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A B S T R A C T

European forests play a central role for meeting the EU’s climate targets, but the declining carbon sink has left 
them trailing behind climate goals. Reversing this trend requires a systematic understanding of forest responses 
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to shifting global change drivers, explicitly integrating aboveground and belowground processes. Here, we 
provide our perspective on the effects of multiple global change drivers on ecosystem-scale carbon fluxes 
(including both carbon dioxide (CO2) and methane (CH4)) and the resilience of these fluxes, based on direct flux 
observations (e.g., from eddy covariance towers). First, we present changes in several key drivers (warming, 
drought, atmospheric CO2, nitrogen deposition, winter warming, excess precipitation, late frost), over recent 
decades, some of which (winter warming, windthrow, excess precipitation, late frost) have received limited 
attention in forest carbon assessments. Some of these—such as winter warming—are expected to become 
increasingly frequent in the future. We then explicitly summarize how the four (more-frequently studied) key 
drivers affect carbon fluxes (i.e., CO2 and CH4 fluxes). The response of the net CO2 sink (i.e., net ecosystem 
productivity) is presented through its two component processes: gross primary productivity (GPP) and ecosystem 
respiration (Reco). When considered individually, global change drivers often produce relatively predictable 
responses in forest carbon fluxes: warming tends to enhance both GPP and Reco, elevated atmospheric CO₂ 
generally stimulates photosynthesis, and moderate nitrogen (N) inputs can enhance productivity in N-limited 
systems. However, when drivers interact, ecosystem responses frequently become non-linear, amplified, or even 
reversed relative to single-driver expectations. For example, warming alone may extend the growing season and 
increase GPP, but in combination with drought, elevated vapor pressure deficit suppresses stomatal conductance, 
reduces GPP, and can increase respiration losses during rewetting events. Similarly, the positive effect of rising 
CO₂ on productivity may be constrained by nutrient limitation or drought stress, while historical N deposition 
can temporarily sustain CO₂ fertilization effects but also increase vulnerability to climatic stressors. Under 
compound disturbances—such as drought followed by extreme precipitation or winter warming—ecosystem 
respiration pulses and structural damage can further reduce net ecosystem productivity (NEP). Collectively, these 
findings indicate that forest carbon dynamics cannot be reliably inferred from single-driver responses alone; 
instead, interacting drivers shape ecosystem resilience through feedbacks among physiological processes, soil 
biogeochemistry, and disturbance regimes, often leading to thresholds or tipping points in carbon sink strength.

1. Background

Forests play a vital role in the global carbon (C) budget. Covering 
nearly 40% of the European Union's (EU) land area, they sequester 
approximately 280 million tons of carbon dioxide (CO2) equivalent 
(MtCO₂eq) annually (as of 2023) (EEA, 2025). However, despite a 
steadily growing carbon stock, the overall carbon sink is weakening; 
between 2010 and 2020, the sequestration capacity of EU forests 
declined by nearly one-third, from 466 to 295 MtCO2eq per year, based 
on national inventories (EEA, 2025). Consequently, EU forests are 
struggling to meet their role as a key C sink essential for achieving EU 
climate targets (Korosuo et al., 2023). Projections suggest that between 
2026 and 2030, the land use, land-use change, and forestry (LULUCF) 
sector will fall short of the EU target of reducing emissions by 42 
MtCO₂eq compared to the average C sink of 2016–2018, as set by the 
LULUCF Regulation (Regulation (EU) 2018/841, 2018). To reverse this 
trend, it is critical to better understand and predict the impact of 
changing climate and air pollution on forest sector mitigation potential 
(McDowell et al., 2021; Migliavacca et al., 2025; Gruenig et al., 2026). 
Moreover, maintaining forest biodiversity is key to enhancing ecosystem 
stability and function (Jucker et al., 2014; Musavi et al., 2017). Imme
diate action is needed to protect and restore forest biodiversity to sustain 
forest resilience and maintain their long-term capacity for C sequestra
tion and storage (Di Sacco et al., 2021; Imbert et al., 2021; Mahecha 
et al., 2024; Naudts et al., 2016).

Increasing global temperatures, primarily driven by greenhouse gas 
emissions from anthropogenic activities and land-use changes, are 
raising concerns about the stability and functioning of forest ecosystems 
(McDowell et al., 2020). Under ongoing climate change, forests are ex
pected to experience shifts in productivity, composition and structure 
(Aber et al., 2001; Boisvenue and Running, 2006; Clark et al., 2016). At 
the same time, forests are simultaneously influenced by multiple inter
acting global change drivers, including nitrogen (N) deposition, 
increasing atmospheric CO2 concentrations, and intensifying drought 
and heat. However, research on how these factors collectively affect 
ecosystem C fluxes remains limited. Understanding these links is crucial 
for predicting the future dynamics of the EU forest C sink. Accurately 
forecasting forest responses to these multiple stressors, including the 
interplay between stressors and forest structure (i.e., tree height, age 
structure), is essential for guiding adaptive forest management strategies 
(Dalmonech et al., 2022; McDowell et al., 2021). To maintain and 

enhance the EU forest C sink under global change, policy and manage
ment strategies must focus on ecological resilience (Holling, 1973), 
which is a measure of the persistence of systems and of their ability to 
absorb change and disturbance and still maintain the same relationships 
between populations or state variables (Gunderson, 2000; Holling, 
1973; Ingrisch and Bahn, 2018; Nicotra et al., 2010). The resilience of 
trees and forest functioning (e.g., growth, water-use efficiency) has been 
extensively investigated, especially in response to disturbances (e.g., 
drought, fire, insect outbreaks); but the long-term and large-scale dy
namics of C fluxes and forest net C sink remain largely unexplored. A 
fundamental challenge remains to determine how the components of 
forest C fluxes, and consequently the net C sink, respond to the complex 
interplay of multiple global change drivers, for example, climate ex
tremes and air pollution. In this context, the term C flux specifically 
refers to the exchange of C between ecosystems and the atmosphere, 
primarily in the form of greenhouse gases, mainly CO₂ and methane 
(CH₄). Other forms of C transfer, such as dissolved organic carbon 
(DOC), particulate carbon (POC), or black C fluxes, are not considered in 
this study unless explicitly stated.

The capacity of forests for C uptake is determined by Net ecosystem 
productivity (NEP) which is the balance between gross primary pro
ductivity (GPP) and ecosystem respiration (Reco) (i.e., NEP = GPP - 
Reco). This balance determines if a forest is a source (negative NEP) or 
sink of CO2 (positive NEP). In accordance with flux terminology and the 
focus of this paper, GPP represents the ecosystem-level photosynthesis, 
including trees and ground vegetation, while Reco consists of the sum of 
heterotrophic respiration (Rh, i.e., during decomposition) and autotro
phic respiration from vegetation and soil (Brüggemann et al., 2011). 
Autotrophic respiration, including growth (Rg) and maintenance respi
ration (Rm), is primarily controlled by mean annual temperature (MAT) 
and biomass (Banbury Morgan et al., 2021; Collalti et al., 2020a, 2020b; 
Luo et al., 2025; Piao et al., 2010). Heterotrophic respiration is a sig
nificant component of Reco, represents the C losses from the decom
position of litter detritus and soil organic matter by microorganisms, and 
depends on (soil) temperature and soil moisture (Tang et al., 2020). Soil 
respiration, which is the largest component of Reco, remains also tightly 
linked to aboveground C fluxes and vegetation productivity 
(Brüggemann et al., 2011; Migliavacca et al., 2011; Ryan and Law, 
2005). Because NEP is determined by the balance of GPP and Reco, 
uncertainties in the response of each of these two components can lead 
to divergent trajectories in the forest C sink. Reducing these 
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uncertainties requires a thorough evaluation of how GPP and Reco 
respond to individual and combined global change drivers, and how 
these responses propagate to affect NEP.

At the same time, the forest C–climate balance is not governed by 
CO₂ exchange only but also by Methane (CH₄) fluxes. Forests can act as 
both sources and sinks of CH₄ (Saunois et al., 2024; Gauci, 2025), yet the 
environmental controls, process-understanding, and quantitative con
straints on CH₄ flux responses to global change still remain very limited 
compared to CO2 (Covey and Megonigal, 2019; Ni and Groffman, 2018; 
Barba et al., 2024; Gauci, 2025). Integrating CH₄ fluxes into assessments 
of forest C dynamics is therefore essential for a comprehensive under
standing of ecosystem responses to global change, particularly for for
ests with organic soil at the northern latitudes and forested wetlands in 
temperate zone, where shifts in water table strongly affect CH₄ flux 
dynamics (e.g., Jurasinski et al., 2024).

Similar to forest CO2 exchange, net forest ecosystem CH4 exchange is 
a result of simultaneous exchange of gases from the forest soil, tree stems 
and canopies, herbaceous plants, cryptogamic covers, deadwood, and 
water bodies (in case of forested wetlands). Temperate forest soils are 
estimated to be the strongest sinks of CH4 (-4.79 kg ha− 1 yr− 1) among 
natural forest ecosystems (Dalal and Allen, 2008). In upland forest soils 
with predominant aerobic conditions, CH4 can be oxidized by meth
anotrophs, leading to CH4 uptake from the atmosphere (Krebs et al., 
2024). In contrast, soils of wetland forests characterised by anaerobic 
conditions, can be sources of CH4 due to methanogenesis (Smith et al., 
2003). Plants including trees might substantially contribute to the forest 
CH4 exchange by transporting soil-produced CH4 via stems and leaves 
into the atmosphere (e.g., Pangala et al., 2017; Machacova et al., 2023), 
by producing and oxidising CH4 in plant tissues (e.g., Wang et al., 2026), 
by consuming CH4 from the atmosphere (e.g., Machacova et al., 2021), 
and by modifying C turnover processes in the adjacent soil (Covey and 
Megonigal, 2019). Cryptogamic covers might additionally contribute to 
the forest CH4 exchange by their CH4 emission or uptake depending on 
the environmental conditions (Lenhart et al., 2015; Machacova et al., 
2021). Deadwood as an important biomass pool and C storage within 
forests might be another source of CH4 in forests, thus showing internal 
CH4 concentrations well above the ambient CH4 concentrations (Covey 
et al., 2016). Unfortunately, the CH4 exchange within forest ecosystems 
appears to be much more complex than previously thought, involving a 
combination of simultaneously running processes of production, con
sumption, transport, and emission and uptake of CH4 by plants, soils and 
microbes (Barba et al., 2024). These processes, particularly their 
contribution to the net forest CH4 exchange remain poorly understood, 
let alone quantified.

Recent research has revealed that besides commonly studied forest 
soils, also tree stems can be significant sources of atmospheric CH4 (e.g., 
Barba et al., 2024). Some upland tree species can even take up CH4 from 
the atmosphere (Gauci et al., 2024); however, the extent of this newly 
revealed process requires more investigation. Moreover, leaves of 
mature trees are still almost completely excluded from field flux mea
surements, but with first studies showing possible substantial leaf 
contribution to the tree and forest CH4 exchange (e.g., Machacova et al., 
2016; Vainio et al., 2022; Karim et al., 2024). Hence, the common lack of 
leaf CH4 fluxes in ecosystem greenhouse gas flux calculations introduces 
substantial uncertainty in forest ecosystem CH4 (and C) budget esti
mates. Further, rarely studied widespread cryptogamic covers have been 
excluded in previous greenhouse gas flux studies, even though they may 
be equally important in forest CH4 exchange as soil and trees 
(Machacova et al., 2021).

The gas exchange capacity of trees and their contributions to 
ecosystem CH4 exchange appear to depend on many aspects, such as on 
soil and site parameters, environmental conditions, tree size, age and 
health conditions, plant tissues parameters, and seasonal dynamics (e.g., 
Machacova et al., 2023; Barba et al., 2024; Wang et al., 2026). As a 
result, a high spatial variability in tree CH4 exchange is frequently 
observed not only at inter-species, but also at intra-species and even at 

intra-individual levels (e.g., Covey and Megonigal, 2019; Moldaschl 
et al., 2021; Machacova et al., 2023; Mochidome and Epron, 2024; Wang 
et al., 2026). However, the underlying causes remain largely unex
plained in most cases. The lack of causes behind the high spatial gas flux 
variability prevents the correct tree stem and leaf gas flux upscaling to 
the tree and ecosystem level, and thus the correct estimation of the 
overall forest ecosystem CH4 exchange. Moreover, the temporal vari
ability at diurnal, seasonal and inter-annual level is also typical for tree 
and forest CH4 fluxes (e.g., Schindler et al., 2021; Mander et al., 2022; 
Machacova et al., 2023; Klaus et al., 2024; Bréchet et al., 2025). Without 
continuous long-term measurements of CH4 exchange collected across a 
variety of tree species and site conditions, it remains extremely difficult 
to quantify the CH4 fluxes from trees and therefore from forest ecosys
tems at daily, seasonal and annual time scales. In this perspective article, 
we assess the effects of multiple global change drivers on forest C fluxes 
and their resilience as C sinks. Specifically, Section 2 provides an 
overview of how global change drivers have varied across Europe over 
the last 50 years; Section 3 assesses their effects on C fluxes—both CO2 
and CH4—at the ecosystem-scale, and C sink dynamics on various 
temporal scales. Section 4 then discusses ecosystem C fluxes under 
global change, highlighting the role of forest management, biodiversity 
and forest structure diversity on the European forest C sink under mul
tiple interacting global change drivers. Section 5 concludes by synthe
sizing the key findings presented above.

2. Key global change drivers

The main global change drivers selected in this study and their 
observed variations over the past five decades are summarized in 
Table 1. The four main drivers of change include warming (both gradual 
trends as well as events), drought, atmospheric CO2 concentrations, and 
N deposition. We also included understudied extremes such as winter 
warming, excess precipitation, and late frost to reflect both well- 
established and relatively unexplored pressures on forest functioning.

Europe has experienced a steady rise in air temperature, with sta
tistically significant increases of around 0.1◦C per year since 1990 

Table 1 
Overview of global change drivers and their changes in Europe over the past 40 
years (the longest period of direct C flux observations in Europe).

Global change 
driver

Past changes in Europe

Warming Since 1985, air temperature in Europe has risen steadily, with 
the strongest warming observed in spring (0.061 ◦C yr− 1) and 
the least pronounced in autumn (0.045 ◦C yr− 1) (Twardosz 
et al., 2021).

Drought Droughts have increased, particularly since 2015 (Büntgen 
et al., 2021), as indicated by increased vapor pressure deficits 
(VPD) resulting from higher air temperatures and additionally 
in some regions reduced precipitation (Grossiord et al., 2020).

Atmospheric CO2 Mean ΔCO2 has increased by 1–2 yr− 1 (~30% growth between 
1990–1995 and 2000–2005) (Ramonet et al., 2010).

N deposition Inorganic N deposition has decreased since the mid 1990s, 
particularly for NOx from measurements of wet deposition (
Schmitz et al., 2019) and from modelled estimates of total N 
deposition (Schwede et al., 2018), but still exceeds the ‘critical 
load’ in some regions in Europe (10–20 kg N ha− 1 yr− 1 for 
deciduous forests and 5–15 kg N ha− 1 yr− 1 for coniferous 
forests (Bobbink et al., 2022))

Understudied extremes
Winter warming In 2020, Europe experienced the warmest winter on record 

since 1981, with the most pronounced warming observed in 
northeastern Europe (Copernicus Climate Change Service, 
2021).

Excess 
precipitation

Increase in recent decades, particularly in northern and central 
regions extreme precipitation events have increased (André 
et al., 2024)

Late frost Increase of frost days during the growing season (Liu et al., 
2018a)
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particularly evident in northern regions and in countries surrounding 
the Black Sea (Fig. 1a). In contrast, precipitation trends since 1990 show 
spatial heterogeneity, with significant declines limited to specific re
gions (Fig. 1b). Atmospheric drought, reflected by increasing vapor 
pressure deficit (VPD), has intensified across large parts of Europe 
(Fig. 1c), while significant declines in soil moisture are primarily 
observed in areas exhibiting reduced precipitation (Fig. 1d). Over the 
same period, anthropogenic nitrogen and sulfur emissions have signifi
cantly decreased across the continent due to emission reduction policies 
and economic transformations (Erisman et al., 2003; Vestreng et al., 
2007). This has led to substantial declines in atmospheric deposition of 
these elements on terrestrial ecosystems (Fig. 1e–f). In the following 
sections we provide an overview of temporal trends in each of the 
drivers responses of forests to these drivers, in terms of C fluxes, are 
outlined in Section 3).

2.1. Extreme warming

Rising global temperatures have led to an increase in the number of 
hot days, and a decline in the number of cold and frost days across nearly 
all land areas. Additionally, global warming has significantly increased 
the likelihood of climate extremes (Nasong et al., 2025). For instance, 
Stott et al. (2004) estimated that human-induced climate change has 
likely doubled the risk of heatwaves similar in magnitude to the extreme 
2003 European heatwave. Particularly in Europe, a recent analysis 
shows a remarkably fast rate of change in the characteristics of extreme 
warming, especially in summer, leading both the ecosystems and the 
human population to experience unfamiliar warm conditions (Dosio 
et al., 2025; Jordan et al., 2024).

2.2. Drought

Tree-ring isotope records reveal that European forests have experi
enced unprecedented droughts since 2015 (Büntgen et al., 2021), with 
prominent droughts in the summer of 2018 (Buitink and Swank, 2020; 
Gharun et al., 2020; Smith et al., 2020) and 2022 (Gharun et al., 2024; 
van der Woude et al., 2023). While trends in relative humidity (RH) 
between 1979 and 2014 have varied regionally, with no single factor 
identified as the dominant driver (Vicente-Serrano et al., 2018), rising 
air temperatures have increased atmospheric dryness by elevating 
saturation vapor pressure and thereby increasing VPD, even where RH 
changes are modest. Elevated VPD, intensifies atmospheric drought 
stress on vegetation (Grossiord et al., 2020). Climate projections indi
cate that this trend will persist, with compounded soil and atmospheric 
dryness expected to triple in Europe by the end of the century (Shekhar 
et al., 2024).

2.3. Elevated CO2

Global atmospheric CO₂ concentrations have risen from approxi
mately 250 ppm in pre-industrial times to around 430 ppm today, pri
marily driven by fossil fuel combustion and land-use change (IPCC, 
2023). This increase has been partially offset by CO₂ uptake from the 
terrestrial biosphere and the oceans (Friedlingstein et al., 2025). Beyond 
its role in radiative forcing—contributing to climate change and asso
ciated warming and drought trends—elevated CO₂ levels can have a 
more direct physiological impact on trees, with cascading impacts on 
their C sequestration (Walker et al., 2022).

Fig. 1. Annual trend of global change drivers. Air temperature (a), precipitation (b), vapor pressure deficit (c), and soil moisture (d) are derived from ERA5-Land for 
the period 1990–2023. Nitrogen (e) and sulfur (f) deposition are derived from the EMEP product for the period 1990–2023. Grey areas indicate a nonsignificant 
temporal trend.

M. Gharun et al.                                                                                                                                                                                                                                Forest Ecology and Management 616 (2026) 123844 

4 



2.4. N deposition

Human activities, especially agriculture and industry, have greatly 
changed the global N cycle, increasing atmospheric reactive N and its 
deposition on land by 46 Tg N yr− 1 compared to pre-industrial levels 
(Schlesinger, 2009). European N emissions and corresponding deposi
tion increased from pre-industrial times till the mid-1980s, followed by a 
decrease since the 1990s (Engardt et al., 2017). Data from the Interna
tional Co-operative Programme on Assessment and Monitoring of Air 
Pollution Effects on Forests (ICP Forests) have identified central Europe 
as a hotspot for wet N deposition, with rates around 10–20 kg N ha− 1 

yr− 1. In contrast, the continental parts of Fennoscandia experience some 
of the lowest deposition rates, below 5 kg N ha− 1 yr− 1 (Schmitz et al., 
2019). Over the past three decades, inorganic N deposition has declined, 
with nitrate levels decreasing more rapidly than ammonium (Beachley 
et al., 2024; Schmitz et al., 2019; Waldner et al., 2014). This difference is 
largely attributed to effective policies targeting oxidized nitrogen 
emissions, whereas reducing ammonia emissions across the European 
continent is still a challenge (European Environment Agency, 2024; 
Sutton et al., 2013). Despite the overall reduction, N deposition in many 
forests still exceeds the critical load—estimated at 10–20 kg N ha− 1 yr− 1 

for deciduous forests and 5–15 kg N ha− 1 yr− 1 for coniferous forests 
(Bobbink et al., 2022). Exceeding these thresholds can lead to cascading 
negative effects on forest functioning and health, including tree growth, 
soil acidification, nutrient imbalances, and increased susceptibility to 
stressors (Etzold et al., 2020; Galloway et al., 2003).

2.5. Understudied extremes

2.5.1. Winter warming
While much research has focused on extreme climate events during 

the growing season, the effects of winter warming remain understudied 
(see however Gharun et al., 2025; Kreyling et al., 2019). In northern 
latitudes and high-altitude regions dominated by evergreen conifers, 
winter warming trends are particularly pronounced (IPCC, 2023). 
Europe experienced its warmest winter on record in 2020, with the 
greatest temperature anomalies observed over northeastern Europe 
relative to the 1981–2020 reference period (Copernicus Climate Change 
Service, 2021). This record-breaking event underscores the increasing 
frequency of winter warming anomalies and highlights the need to 
better understand its implications for forest C dynamics (Copernicus 
Climate Change Service, 2021).

2.5.2. Excess precipitation
Beyond rising temperatures, future climate scenarios project an in

crease in precipitation extremes (Thackeray et al., 2022). Extreme 
rainfall can negatively impact tree growth and survival, particularly in 
regions prone to waterlogged soils, where prolonged saturation may 
impair root function and increase susceptibility to pathogens (Kramer 
et al., 2008; O’Brien et al., 2024).

2.5.3. Late frost
Despite overall warming trends, late frost events remain a persistent 

threat to forests. Observations indicate an increase in frost days during 
the growing season across the Northern Hemisphere, particularly in 
Europe (D’Andrea et al., 2020; Liu et al., 2018). Model projections 
suggest that more than one-third of European forest areas are increas
ingly threatened by frost damage (Zohner et al., 2020). However, the 
risk is not uniform across landscapes and tree species. A study analyzing 
data from 50 locations in Switzerland between 1975 and 2016 found a 
significant increase in frost risk at elevations above 800 m, while lower 
elevations showed little to no change (Vitasse et al., 2018). These 
findings underscore the need for region-specific assessments of 
frost-related damage to better inform forest management strategies.

3. Response of forest C fluxes to global change drivers

Forests absorb large amounts of atmospheric CO2 through GPP. 
However, they also release CO2 back through Reco. These two large 
fluxes, operating in opposite directions, determine how much C is taken 
up by the ecosystem or released back to the atmosphere. We identify 
three pathways through which global change drivers influence net C 
uptake in forests: (1) modifications in instantaneous rates of C uptake 
and release, (2) shifts in the balance between GPP and Reco, as well as 
CH4, and (3) variations in the duration of the net C uptake period due to 
alterations in the length of the growing season.

3.1. Response to warming and drought

3.1.1. CO2 fluxes
The effects of warming and drought on C fluxes are strongly inter

linked and can be substantially altered when they interact. It is assumed 
that future changes in climate will decrease land C uptake with medium 
confidence (Canadell et al., 2021). Heatwaves alter the ability of Euro
pean ecosystems to act as a C sink. The frequent dry summers experi
enced in recent years (e.g., Gharun et al., 2024; Smith et al., 2020), 
especially in Europe's central and southeastern regions, caused a severe 
decrease in net forest C uptake (a reduction by 56–62 Tg C) over the 
drought-affected areas.

Studies conducted at the European FLUXNET sites showed that GPP 
was relatively insensitive to short-term heat anomalies or droughts as 
single drivers, while it considerably declined when the two drivers 
(drought and warming) interacted (Buttlar et al., 2017). Furthermore, 
the impact of heatwaves and drought on GPP is dependent not only on 
the magnitude of the events but also on their duration (Buttlar et al., 
2017). For example, the 2003 European heatwave event reduced forest 
GPP by 30% across Europe (195 g C m− 2 yr− 1), an unprecedented drop 
compared to the last century (Ciais et al., 2005). Similarly, a more severe 
heatwave and drought in 2018 decreased forest GPP by 10% (98 g C 
m− 2 season− 1) across Europe compared to the reference year 2016 (Fu 
et al., 2020). When a moderate drought occurred in a mixed oak and 
maple forest during the period between leaf bud break and full expan
sion, forest GPP declined by 16% (200 g C m− 2 yr− 1) (Noormets et al., 
2008) suggesting that drought effects depend on the timing of the event 
relative to phenological development.

The above-mentioned decline in forest GPP during the 2018 drought 
likely resulted from the combined effect of a strong negative influence of 
air temperature and VPD, a reduced positive contribution of radiation 
(photosynthetic photon flux density), and an intensification of water 
stress as soil water deficit increased (Fu et al., 2020). During the 2018 
heatwave, reductions in GPP were closely linked to decreased stomatal 
conductance observed across eleven Nordic forests (Lindroth et al., 
2020). While GPP responses in these forests were predominantly nega
tive, two northern sites exhibited increased GPP, likely due to 
temperature-driven stimulation of GPP (Lindroth et al., 2020). Evidence 
from ecosystem-scale observations shows that, depending on the local 
climatic conditions, spring drought can increase GPP, as found for an 
evergreen forest in Switzerland (Gharun et al., 2020; Wolf et al., 2013) 
and a floodplain forest in the Czech Republic (Kowalska et al., 2020).

When warming is considered as a single driver, independent of 
drought, it generally leads to an extension of the growing season. 
However, when combined with drought, this effect can be reversed. 
Menzel and Fabian (1999) estimated an average total increment of 10.8 
days for European forests from 1959 to 1993, and this trend was 
confirmed by other studies (Kolářová et al., 2014), but an opposite trend 
in the 2011–2020 decade was found due to an increase in atmospheric 
evaporative demand (Rahmati et al., 2023). A longer growing season 
may imply an enhancement of C uptake (increased GPP), especially 
through the autumn season (Zohner et al., 2019). However, evidence 
from both observational and modeling studies presents a more nuanced 
picture. Using one of the longest continuous records of CO₂ fluxes 
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(collected in Switzerland), Krebs et al. (2025) found that changes in the 
length of the growing season did not account for the non-linear trend in 
annual NEP between 1997 and 2023. Similarly, model simulations 
across European forests predict a consistent decline in the C sink 
strength under climate change, even if the number of days with net C 
uptake has increased in evergreen needle-leaf forests. This suggests a 
decoupling between the duration of the C sink period and the total 
annual C uptake. In deciduous forests, the number of C sink days has 
remained relatively stable throughout the century, yet a reduction in 
annual C uptake is still projected (Morichetti et al., 2024).

The effect of warming and drought on forest NEP largely depends on 
respiration responses. Plant respiration (Ra) is directly influenced by 
photosynthesis at the individual plant level (Collalti et al., 2020b; 
Högberg et al., 2001) and also at the ecosystem level (Larsen et al., 
2007). Moreover, photosynthesis and plant productivity are important 
drivers of both soil respiration (e.g., Janssen et al., 2001), and Reco (e.g., 
Migliavacca et al., 2011), and in some cases may outweigh the influence 
of temperature (García-Palacios et al., 2021; Morichetti et al., 2024; 
Quan et al., 2019).

Consistent evidence shows that, warming can accelerate both auto
trophic and heterotrophic respiration associated with soil decomposi
tion, leading to C losses and a positive climate feedback, provided that 
moisture does not limit respiration (García-Palacios et al., 2021; Mor
ichetti et al., 2024). However, confidence in model projections of 
warming-induced increases in global autotrophic and heterotrophic 
respiration remains low due to the misrepresentation of key processes. 
These include temperature acclimation of autotrophic respiration 
(Smith and Dukes, 2013) and several processes affecting soil carbon 
dynamics in land surface models, such as microbial dynamics, perma
frost thaw, the role of photosynthetic inputs in enhancing soil respira
tion, and peatland drainage (Canadell et al., 2021). During heatwaves, 
the causal effect strength of GPP on respiration is enhanced, with spatial 
heterogeneity driven by local climate and vegetation properties (Ping 
et al., 2023). However, respiration does not increase indefinitely with 
temperature but instead tends to saturate or decline beyond an opti
mum, consistent with enzyme-kinetic constraints such as those 
described by Michaelis–Menten substrate-based frameworks and ther
mal acclimation processes, whereby increases in growth temperature are 
partly offset by reduced respiration sensitivity to baseline temperature 
(Reich et al., 2016; Smith and Dukes, 2013). Recent evidence further 
suggests that under extreme climate conditions, Reco can be substan
tially reduced by severe root-zone soil moisture deficits, highlighting the 
strong limiting role of drought on respiratory fluxes, particularly when 
high temperatures exceed physiological optima (Dong et al., 2026). 
While excess water generally exerts limited influence on increasing soil 
respiration, severe drought typically constrains microbial and root ac
tivity, thereby reducing respiration rates (Metcalfe et al., 2010). Simi
larly, warming does not increase decomposition rates when soil and 
litter are dry (e.g., Orchard and Cook, 1983); instead, dryland-specific 
mechanisms of litter decay—such as photochemical degradation and 
humidity-enhanced microbial degradation—become increasingly 
important (Grünzweig et al., 2022; Wang et al., 2022). Following pro
longed dry periods, subsequent rewetting by rainfall often triggers a 
sharp increase in Reco, commonly referred to as the “Birch effect” 
(Barnard et al., 2020; Birch, 1958; Jarvis et al., 2007). This pulse in Reco 
is associated with the reactivation of soil microbial communities, 
decomposition of accumulated dead biomass and necromass, and a 
range of physical and chemical processes in the soil (Schimel, 2018).

3.1.2. CH4 fluxes
Forest CH4 exchange is strongly regulated by soil water content. 

Upland forest soils typically act as sinks for atmospheric CH4 (Krebs 
et al., 2024; Ni and Groffman, 2018). CH4 uptake in these soils is closely 
linked to hydrological conditions; moderate drought often enhances 
uptake, but extremely low soil water content can suppress methano
trophic activity and thereby reduce CH₄ oxidation (Liu et al., 2019). A 

meta-analysis by Liu et al. (2019) found no consistent effect of 
ecosystem warming on CH₄ uptake in forest soils. By contrast, soils in 
wetland forests (e.g., floodplain, riparian, or peatland forests) with 
persistently high water-content or frequent flooding can act as signifi
cant sources of CH₄. Their exchange potential, however, is highly sen
sitive to soil water status and secondarily to temperature. Notably, a 
reduction in soil water content can often shift wetland soils from being 
net sources of CH₄ to functioning as net sinks (e.g., Mander et al., 2022).

In general, upland trees growing under low soil water conditions are 
predominantly low or negligible emitters of CH4 or even sinks of CH4, 
whereas wetland trees can show substantial CH4 emissions (e.g., Covey 
and Megonigal, 2019; Moldaschl et al., 2021; Schindler et al., 2020). 
However, the contribution of trees depends on many aspects, such as 
forest type, tree species, tree and environmental parameters and sea
sonal dynamics, leading to high spatial and temporal variability in tree 
and ecosystem CH4 fluxes (e.g., Barba et al., 2019; Machacova et al., 
2023). The combined influence of drought and warming on soil CH₄ 
fluxes remains poorly understood, and available evidence is still limited.

Warming alone generally exerts a positive effect on CO₂ fluxes by 
enhancing both GPP and Reco. However, when warming interacts with 
drought, both CO₂ uptake and Reco tend to decline (Fig. 2). To improve 
estimates of tree- and forest-level CH₄ fluxes, there is an urgent need for 
long-term measurements of CH₄ exchange across a wide range of tree 
species and forest ecosystems. These measurements should be coupled 
with investigations of the underlying processes and mechanisms driving 
the frequently observed high spatio-temporal variability in CH₄ fluxes, 
as well as the response of these fluxes to global change drivers.

The processes described above are synthesised conceptually in Fig. 2, 
which integrates the responses of GPP, Reco, NEP, and CH₄ fluxes to 
individual global change drivers, illustrating the relative direction (e.g., 
decrease or increase) and perceived magnitude of change in carbon 
fluxes.

3.2. Response to increasing atmospheric CO2

Elevated atmospheric CO₂ reduces stomatal conductance in trees, a 
response that is well supported across many species and can enhance 
water-use efficiency (e.g., Keenan et al., 2013; Montibeller et al., 2022; 
Treml et al., 2022). While CO₂ fertilization can promote forest growth 
and strengthen the C sink, emerging evidence suggests that it may also 
contribute to forest degradation by altering biodiversity and modifying 
moisture availability under certain conditions (Lapola et al., 2025).

Fig. 2. Conceptual synthesis of response of C fluxes to global drivers of change. 
Red color marks the increasing response, and blue color marks a decreasing 
response. Bar sizes are illustrative and represent the relative direction and 
perceived magnitude of responses, not quantitatively derived values.
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3.2.1. CO2 fluxes
Rising atmospheric CO₂ concentration has been identified as a major 

driver of the increase in forest photosynthesis and GPP observed in 
recent decades at regional to continental scales (Chen et al., 2022; 
Fernández-Martínez et al., 2017). Its role is generally attributed to a 
combination of structural factors such as increase in leaf area index 
(LAI) as well as physiological controls such as enhanced photosynthetic 
efficiency and changes in stomatal regulation (Keenan et al., 2023). 
Experimental evidence from individual forest sites supports these 
mechanisms. For example, Gardner et al., (2022) reported an average of 
23% increase in leaf-level photosynthetic CO₂ uptake in ~180-year-old 
English oak canopies following several years of elevated CO₂ exposure at 
a temperate forest Free Atmospheric CO2 enrichment (FACE) experi
ment, in central England. While such site-level experiments provide 
mechanistic insight, their responses may vary across species, stand 
structures, and environmental conditions. A comprehensive 
process-based land surface model (i.e., QUINCY) showed that increasing 
GPP due to CO2 fertilization is evident at most forest sites in Europe, 
whereas responses at grassland sites are less clear due to high interan
nual variability in GPP (Zhan et al., 2022). However, the magnitude and 
persistence of the CO2 fertilization effect on forests remain uncertain, 
due to concurrent changes in climate conditions - particularly increasing 
aridity, nutrient availability, and in some regions, stand aging (Peñuelas 
et al., 2017). There is also evidence suggesting a saturation and potential 
decline of the CO₂ fertilization effect on global forest productivity (Wang 
et al., 2020), although the magnitude and extent of this saturation re
mains under debate (Sang et al., 2021; Frankenberg et al., 2021).

Despite growing evidence for CO₂-driven stimulation of photosyn
thesis, isolating its contribution to observed increases in forest produc
tivity remains challenging (Norby, 2025) because of potential 
confounding factors particularly phenological changes and lengthening 
of the growing season. Long-term trends in GPP inferred from 
eddy-covariance measurements and remote sensing products integrate 
the effects of multiple concurrent processes, including changes in 
growing-season length (Li et al., 2025), post-disturbance stand devel
opment (Cooper et al., 2017), shifts in forest demography, and alter
ations in nutrient supply (Yan et al., 2023). These factors can 
independently enhance canopy development and C uptake, potentially 
reinforcing or masking the influence of elevated atmospheric CO₂.

Evidence from tree-ring analyses also suggests that growth responses 
to increasing CO₂ are not universally expressed across species or regions 
(Gedalof and Berg, 2010; Zhang et al., 2026), and may weaken over time 
where nutrient or water availability become constraining (Gharun et al., 
2021). Such discrepancies highlight the importance of considering 
ecosystem context and resource limitations when interpreting 
large-scale productivity trends. More broadly, the separation of CO₂ 
effects from those of climate variability, land-use history, and ecosystem 
recovery remains a key methodological challenge, particularly when 
relying on observational datasets (Brienen et al., 2012). Consequently, 
although multiple approaches indicate that rising atmospheric CO₂ has 
contributed to enhanced forest productivity at broad spatial scales, the 
magnitude of its contribution relative to other environmental drivers 
remains an active area of investigation.

Elevated atmospheric CO₂ influences forest respiration through 
complex interactions involving plant physiology, soil processes, and 
ecosystem acclimation (Liu et al., 2025). While there is no clear evidence 
that elevated CO₂ may directly increase enzymes kinetic, results from 
FACE experiments show that higher CO₂ levels enhance photosynthetic 
C assimilation (Ainsworth and Rogers, 2007) and stimulate below
ground C allocation, leading to increased forest floor and soil respiration 
rates, particularly via greater root biomass and microbial activity 
(Leakey et al., 2009). Consistently, Suwa et al. (2004) observed a pro
gressive increase in forest floor respiration under elevated CO₂, reaching 
a peak enhancement of 40%, before declining due to reduced soil CO₂ 
production and diffusivity constraints. However, this can vary with soil 
moisture and temperature conditions, sometimes leading to reduced 

respiration under very wet conditions (Barron-Gafford et al., 2005). 
Accordingly, regional differences in moisture availability influence the 
response magnitude, with elevated CO₂ effects on soil respiration typi
cally being larger in humid regions than in arid regions (Liu et al., 2025).

3.2.2. CH4 fluxes
Direct investigations of the effect of elevated atmospheric CO2 con

centrations on the forest and tree CH4 exchange are still scarce and 
ongoing, and are connected to unique long-term manipulation experi
ments such as e.g., Birmingham Institute of Forest Research’s Free Air 
CO2 Enrichment (BIFoR-FACE) or The AmazonFACE programme (e.g., 
Gauci, 2025; Machacova et al., 2026).

In summary, increasing atmospheric CO2 enhances GPP and soil 
respiration, though in this latter case, soil moisture can modulate CO2 
soil fluxes (Fig. 2), however the effect of increasing CO2 on soil CH4 
uptake is much less consistent. Future research should prioritize disen
tangling indirect hydrological and plant-mediated pathways to CH4 
fluxes in forest, to better constrain forest C budgets under elevated CO₂.

3.3. Response to N deposition

3.3.1. CO2 fluxes
Atmospheric N inputs are key drivers of the global forest C sink 

(Fernández-Martínez et al., 2017). While N deposition is estimated to 
contribute approximately 0.25 Pg C yr− 1 to the global forest C sink, 
biological N fixation (BNF) plays a substantially larger role, contributing 
to around 1.58 Pg C yr− 1—more than six times the contribution from N 
deposition. Similarly, BNF supports 3.07 Pg C yr− 1 of nitrogen-induced 
new net primary production (NPP), compared with only 0.41 Pg C yr− 1 

from N deposition, highlighting the dominant role of BNF in sustaining 
forest productivity and long-term C sequestration (Du et al., 2025; Du 
and Vries, 2018; Vries et al., 2014).

While the understanding of different driver effects on C fluxes is 
rapidly evolving, existing model projections expect that a decline in N 
deposition may partly offset an anticipated increase in forest growth in 
Europe between 2000 and 2050 due to rising atmospheric CO₂ con
centrations, warming temperatures, and reduced exposure to phytotoxic 
ozone (Vries et al., 2017). However, such a decrease in N deposition has 
not yet led to observable changes in ecosystem CO2 fluxes; for example, 
the decrease in N deposition between 1995 and 2011 did not signifi
cantly affect GPP and NEP across Europe and north America, whereas 
reduction in sulfur deposition and increasing atmospheric CO2 were 
identified as stronger drivers of GPP enhancement (Fernández-Martínez 
et al., 2017). The relationship between GPP or NPP and N deposition 
appears to be non-linear (Flechard et al., 2020a, 2020b; Wang et al., 
2021), which may help explain why recent overall declines in N depo
sition have not led to measurable changes in ecosystem CO2 fluxes. For 
example, GPP or NEP estimated from eddy covariance forested sites 
across Europe tend to level off or even decline above a threshold ranging 
between 10 and 25 kg N ha− 1 yr− 1, possibly indicating N saturation 
effects (Flechard et al., 2020b; van der Graaf et al., 2021; Wang et al., 
2022).

In regions where N is not a limiting factor for forest growth, N 
deposition can suppress organic matter decomposition in the soil to an 
extent similar to the increased CO2uptake by trees (Janssens et al., 
2010). However, this effect is highly context-dependent. In N-limited 
forests, relatively low N deposition can actually increase soil respiration 
rather than suppress it (e.g., Hasselquist et al., 2016). Moreover, in 
Mediterranean mountain forests, the Reco response to N deposition 
varies seasonally, with the strongest effects observed between February 
and May (Fernández-Alonso et al., 2021). Increased soil respiration in 
N-limited sites may reduce NEP, while respiration suppression in N-rich 
soils could enhance it (e.g., Hasselquist et al., 2016; Janssens et al., 
2010). On the other hand, N deposition can lead to soil acidification and 
changes in the soil C/N ratio, which are critical factors influencing soil 
respiration. Acidification can alter microbial communities and reduce 
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microbial activity, potentially decreasing soil respiration rates 
(Rousseau et al., 2024).

Changes in N deposition can significantly affect plant–fungal in
teractions, notably by reducing the abundance of mutualistic fungi such 
as mycorrhizae (Dean et al., 2014; Ma et al., 2021). Many studies have 
shown that ectomycorrhizal species are more abundant at sites with 
lower N deposition, as observed in the case of oak (Suz et al., 2014), 
beech (De Witte et al., 2017) and pine tree species (Van Der Linde et al., 
2018). Nitrogen deposition of 5.8 kg N ha− 1 yr− 1 has been identified as a 
tipping point, beyond which a steep decline in ectomycorrhizal fungi 
taxa associated with conifer species occurs (Van Der Linde et al., 2018). 
Shifts in soil microbial communities—typically marked by reduced di
versity and a rise in nitrophilic species—can have significant implica
tions for NEP in European forests (Baldrian et al., 2023). Addressing this 
knowledge gap should be a priority for future research, particularly to 
clarify how microbial transitions regulate forest carbon dynamics and 
shape NEP responses under changing nitrogen deposition regimes.

3.3.2. CH4 fluxes
N deposition is generally thought to suppress CH₄ uptake by forest 

soils, although its effect depends on the level of N input. A meta-analysis 
of N-addition experiments by Xia et al. (2020) revealed a shift from 
positive to negative effects on forest soil CH₄ uptake with increasing N 
additions in both boreal and temperate forests. At current deposition 
levels, however, N inputs appear to have a neutral to slightly positive 
effect on CH₄ uptake in these regions (Xia et al., 2020). A recent global 
synthesis, including N manipulation experiments, estimated that N 
deposition has reduced forest soil CH₄ uptake by about 3% worldwide 
(Cen et al., 2024). Ni and Groffman (2018) however argue that soil CH₄ 
uptake is more strongly controlled by soil hydrology than by N deposi
tion or rising temperatures. By contrast, the effects of N deposition on 
tree-mediated CH₄ exchange remain poorly understood and need future 
investigations.

In summary, N deposition can both enhance and suppress ecosystem 
CO2 uptake and soil respiration, depending on whether forests have 
reached the critical empirical load for nitrogen. N deposition can also 
alter soil chemistry, microbial communities and plant-microbe in
teractions, with implications for long-term carbon dynamics (Fig. 2). N 
deposition generally reduces soil CH4 uptake at higher levels, although 
current deposition rates show limited or slightly positive effects, with 
soil hydrology remaining a key controlling factor (Fig. 2).

3.4. Response to understudied extremes

3.4.1. CO2 fluxes
Extreme weather events such as windthrow and excess precipitation 

can strongly affect forest GPP. For example, two Scots pine stands in 
Poland turned into significant CO2 sources following a tornado-induced 
windthrow (Ziemblińska et al., 2018). Excess precipitation can also 
change ecosystem CO2 dynamics: depending on the magnitude of the 
rain pulse, it may stimulate photosynthesis (López-Ballesteros et al., 
2016), thereby altering GPP and the overall CO2 balance. Such effects 
have been observed not only in Mediterranean forests (Bartsch et al., 
2020; Unger et al., 2012) but also in temperate forests during dry 
summer periods (Ruehr et al., 2010). Heavy precipitation can cause 
extreme floods, which act as stressors to many tree species, reducing 
their aboveground productivity through a combination of lower 
germination rates and reduced growth as a result of physiological stress 
(Douda et al., 2009; Rodríguez-González et al., 2021). Excess precipi
tation can lead to waterlogging, affecting root-soil interactions and 
microbial activity. This, in turn, influences C mineralization rates, 
altering soil respiration and potentially impacting overall C sequestra
tion (Wood et al., 2025). Future changes in the rainfall regime and net 
primary productivity will significantly alter the dynamics of the het
erotrophic respiration (Rh) and the global C budget. In regions that are 
becoming more wet, Rh may increase faster than NPP, thereby reducing 

the C storage capacity of terrestrial ecosystems (Huang et al., 2021a).
Late frost events can have detrimental effects on forest ecosystems, 

impacting the photosynthetic process by damaging leaves, buds, and 
younger shoots. This damage disrupts C assimilation and, consequently, 
reduces the overall C uptake. Understanding the frost-phenology in
teractions is crucial for predicting the repercussions of climate-induced 
frost events on forest CO2 fluxes (IPCC, 2023; Kreyling et al., 2019). 
Studies show that trees prioritize C allocation to storage and remobili
zation of recently stored reserves (starch and sugars) to support respi
ration rather than growth, to ensure immediate and future survival 
under negative CO2 imbalance that may occur during critical periods of 
stress (Huang et al., 2021b). Beech trees, for example, survive complete 
defoliation due to spring late-frost damage and rapidly mobilize recent 
and old reserve C to survive strong source–sink imbalances (D’Andrea 
et al., 2019).

Winter warming increases Reco (and both autotrophic and hetero
trophic), particularly in colder regions with higher soil C stocks (Gharun 
et al., 2025). During the exceptionally warm winter of 2020, elevated air 
and soil temperatures reduced NEP across many evergreen needleleaf 
forests in Europe, with the strongest effects observed at colder sites 
experiencing pronounced positive temperature anomalies. However, the 
associated increase in CO₂ fluxes across forests was not attributed to a 
single factor, reflecting complex interactions among air temperature, 
soil temperature, and radiation in regulating C dynamics (Gharun et al., 
2025). This variability among sites suggests that additional mechanisms 
beyond temperature alone influence winter carbon responses. For 
instance, in a Scots pine–dominated boreal forest, the 2020 winter 
warming had negligible effects on CO₂ fluxes (Aslan et al., 2024). One 
such mechanism is snow dynamics, as warmer winters often reduce 
snow cover and accelerate snowmelt, with cascading effects on soil 
thermal regimes and carbon cycling during the subsequent growing 
season (Pongracz et al., 2024).

3.4.2. CH4 fluxes
Extreme weather events such as excessive precipitation and winter 

warming can significantly alter forest CH₄ fluxes, yet their impacts 
remain understudied. Upland forest soils, typically CH₄ sinks, can shift to 
becoming sources of varying magnitude following prolonged heavy 
rainfall, highlighting the sensitivity of soil CH₄ dynamics to changes in 
moisture regimes (Korkiakoski et al., 2022). The frequency and intensity 
of precipitation events also play a role: in dryland ecosystems, more 
frequent but lower-intensity rain events have been shown to maximize 
CH₄ uptake, with effects varying depending on soil texture (Martins 
et al., 2021). In boreal forests, winter CH₄ dynamics are especially 
complex. While these ecosystems can act as CH₄ sinks during winter, the 
temperature controls on fluxes are nuanced. Experimental studies sug
gest that the effect of warming depends on whether it occurs at the 
surface or in deeper soil layers, with contrasting impacts on CH₄ fluxes 
(Mavrovic et al., 2024). This complexity underscores the need to 
improve model representations of winter CH₄ processes, particularly as 
Arctic-Boreal regions are warming up to four times faster than the global 
average (Rantanen et al., 2022).

In summary, overall, there is very limited information available on 
the effect of understudied extremes on forest C fluxes (Fig. 2). Site-level 
studies suggest that these additional drivers can alter carbon fluxes, 
though directionality really depends on environmental conditions.

3.5. Interacting effect of multiple drivers on C fluxes

3.5.1. Nutrient-based interactions
Since N can limit growth in boreal and temperate forests, it can affect 

tree responses to rising atmospheric CO₂, for example by amplifying or 
constraining a potential CO₂ fertilization effect (Luo et al., 2004; Wieder 
et al., 2015). Evidence from large-scale FACE experiments in young, 
replanted temperate sweetgum (ORNL-FACE) and pine forests (Duke-
FACE) shows that elevated CO₂ stimulates growth only transiently, with 
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N limitation reducing CO₂ uptake within 3–5 years (Finzi et al., 2006; 
Norby et al., 2010). In contrast to young forest FACE experiments—often 
established on nutrient-rich former agricultural land—mature 
temperate forests are likely to exhibit stronger N limitations on C 
sequestration under elevated CO₂ (De Kauwe et al., 2014; Finzi et al., 
2006).

Decades of reactive N deposition in European forests—often 
exceeding ecological thresholds—have enriched soil N stocks and 
enhanced N availability. This N legacy can temporarily sustain forest 
growth responses to rising atmospheric CO₂, prolonging the CO₂ fertil
ization effect until nutrient limitations re-emerge (Sgouridis et al., 
2023). In contrast, forests receiving low N inputs (below 6–10 kg N ha− 1 

yr− 1) are expected to show weaker growth stimulation under elevated 
CO₂. Although elevated CO₂ generally promotes plant growth and forest 
productivity (Brienen et al., 2020; Ruehr et al., 2023), mature forests 
typically exhibit weaker responses than young stands, particularly when 
nutrient availability is constrained (Ellsworth et al., 2017; Körner et al., 
2005). For example, at the EucFACE experiment in a mature Eucalyptus 
forest in Australia, no increase in net primary production (NPP) was 
observed under elevated CO₂, with responses limited by phosphorus (P) 
availability (Ellsworth et al., 2017).

3.5.2. Climatic and nutrient-based interactions
Beyond nutrient constraints, climate stressors also shape forest re

sponses. Satellite-based models indicate widespread reductions in 
terrestrial GPP driven by rising VPD, offsetting potential CO₂ fertiliza
tion benefits (Mirabel et al., 2023; Yuan et al., 2019). Elevated VPD 
suppresses stomatal conductance, leading to lower photosynthesis and 
growth, increased transpiration up to a certain threshold, and height
ened risks of hydraulic failure and C starvation (Grossiord et al., 2020). 
However, the net GPP response to elevated CO₂ under high VPD is 
strongly modulated by soil water availability (Preisler et al., 2023). 
Taken together, these findings highlight the need for experimental 
validation of the combined impacts of drought, pollution-driven 
nutrient enrichment, and elevated CO₂ to better constrain the C 
sequestration potential of European forests (Norby et al., 2016).

The interaction between N deposition and drought has been explored 
in various manipulation experiments with mixed outcomes. Some 
studies report that N addition can buffer drought effects by sustaining 
tree growth (Ibáñez et al., 2018; Wang et al., 2012), while others suggest 
that it may exacerbate drought sensitivity by reducing root biomass and 
thereby limiting water uptake (Dziedek et al., 2016), or by increasing 
the risk of uprooting (Braun et al., 2023). Observational evidence from 
FLUXNET sites across Europe similarly reveals no uniform effect of N 
deposition on forest productivity during drought, with responses vary
ing by site and context (van der Graaf et al., 2021). Together, these 
findings emphasize the context dependency of N deposition effects and 
the complex interplay between nutrient enrichment and climatic 
stressors such as drought. To date, only one study has explicitly exam
ined how N deposition interacts with drought to shape GPP across Eu
ropean forests based on direct flux observations (Wang et al., 2022). 
While confirming a generally positive relationship between GPP and N 
deposition up to a threshold of 10–15 kg N ha− 1 yr− 1, this study found 
no consistent or significant effect of N deposition on forest GPP sensi
tivity to drought.

Looking forward, climate change is expected to intensify the chal
lenges posed by drought–nutrient interactions. Air temperatures in 
Europe are projected to rise more rapidly than the global average, with 
increases of 1.2–3.4 ◦C under SSP1–2.6 and 4.1–8.5 ◦C under SSP5–8.5 
by 2071–2100 (relative to 1981–2010), according to CMIP6 models. 
Compound soil and atmospheric drying events are anticipated to 
become up to three times more frequent across Europe (Shekhar et al., 
2024). Concurrently, shifts in atmospheric chemistry are predicted: 
while emissions of oxidized N compounds are expected to decline by 
2050, ammonia (NH₃) emissions may rise slightly (Simpson et al., 2014). 
Other climatic extremes are also likely to intensify. Snow-dominated 

regions are expected to face shorter snow cover duration, warmer win
ters and springs, and greater winter precipitation (Vitali et al., 2018). 
Excess precipitation events are projected to increase in frequency and 
intensity, particularly in northern and central Europe, under both 
RCP2.6 and RCP8.5 scenarios (Huo et al., 2021; Thackeray et al., 2022).

In summary, when considered individually, global change drivers 
often produce relatively predictable responses in forest carbon fluxes: 
warming tends to enhance both GPP and Reco, elevated atmospheric 
CO₂ generally stimulates photosynthesis, and moderate N inputs can 
enhance productivity in N-limited systems. However, when drivers 
interact, ecosystem responses frequently become non-linear, amplified, 
or even reversed relative to single-driver expectations. For example, 
warming alone may extend the growing season and increase GPP, but in 
combination with drought, elevated vapor pressure deficit suppresses 
stomatal conductance, reduces GPP, and can increase respiration losses 
during rewetting events. Similarly, the positive effect of rising CO₂ on 
productivity may be constrained by nutrient limitation or drought stress, 
while historical N deposition can temporarily sustain CO₂ fertilization 
effects but also increase vulnerability to climatic stressors. Under com
pound disturbances—such as drought followed by extreme precipitation 
or winter warming—ecosystem respiration pulses and structural dam
age can further reduce NEP. Collectively, these findings indicate that 
forest carbon dynamics cannot be reliably inferred from single-driver 
responses alone; instead, interacting drivers shape ecosystem resil
ience through feedbacks among physiological processes, soil biogeo
chemistry, and disturbance regimes, often leading to thresholds or 
tipping points in carbon sink strength.

4. Resilience of forest carbon fluxes to global change: roles of 
memory, management, biodiversity, and disturbance

Over recent decades, a number of studies have assessed forest resil
ience across spatial scales, using diverse observational approaches, 
ranging from leaf-level gas exchange measurements (Fürstenau Togashi 
et al., 2018) to drone-derived physiological indices (D’Odorico et al., 
2021). Particularly with the increase in the frequency of extreme events 
during the past 30 years and the projected increase in frequency and 
intensity of such events until the end of the 21st century (Shekhar et al., 
2024), the topic of forest resilience is becoming increasingly relevant. 
One approach to assessing tree and forest resilience to air pollution and 
climate extremes is the quantification of resistance (often referred to as 
stability), defined as the ability of ecosystem functioning to persist 
during an extreme event, and recovery, defined as the ability to return to 
pre-disturbance levels of performance (e.g., Ingrisch and Bahn, 2018; 
Nimmo et al., 2015). When considered together, resistance and recovery 
allow resilience to be quantified, provided that the system is capable of 
returning to pre-disturbance functioning (e.g., Schulze et al., 2019). A 
variety of different data sets and methodologies have been used so assess 
resistance, recovery, and resilience, e.g., satellite-based vegetation 
proxies (e.g., Huang & Xia, 2019; Khoury & Coomes, 2020), tree-ring 
width data (Fang & Zhang 2019; Gazol et al., 2018; Vitasse et al., 
2019) or eddy covariance measurements of greenhouse gas flux between 
forests and the atmosphere (Reichstein et al., 2013; Musavi et al., 2017; 
Shekhar et al., 2023). The focus of this paper is however on resilience of 
C fluxes which entails assessing plot-scale flux observations.

Assessing the resilience of forest carbon (C) sink capacity requires 
not only identifying extreme events, but also understanding the pro
cesses that regulate carbon gain and water loss in trees and forest eco
systems across relevant spatial and temporal scales. Resilience can be 
quantified using a range of approaches, including variance-based met
rics derived from detrended and deseasonalized fluxes, satellite-based 
observations, indicators of critical slowing down—although the 
robustness of these indicators has recently been questioned (Smith and 
Boers, 2023; Liu et al., 2026)—and measures of recovery time following 
climate or disturbance pulses (Ingrisch & Bahn, 2018). One of the key 
limitations of flux observations is the relatively short time series length, 
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except for a subset of sites. Currently the typical assessments are done 
using variance-based methods. Nevertheless, as flux observation net
works continue to mature, they are expected to play an increasingly 
central role in resilience assessments. Additionally, quantifying resil
ience in an ecological context is inherently challenging because the 
baseline climatic conditions against which responses are evaluated are 
themselves changing over time. Nevertheless, recent studies have 
demonstrated that machine-learning approaches applied to 
high-resolution flux measurements can be used to tackle this challenge 
and quantify forest resilience—in terms of fluxes—to increasing climate 
extremes (Shekhar et al., 2023).

Forests differ in their capacity for resilience to global change drivers, 
with ecosystem memory as well as lag and legacy effects playing key 
roles in shaping long-term C flux responses (Anderegg et al., 2016a; 
Forzieri et al., 2021; Liu et al., 2023; Müller and Bahn, 2022). Across 
much of temperate Europe, the resilience of NEP has declined over the 
past two decades, signaling increasing vulnerability of forests to envi
ronmental stressors (Gharun et al., 2024). This reduction in resilience is 
largely attributed to more frequent and severe natural and anthropo
genic disturbances, which are expected to significantly diminish the 
future C uptake potential of European forests (Seidl et al., 2014; e.g., 
Turubanova et al., 2023; Gruenig et al., 2026). In the Mediterranean 
regions, the resilience of net biome production has already weakened in 
recent decades, reflecting the combined effects of increasing aridity, 
more frequent droughts, and higher temperatures that often trigger 
forest fires (Fernández-Martínez et al., 2023). Even boreal forests, 
traditionally considered more buffered, now show declining growth and 
C uptake (Henttonen et al., 2024; Laudon et al., 2024). In Fennoscandia, 
these declines are attributed not only to climate change but also to 
intensified harvesting pressures (e.g., Turubanova et al., 2023). Taken 
together, these patterns underscore the increasing vulnerability of for
ests and the need for improved resilience assessment frameworks.

4.1. Legacy effect on forest resilience in terms of C fluxes

Climate extremes can leave lasting impacts on forest growth and C 
uptake, with legacy effects persisting for several years (Pohl et al., 2023) 
and potentially leading to an increase in mortality (DeSoto et al., 2020). 
Ecosystem flux observations from monitoring sites in central Germany 
show that drought legacy effects on GPP can endure across multiple 
seasons and sometimes years, with reductions comparable to the im
mediate drought impact (Yu et al., 2022). These effects are partly 
explained by delayed leaf development, and vary with species compo
sition, forest age, and stand structure, indicating that ecological char
acteristics and historical management shape the resilience of forests to 
past droughts and climate extremes. In fact, Vangi et al. (2024) showed 
that differences in age-class distribution - largely shaped by past man
agement - can influence forest sensitivity and resilience even more 
strongly than climate.

Forests also display adaptive mechanisms that can buffer against 
extreme events. The resilience of C fluxes improves when trees draw on 
strategies common in dryland ecosystems (Grünzweig et al., 2022). For 
instance, foliar uptake of non-rainfall water (e.g., fog) has been shown to 
enhance seedling photosynthesis in temperate forests (Berry et al., 
2014), while hydraulic redistribution during prolonged drought can 
maintain soil moisture and increase annual GPP by up to 30%, allowing 
forests to remain C sinks rather than becoming C sources (Domec et al., 
2010).

Nevertheless, mounting evidence indicates a decline in forest C sink 
capacity under severe drought across diverse ecosystems (Lu and Yan, 
2023; Nestola et al., 2018; Xu et al., 2020; Yao et al., 2023). In subalpine 
Norway spruce-dominated forests near Davos, Switzerland—typically 
strong C sinks—intensified drought has led to increased Reco and 
reduced GPP, turning the forest into a weaker C sink (Krebs et al., 2025). 
Long-term monitoring in the Amazon similarly reveals sharp, short-term 
declines in net C uptake during severe drought (Yao et al., 2023). In both 

cases, however, these shifts represent transient responses to extreme 
events rather than enduring legacy effects. By contrast, temperate mixed 
deciduous forests have maintained their sink function under drought 
stress more effectively than coniferous stands, suggesting that manage
ment strategies promoting mixed-species forests may enhance C 
sequestration under future climate extremes (Buchmann et al., 2025).

Recent advances in modeling further underscore the importance of 
ecosystem memory in shaping C dynamics. Studies show that incorpo
rating lagged climate impacts into deep learning models improves the 
simulation of NEP and its interannual variability, demonstrating that 
past conditions strongly influence present-day fluxes (Liu et al., 2023). 
Similarly, machine learning approaches have shown that temporal 
context and stand age (time since last disturbance) improve NEP pre
dictions (Besnard et al., 2019). Notably, the response of NEP to pre
cipitation often lags behind that to temperature and radiation, with 
memory effects varying across ecosystems and seasons (Liu et al., 2019). 
These findings highlight the need to explicitly incorporate legacy and 
memory effects into forest ecosystem models to more accurately predict 
C balance and resilience under future climate and air pollution patterns.

4.2. Management effects on forest resilience in terms of C fluxes

Beyond legacy effects of climate extremes, forest management is a 
critical determinant of forest resilience to global change. Management 
directly shapes forest structure, stand age, and species composition, key 
attributes that regulate ecosystem productivity, sensitivity to drought, 
and recovery dynamics following disturbances, and ultimately influence 
CO₂ and CH₄ flux responses. By modifying age-class distributions, can
opy complexity, and species diversity, management affects both 
ecosystem stability and C and water flux variability (Vangi et al., 2024; 
Yao et al., 2025). Similarly, management affects both ecosystem sta
bility and the balance between GPP, NPP, and Ra, thereby ultimately 
controlling vegetation carbon-use efficiency (CUE = NPP/GPP; Luo 
et al., 2025) and water-use efficiency (Saponaro et al., 2026). Ameray 
et al. (2021) reviewed the impacts of contrasting management strat
egies—including intensive and extensive practices as well as old-growth 
conservation—on carbon sequestration and storage. Their analysis 
showed that old-growth conservation tends to promote higher soil car
bon storage, whereas intensive approaches such as afforestation and 
nitrogen and phosphorus fertilization primarily enhance carbon 
sequestration in aboveground biomass. On this basis, the authors pro
posed a functional zoning framework that strategically integrates 
different management approaches. Such a framework could optimize 
forest management outcomes by reconciling industrial demands with 
climate change mitigation objectives, while simultaneously strength
ening the resilience of carbon fluxes under global change. However, 
Dalmonech et al. (2022) showed that there is little or no leeway to in
crease both carbon sequestration and stock capacity by simply 
increasing intensity and frequency of thinning under climate change 
scenarios.

The role of forest management on modulating CH₄ fluxes is still 
rarely addressed, despite their potential to influence soil microclimate, 
substrate availability, and gas transport processes. For instance, Dou
kalianou et al. (2019) and Mazza et al. (2019) found that thinning in 
Pinus stands in Greece and Italy temporarily enhanced the soil’s capacity 
to act as a CH₄ sink. Yet, these studies focused narrowly on soil fluxes, 
overlooking other potential CH₄ sources and sinks such as stems and 
woody tissues.

In boreal forests, where clear-cutting is still a dominant management 
practice, associated soil disturbance and altered hydrology can increase 
soil moisture, potentially shifting soils from net CH₄ sinks to net sources 
(Vestin et al., 2020). However, empirical evidence remains inconclusive, 
with studies reporting contrasting outcomes (Korkiakoski et al., 2019; 
Sundqvist et al., 2014). Conversely, historical drainage practices such as 
ditching, which lower groundwater tables, have been shown to suppress 
CH₄ emissions from both soils and stems and, in some cases, even 

M. Gharun et al.                                                                                                                                                                                                                                Forest Ecology and Management 616 (2026) 123844 

10 



promote CH₄ uptake (Klaus et al., 2024). The influence of forest man
agement on non-CO₂ greenhouse gas (GHG) fluxes remain poorly un
derstood, representing a major knowledge gap—particularly in 
Mediterranean ecosystems, where available studies are scarce and often 
limited to short-term observations.

4.3. Effect of biodiversity on forest resilience in terms of C fluxes

A robust positive relationship between biodiversity and forest pro
ductivity has been documented in both natural and managed forests, 
particularly in systems managed for timber production (Ammer, 2019; 
Jucker et al., 2014, 2016; Yang et al., 2023). Beyond enhancing pro
ductivity, biodiversity also contributes to soil health. For example, 
higher plant diversity has been associated with greater levels of 
extractable organic carbon and nitrogen in soils (Zuo et al., 2023). 
However, current forest stability does not preclude future biodiversity 
loss, as many ecosystems face an extinction debt—especially where 
climate change interacts with human-driven land-use change (Travis, 
2003). These findings highlight the need to account not only for present 
biodiversity states, but also for their future trajectories when assessing 
forest resilience, since ongoing environmental pressures may outpace 
species’ adaptive capacities.

Higher biodiversity has been consistently linked to greater ecosystem 
resilience, manifested in more stable productivity and enhanced carbon 
storage. Highly diverse forests are generally better able to withstand and 
recover from climatic extremes and anthropogenic disturbances 
(Ammer, 2019; Hisano et al., 2018; Mina et al., 2022; Thompson, 2009). 
Understanding the role of biodiversity in sustaining forest resilience and 
carbon dynamics requires consideration of the complex interactions 
between taxonomic, functional, and structural diversity, carbon cycling, 
and global change drivers (Forzieri et al., 2021). Such an understanding 
calls for an integrated perspective on ecosystem multifunctionality that 
incorporates both above- and belowground biodiversity (Bardgett and 
van der Putten, 2014; Cameron et al., 2019; Weiskopf et al., 2024), and 
explicitly addresses the interactions between biodiversity and forest 
management practices (Oettel and Lapin, 2021).

Studies indicate that forests with higher tree species diversity 
generally maintain greater carbon stocks than monocultures, as diverse 
ecosystems often benefit from complementary interactions that optimize 
light capture and nutrient use (Buotte et al., 2020; Chen et al., 2023). 
However, the magnitude of these positive complementarity effects can 
vary depending on species identity, limiting resources, and forest 
developmental stage (Ammer, 2019). Climate change further challenges 
the long-term viability of many species for management. Modeling of 69 
European tree species suggests that 33–49% may become unsuitable for 
planting under moderate to severe climate scenarios, reducing the pool 
of climatically appropriate species and constraining mixed-forest man
agement strategies (Wessely et al., 2024). This decline in species avail
ability threatens forest resilience, particularly with regard to carbon 
storage.

Functional trait diversity, especially in hydraulic traits, has emerged 
as a key mediator of ecosystem carbon flux resilience. For example, 
greater diversity in tree hydraulic traits buffers carbon flux fluctuations 
during droughts across temperate and boreal forests (Anderegg et al., 
2016b). Such hydraulic diversity is expected to play an increasingly 
important role in forest–atmosphere interactions under changing cli
mates. Additionally, higher species and trait diversity mitigates the 
impacts of disturbances on carbon storage and uptake, thereby 
enhancing the robustness of forest carbon sequestration and strength
ening their role in climate change mitigation (Hisano et al., 2018).

Additionally, soil biodiversity is a fundamental driver of forest 
resilience, with a single gram of soil harboring up to a billion bacteria 
and a vast array of fungal species (Basile-Doelsch et al., 2020). Microbial 
diversity, particularly among bacteria and fungi, strongly influences 
ecosystem responses to global change, including elevated CO₂, nitrogen 
deposition, and warming (Bardgett and van der Putten, 2014; 

García-Palacios et al., 2014). The soil microbiome is critical for forest 
ecosystem functioning, particularly in mediating responses to distur
bances such as drought, warming, and nutrient enrichment. For 
instance, mycorrhizal fungi and saprotrophic communities exhibit 
distinct responses to environmental stressors, thereby affecting forest 
productivity and resilience (Eagar et al., 2022; Lenoir et al., 2016; 
Morera et al., 2022).

High ecological integrity in diverse forest patches not only enhances 
carbon storage but also provides habitats for wildlife, which can further 
support ecosystem stability, productivity, and resilience (Asbeck et al., 
2021). However, achieving high levels of both biodiversity and above
ground carbon storage can be challenging in temperate forests, as 
prioritizing one often entails trade-offs with the other. Consequently, 
stand-scale management strategies that explicitly target either biodi
versity or carbon are necessary to maximize co-benefits at landscape 
scales (Sabatini et al., 2019).

4.4. Effect of disturbance on resilience of forests in terms of C fluxes

The stand-replacing disturbances (wind, fire, insect, clear-cut) turn 
forests into a carbon source (Aslan et al., 2024; Rebane et al., 2019). The 
recovery of forest carbon sequestration can be defined by two terms, i.e., 
carbon compensation point (CCP - time required to turn from source to 
sink) and payback time (time required to compensate the cumulative 
carbon loss until reaching the compensation point) (Aguilos et al., 
2014). Amiro et al. (2010) reported varying CCP between 2 and 20 years 
for North American forests, while Aguilos et al. (2014) estimated 
payback time as long as 88 years for an extended dataset covering also 
European and Asian boreal and temperate forests. A recent compilation 
of National Forest Inventory data showed a decadal decline in forest 
floor soil organic carbon after clear-cutting in Nordic and Canadian 
forests (Johannesson et al., 2024), while a comparison of previous 
clear-cut and natural forests in Norway did not reveal differences in 
present carbon balance (Madsen et al., 2025). One of the key factors 
influencing CCP duration is the availability of easily decomposable 
materials, which convert to CO₂ during fire. As a result, recovery time is 
expected to be shorter for fire disturbances compared to wind, insect, or 
clear-cut disturbances in on-site carbon balance evaluations (Amiro 
et al., 2010). As for thinning, it is often assumed that it reduces GPP and 
Reco, yet NEP would remain the same (Vesala et al., 2005; Wilkinson 
et al., 2016). Aslan et al., (2024) concluded that thinning generally re
duces GPP due to foliage reduction, while the response of Reco is vari
able, i.e., either smaller reductions compared to GPP, remains neutral, or 
increases relative to pre-disturbance levels, mainly depending on the 
availability of easily decomposable material. Consequently, NEP tends 
to decline persistently, although the magnitude of this reduction varies, 
particularly in the boreal region, where similar management practices, 
species composition, and relatively low interannual weather variability 
prevail. In contrast, responses in the temperate region are more heter
ogenous, most likely reflecting greater variability in these factors.

5. Conclusions

Forest gross primary productivity (GPP) and ecosystem respiration 
(Reco) respond differently yet interdependently to global change 
drivers, collectively reshaping net carbon uptake across European for
ests. Drought-prone regions, particularly Central Europe and the Medi
terranean, have emerged as climate impact hotspots, where increasing 
water limitations are already disrupting carbon cycling with long-term 
consequences for productivity and resilience. At the same time, 
declining atmospheric nitrogen deposition across much of 
Europe—resulting from improved air-quality policies—has altered 
nutrient availability and may constrain productivity gains previously 
supported by elevated nitrogen inputs, especially in nutrient-poor soils 
and aging stands with high nitrogen demand. Biodiversity remains a key 
component of resilience, as structurally and functionally diverse forests 
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generally better withstand environmental stress while maintaining 
ecosystem functioning. Management effects on CO₂ and CH₄ fluxes are 
strongly context-dependent and mediated by interacting drivers such as 
temperature, water availability, nutrient status, and disturbance re
gimes. This highlights the need for flexible, site-specific management 
approaches that consider how interventions modify ecosystem structure, 
carbon allocation, and belowground processes. Resilience to global 
change is therefore not uniform but varies with species composition, 
forest type, stand development, and climatic context, underscoring the 
importance of adaptive strategies that promote diversity and structural 
heterogeneity.

This perspective review highlights that interactions between carbon 
fluxes and global change drivers are multifaceted, necessitating inte
grated approaches for effective understanding and management. Main
taining and further intensifying long-term monitoring of ecosystem 
fluxes is crucial to capture both spatial and temporal variability in 
ecosystem responses to global change drivers, particularly those that 
remain understudied. Future research should therefore prioritize 
continuous, site-specific observations that account for the synergistic 
effects of multiple stressors and disturbances, as well as the role of 
management in mitigating their impacts. Additionally, greater attention 
should be given to carbon fluxes beyond CO₂, as our understanding re
mains limited regarding how different global change drivers influence 
both methane emissions and uptake at the ecosystem scale.
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Bréchet, L.M., Salomόn, R.L., Machacova, K., Stahl, C., Burban, B., Goret, J.-Y., 
Steppe, K., Bonal, D., Janssens, I.A., 2025. Insights into the subdaily variations in 
methane, nitrous oxide and carbon dioxide fluxes from upland tropical tree stems. 
N. Phytol. 245, 2451–2466.

Brienen, R.J.W., Caldwell, L., Duchesne, L., Voelker, S., Barichivich, J., Baliva, M., 
Ceccantini, G., Di Filippo, A., Helama, S., Locosselli, G.M., Lopez, L., Piovesan, G., 
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Laurila, T., Peñuelas, J., 2017. Atmospheric deposition, CO2, and change in the land 
carbon sink. Sci. Rep. 7 (1), 9632, 29.08.2017. 

Finzi, A.C., Moore, D.J.P., DeLucia, E.H., Lichter, J., Hofmockel, K.S., Jackson, R.B., 
Kim, H.-S., Matamala, R., McCarthy, H.R., Oren, R., Pippen, J.S., Schlesinger, W.H., 
2006. Progressive nitrogen limitation of ecosystem processes under elevated CO2 in 
a warm-temperate forest. Ecology 87 (1), 15–25.

Flechard, C.R., Ibrom, A., Skiba, U.M., Vries, W. de, van Oijen, M., Cameron, D.R., 
Dise, N.B., Korhonen, J.F.J., Buchmann, N., Legout, A., Simpson, D., Sanz, M.J., 
Aubinet, M., Loustau, D., Montagnani, L., Neirynck, J., Janssens, I.A., Pihlatie, M., 
Kiese, R., Sutton, M.A., 2020a. Carbon–nitrogen interactions in European forests and 
semi-natural vegetation – Part 1: Fluxes and budgets of carbon, nitrogen and 
greenhouse gases from ecosystem monitoring and modelling. In. Biogeosciences 17 
(6), 1583–1620.

Flechard, C.R., van Oijen, M., Cameron, D.R., Vries, W. de, Ibrom, A., Buchmann, N., 
Dise, N.B., Janssens, I.A., Neirynck, J., Montagnani, L., Varlagin, A., Loustau, D., 
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Olano JM, Longares LA, Hevia A, Tomás-Burguera M, Galván JD. Forest resilience to 
drought varies across biomes. Glob Chang Biol. 2018 May;24(5):2143-2158. doi: 
10.1111/gcb.14082. Epub 2018 Feb 28. PMID: 29488293.

Gedalof, Z., Berg, A.A., 2010. Tree ring evidence for limited direct CO2 fertilization of 
forests over the 20th century. Glob. Biogeochem. Cycles 24, GB3027. https://doi. 
org/10.1029/2009GB003699.
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Bidartondo, M.I., 2018. Environment and host as large-scale controls of 
ectomycorrhizal fungi. Nature 558 (7709), 243–248. https://doi.org/10.1038/ 
s41586-018-0189-9.

van der Woude, A.M., Peters, W., Joetzjer, E., Lafont, S., Koren, G., Ciais, P., 
Ramonet, M., Xu, Y., Bastos, A., Botía, S., Sitch, S., Kok, R., de, Kneuer, T., 
Kubistin, D., Jacotot, A., Loubet, B., Herig-Coimbra, P.-H., Loustau, D., Luijkx, I.T., 
2023. Temperature extremes of 2022 reduced carbon uptake by forests in Europe. 
Nat. Commun. (06. 10. 2023 14 (1), 6218.

Vangi, E., Dalmonech, D., Cioccolo, E., Marano, G., Bianchini, L., Puchi, P.F., Grieco, E., 
Cescatti, A., Colantoni, A., Chirici, G., Collalti, A., 2024. Stand age diversity (and 
more than climate change) affects forests’ resilience and stability, although 
unevenly. J. Environ. Manag. 366, 121822. https://doi.org/10.1016/j. 
jenvman.2024.121822.

Vesala, T., Suni, T., Rannik, Ü., Keronen, P., Markkanen, T., Sevanto, S., Grönholm, T., 
Smolander, S., Kulmala, M., Ilvesniemi, H., Ojansuu, R., Uotila, A., Levula, J., 
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