et al., 2016). 

On the other hand, the warm winter experienced in Europe during 
2019–2020, as reported by the Copernicus Climate Change Service 
(2021) had a strong impact on the GPP during the following spring at 
two Mediterranean sites (FR-FBn and IT-Cp2) (Fig. S6). This extended 
warming effect made it difficult to use the reference spring data to 
accurately predict the 2020 spring GPP, resulting in a large divergence 
between the observed and simulated GPP (Fig. S7a-b). GPP models 
showed poor fit for these two sites, with negative values of R2 and 
NRMSE (Table S4). We observed a significant improvement in the ac-
curacy of our GPP models for both sites after using preceding winter 
and/or year-round data from January 2015 to February 2020 as input 
(R2 > 0.76, NRMSE > 51 %) (Table S4, Fig. S7c-d). By using a relevant or 
larger dataset that includes more historical information, our models 
were better able to account for this anomalous warming effect and 
provide more accurate predictions of GPP. These findings highlight the 

Fig. 7. Interannual variations of spring (averaged or summed from March to June) (a) air temperature (Ta), (b) incoming shortwave radiation (SWin), (c) precip-
itation (Ptot) and soil water content (SWC), and (d) gross primary production (GPP) during the study period from 2015 to 2020 at two deciduous broadleaf forests 
(DE-Hai and DE-Hzd) and three evergreen needleleaf forests (CH-Dav, DE-Obe and DE-Tha) in Group 1. Each error bar for GPP denotes the one-sided uncertainty, 
while error bars for meteorological variables represent the standard deviation. 
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importance of incorporating relevant and comprehensive data when 
modelling ecosystem processes. 

The Group 3 sites (FI-Hyy, BE-Dor, CH-Cha, DE-RuR, ES-Abr, ES-LM1 
and ES-EM2) were subjected to a range of management practices such as 
thinning, cutting, fertilizer application, grazing and nutrient manipu-
lation experiment (El-Madany et al., 2021; Gharun et al., 2020), which 
confounded the patterns of GPP. For instance, intensive thinning resul-
ted in a substantial decrease in LAI, and consequently reduced light 
interception by the canopy at FI-Hyy (Aslan et al., 2023; Mammarella 
et al., 2023). As a result, our data driven models were unable to fully 
capture the observed dynamics of GPP during spring 2020 at these sites 
(e.g. Fig. 5c) (R2 < 0.55, NRMSE < 33 %). The inclusion of pollutant 
variables slightly improved the variability of GPP (ΔR2 < 0.1) and 
reduced the prediction error (ΔNRMSE < 4 %) across all sites, except for 
ES-LM1 and ES-LM2. These two sites exhibited higher R2 (0.07 < ΔR2 <

0.11) and NRMSE values (4.4 % < ΔNRMSE < 6.1 %), potentially due to 
more extensive application of nitrogen and phosphorus fertilizers in the 
experiments. 

5. Conclusion 

Our analysis emphasizes the importance of incorporating the eco- 
physiological responses of vegetation to climate and management 
when interpreting the changes in ecosystem photosynthesis observed 
during the spring of 2020. We successfully validated our first hypothesis 
that a network of 44 sites, using a six-year time series of CO2 exchange 
could detect the gross primary production (GPP) anomaly in spring 
2020. The findings reveal that the enhanced downwelling shortwave 
radiation played a dominant role in the overall enhancement of GPP, but 
only in the absence of soil and atmospheric drought, which negatively 
affected GPP and outweighed the radiation enhancement effect. These 
findings also highlight the importance of considering wet and dry years 
in GPP dynamics, as water availability plays a critical role in ecosystem 
responses to varying climatic conditions. Incorporating this aspect in the 
model is vital for accurate assessments of GPP dynamics and informing 
sustainable management practices. 

However, our hypothesis that a substantial reduction in ozone pre-
cursors (such as NOx) emissions would (i) decrease ecosystem ozone 
exposure, and (ii) indirectly alleviate its negative impact on GPP was not 
supported. The temporary changes in atmospheric pollutant deposition 
had only a marginal effect on GPP. While the 2020 lockdown led to a 
significant reduction in emissions across Europe, including CO2, across 
Europe for a few months, this effect was well detected by the urban sites 
in the monitoring network (Nicolini et al., 2022). However, its primary 
impact on terrestrial GPP appears to be linked to reduced aerosol 
loadings and their impact on the radiation regime. 

These results highlight the need for concerted policies that address 
global climate change, land resource management and air quality 
concurrently. Understanding complex interactions between ecosystem 
responses, climate and pollutant factors is crucial for devising effective 
strategies to mitigate future impacts on ecosystem photosynthesis and 
carbon cycling. As part of the scientific community, we can contribute to 
this understanding and collectively work towards a sustainable 
environment. 
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Rosso, A., Féron, A., Bonnaire, N., Poulakis, E., Theodosi, C., 2014. Sources and 
geographical origins of fine aerosols in Paris (France). Atmos. Chem. Phys. 14, 
8813–8839. https://doi.org/10.5194/acp-14-8813-2014. 

Buras, A., Rammig, A.S., Zang, C., 2020. Quantifying impacts of the 2018 drought on 
European ecosystems in comparison to 2003. Biogeosciences 17, 1655–1672. 
https://doi.org/10.5194/bg-17-1655-2020. 

Burkhardt, J., 2010. Hygroscopic particles on leaves: nutrients or desiccants? Ecol. 
Monogr. 80, 369–399. https://doi.org/10.1890/09-1988.1. 

Burkhardt, J., Basi, S., Pariyar, S., Hunsche, M., 2012. Stomatal penetration by aqueous 
solutions – an update involving leaf surface particles. New Phytol. 196, 774–787. 
https://doi.org/10.1111/j.1469-8137.2012.04307.x. 

A.C.I. Tang et al.                                                                                                                                                                                                                               

http://10.18160/2G60-ZHAK
https://atmosphere.copernicus.eu/;
https://www.soda-pro.com/web-services/radiation/cams-radiation-service
https://www.soda-pro.com/web-services/radiation/cams-radiation-service
https://doi.org/10.1016/j.scitotenv.2023.166149
https://doi.org/10.1016/j.scitotenv.2023.166149
http://refhub.elsevier.com/S0048-9697(23)04774-5/rf0005
http://refhub.elsevier.com/S0048-9697(23)04774-5/rf0005
http://refhub.elsevier.com/S0048-9697(23)04774-5/rf0010
http://refhub.elsevier.com/S0048-9697(23)04774-5/rf0010
http://refhub.elsevier.com/S0048-9697(23)04774-5/rf0010
https://doi.org/10.1038/nature04141
https://doi.org/10.5194/acp-21-7373-2021
http://refhub.elsevier.com/S0048-9697(23)04774-5/rf0025
https://doi.org/10.1126/sciadv.aba2724
https://doi.org/10.1126/sciadv.aba2724
https://doi.org/10.1029/2020GL087978
https://doi.org/10.5194/acp-14-8813-2014
https://doi.org/10.5194/bg-17-1655-2020
https://doi.org/10.1890/09-1988.1
https://doi.org/10.1111/j.1469-8137.2012.04307.x


Science of the Total Environment 903 (2023) 166149

12

Carbone, C., Decesari, S., Paglione, M., Giulianelli, L., Rinaldi, M., Marinoni, A., 
Cristofanelli, P., Didiodato, A., Bonasoni, P., Fuzzi, S., Facchini, M.C., 2014. 3-year 
chemical composition of free tropospheric PM1 at the Mt. Cimone GAW global 
station - South Europe - 2165m a.s.l. Atmos. Environ. 87, 218–227. https://doi.org/ 
10.1016/j.atmosenv.2014.01.048. 

Choler, P., 2015. Growth response of temperate mountain grasslands to inter-annual 
variations in snow cover duration. Biogeosciences 12, 3885–3897. https://doi.org/ 
10.5194/bg-12-3885-2015. 

Ciais, P., Reichstein, M., Viovy, N., Granier, A., Ogée, J., Allard, V., Aubinet, M., 
Buchmann, N., Bernhofer, C., Carrara, A., Chevallier, F., De Noblet, N., Friend, A.D., 
Friedlingstein, P., Grünwald, T., Heinesch, B., Keronen, P., Knohl, A., Krinner, G., 
Loustau, D., Manca, G., Matteucci, G., Miglietta, F., Ourcival, J.M., Papale, D., 
Pilegaard, K., Rambal, S., Seufert, G., Soussana, J.F., Sanz, M.J., Schulze, E.D., 
Vesala, T., Valentini, R., 2005. Europe-wide reduction in primary productivity 
caused by the heat and drought in 2003. Nature 437, 529–533. https://doi.org/ 
10.1038/nature03972. 

Copernicus, 2021. 2020 Warmest Year on Record for Europe; Globally, 2020 Ties with 
2016 for Warmest Year Recorded. Copernicus Clim. Chang. Serv. URL. https://clima 
te.copernicus.eu/copernicus-2020-warmest-year-record-europe-globally-2020-ties- 
2016-warmest-year-recorded. 

Coyne, P.I., Bingham, G.E., 1978. Photosynthesis and stomatal light responses in snap 
beans exposed to hydrogen sulfide and ozone. J. Air Pollut. Control Assoc. 28, 
1119–1123. https://doi.org/10.1080/00022470.1978.10470715. 

Desai, A.R., Wohlfahrt, G., Zeeman, M.J., Katata, G., Eugster, W., Montagnani, L., 
Gianelle, D., Mauder, M., Schmid, H.P., 2016. Montane ecosystem productivity 
responds more to global circulation patterns than climatic trends. Environ. Res. Lett. 
11 https://doi.org/10.1088/1748-9326/11/2/024013. 

Diémoz, H., Barnaba, F., Magri, T., Pession, G., Dionisi, D., Pittavino, S., Tombolato, I.K. 
F., Campanelli, M., Ceca, L.S. Della, Hervo, M., Di Liberto, L., Ferrero, L., Gobbi, G. 
P., 2019a. Transport of Po Valley aerosol pollution to the northwestern Alps – Part 1: 
Phenomenology. Atmos. Chem. Phys. 19, 3065–3095. https://doi.org/10.5194/acp- 
19-3065-2019. 

Diémoz, H., Gobbi, G.P., Magri, T., Pession, G., Pittavino, S., Tombolato, I.K.F., 
Campanelli, M., Barnaba, F., 2019b. Transport of Po Valley aerosol pollution to the 
northwestern Alps – Part 2: Long-term impact on air quality. Atmos. Chem. Phys. 19, 
10129–10160. https://doi.org/10.5194/acp-19-3065-2019. 

El-Madany, T.S., Reichstein, M., Carrara, A., Martín, M.P., Moreno, G., Gonzalez- 
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Kowalska, N., Manca, G., Ballarin, I.G., Vincke, C., Roland, M., Ibrom, A., 
Lousteau, D., Siebicke, L., Neiryink, J., Longdoz, B., 2020. Non-stomatal processes 
reduce gross primary productivity in temperate forest ecosystems during severe 
edaphic drought: edaphic drought in forest ecosystems. Philos. Trans. R. Soc. B Biol. 
Sci. 375 https://doi.org/10.1098/rstb.2019.0527. 

Grene, R., 2002. Oxidative stress and acclimation mechanisms in plants. Arab. B. 1, 
e0036 https://doi.org/10.1199/tab. 0036.1. 
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Edtbauer, A., Ernle, L., Fischer, H., Giez, A., Granzin, M., Grewe, V., Harder, H., 
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