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Abstract

Forecasting the growth of tree species to future environmental changes requires a

better understanding of its determinants. Tree growth is known to respond to global‐
change drivers such as climate change or atmospheric deposition, as well as to local

land‐use drivers such as forest management. Yet, large geographical scale studies

examining interactive growth responses to multiple global‐change drivers are relatively

scarce and rarely consider management effects. Here, we assessed the interactive

effects of three global‐change drivers (temperature, precipitation and nitrogen deposi-

tion) on individual tree growth of three study species (Quercus robur/petraea, Fagus syl-

vatica and Fraxinus excelsior). We sampled trees along spatial environmental gradients

across Europe and accounted for the effects of management for Quercus. We collected

increment cores from 267 trees distributed over 151 plots in 19 forest regions and

characterized their neighbouring environment to take into account potentially
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confounding factors such as tree size, competition, soil conditions and elevation. We

demonstrate that growth responds interactively to global‐change drivers, with species‐
specific sensitivities to the combined factors. Simultaneously high levels of precipita-

tion and deposition benefited Fraxinus, but negatively affected Quercus’ growth, high-

lighting species‐specific interactive tree growth responses to combined drivers. For

Fagus, a stronger growth response to higher temperatures was found when precipita-

tion was also higher, illustrating the potential negative effects of drought stress under

warming for this species. Furthermore, we show that past forest management can

modulate the effects of changing temperatures on Quercus’ growth; individuals in plots

with a coppicing history showed stronger growth responses to higher temperatures.

Overall, our findings highlight how tree growth can be interactively determined by glo-

bal‐change drivers, and how these growth responses might be modulated by past for-

est management. By showing future growth changes for scenarios of environmental

change, we stress the importance of considering multiple drivers, including past man-

agement and their interactions, when predicting tree growth.
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basal area increment, climate change, Fagus, Fraxinus, historical ecology, nitrogen deposition,

Quercus, tree‐ring analysis

1 | INTRODUCTION

Forests are key providers of numerous ecosystem services such as

water protection or carbon uptake, but it remains unclear how for-

ests will respond to future environmental changes (Aber et al..,

2001; Doblas‐Miranda et al., 2017; Keenan, 2015; Lindner et al.,

2014; Reyer, 2015; Schröter et al., 2005; Trumbore, Brando, & Hart-

mann, 2015). Altered precipitation amounts and distribution, climate

warming and increased atmospheric deposition of nitrogen and sul-

phur causing eutrophication and/or acidification are amongst the

most important global‐change drivers affecting forests (Laubhann,

Sterba, Reinds, & de Vries, 2009). By influencing tree growth, these

global‐change drivers can alter the future composition and function-

ing of forests (Aber et al., 2001).

Trees in Europe are also exposed to these environmental

changes. In Central and Western European forests, an overall warm-

ing trend accompanied by more frequent and intense heat waves

and droughts during summer is expected, as well as increases in

heavy precipitation events (Christensen et al., 2007; Jacob et al.,

2014; Orlowsky & Seneviratne, 2012). At the same time, studies

have projected both a decreased as well as increased future nitrogen

deposition for Europe throughout the 21st century, while sulphur

deposition is expected to remain constant or decrease (EEA, 2007;

Engardt, Simpson, Schwikowski, & Granat, 2017; Leip et al., 2011).

Diverging effects of global‐change drivers on tree growth have been

observed among forests in Europe (Laubhann et al., 2009; Ruiz‐Ben-
ito et al., 2014). For instance, while nitrogen deposition has been

identified as the main driver of increased growth in the 20th century

(Camarero & Carrer, 2016; de Vries et al., 2009; Fowler et al.., 2013;

Magnani et al., 2007), it has also been shown to decrease growth in

regions where critical nitrogen loads are exceeded (Aber, 1992; Bob-

bink et al., 2010; Sutton et al., 2014). Different tree species also

show divergent growth responses to global‐change drivers due to

their different autecological characteristics (e.g., competitive ability,

drought sensitivity; Bosela et al., 2016; Charru, Seynave, Hervé, Ber-

trand, & Bontemps, 2017; Mette et al., 2013). In addition, interactive

effects of multiple drivers acting simultaneously upon trees might

cause tree growth responses to differ from those in single‐factor
studies, highlighting the need for multi‐factor studies (Braun, Schind-

ler, & Rihm, 2017; Laubhann et al., 2009).

Forests are managed throughout the world, but particularly

intensively in Europe over the past few centuries (McGrath et al.,

2015). Forest management may have even greater influence on tree

growth in Europe than global‐change drivers (Altman et al., 2013; De

Vries et al., 2007; Foster, Finley, D'Amato, Bradford, & Banerjee,

2016). Forest management can influence tree growth by altering the

availability and uptake of resources (e.g., nutrients and light) and

conditions (e.g., temperature) to which trees are subjected (Altman

et al., 2013). Two widespread historical forest management systems

in Europe, that is high forest and coppice(‐with‐standards), differ

strongly in management regime; hence they might differently affect

tree growth (McGrath et al., 2015; Sjölund & Jump, 2013; Stojanović

et al., 2017). In coppice systems, canopy opening occurs regularly

through cutting multi‐stemmed individuals on relatively short rota-

tion cycles (“coppicing” occurs typically every 7–30 years) with an

undisturbed period in between. This creates a cyclic variation in light

and warm temperatures, whereas high forests often show a more
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continuous disturbance regime, for example, through continuous

removal of thinned trees (Buckley, 1992; Kopecký, Hédl, & Szabó,

2013; Sjölund & Jump, 2013). By altering the resources and condi-

tions available for trees (e.g., temperature, light and nutrient avail-

ability), and shaping the present structure and composition of the

current forests, past forest management may have influenced their

growth and may also modulate growth responses to global‐change
drivers such as temperature (Stojanović et al., 2017; Vayreda, Marti-

nez‐Vilalta, Gracia, & Retana, 2012).

Previous studies have explored how global‐change drivers affect

tree growth, but mostly on a restricted geographical scale (Bauwe,

Jurasinski, Scharnweber, Schröder, & Lennartz, 2016; Braun et al.,

2017; Ibáñez, Zak, Burton, & Pregitzer, 2018; Martinez‐Vilalta,
Lopez, Adell, Badiella, & Ninyerolas, 2008). Tree growth studies cov-

ering larger geographical scales and taking into account interactions

between global‐change drivers at the same time (e.g., Laubhann

et al., 2009; Solberg et al., 2009) are relatively scarce. Tree growth

studies that additionally also consider the effects of land‐use legacies

such as forest management (e.g., Stojanović et al., 2017; Vayreda

et al., 2012) across large geographical scales are, to our knowledge,

even lacking. Yet, in order to make accurate projections of future

tree growth responses, we need a better understanding of the

growth determinants of trees at large geographical scales (Babst,

Poulter, Bodesheim, Mahecha, & Frank, 2017; Bowman, Brienen,

Gloor, Phillips, & Prior, 2013; Mäkinen et al., 2003). By evaluating

(past) growth responses to large spatial gradients in different global‐
change drivers, and by controlling for confounding factors, we may

infer responses to temporal changes in these drivers in different

regions. Furthermore, seeing the impact that forest management can

have on tree growth and the potential of interaction with other glo-

bal‐change drivers (Vayreda et al., 2012), it is key to also take man-

agement legacies into account in such large‐scale tree growth

studies (Mausolf et al., 2018; Noormets et al., 2015).

Our study aims to assess interactive tree growth responses to

large spatial gradients in environmental variables, representing the

global‐change drivers—that is, for the three study species. Further-

more, we want to assess whether plot management histories (i.e.,

disturbance regimes) influenced tree growth and potentially modu-

lated tree growth responses to global‐change drivers—that is, for

Quercus only. We chose 19 temperate deciduous Central‐Western

European forest regions in such a way that we maximized differ-

ences in global‐change drivers (temperature, precipitation and depo-

sition) between the regions, reflecting three important global

environmental changes (climate warming, changing precipitation and

eutrophication/acidification); while maximizing past and current for-

est management differences within regions. We minimized the

effects of potentially confounding factors such as tree size, local

competition, soil conditions and elevation. In every region, we col-

lected increment cores of three economically and ecologically impor-

tant European tree species (Quercus robur/petraea, Fagus sylvatica

and Fraxinus excelsior) combined with in‐situ measurements of the

local soil and stand conditions and reconstructed plot management

histories.

We expect to find interactive effects between the global‐change
drivers on tree growth and hypothesize that the type of interaction

and magnitude may differ between the study species due to the dif-

ferent ecological characteristics of the species. Furthermore, we

hypothesize that Quercus’ growth response to the global‐change dri-

vers might be modulated by the past forest management context of

the plots.

2 | MATERIALS AND METHODS

To assess tree growth response, we calculated basal area increment

(BAI) from tree cores in plots situated across temperate Europe

along environmental (all study species) and management (Quercus

only) gradients. Sampling trees “across” spatial gradients of environ-

mental variables allows to disentangle the interactions among the

global‐change drivers through an orthogonal design, and for Quercus,

to assess whether the effects of global‐change drivers depends upon

past forest management (Verheyen et al., 2017). We collected cores

from 267 trees located in 151 20 × 20 m plots across 19 regions,

where we characterized region‐scale global‐change drivers, plot‐scale
management variables and potential plot‐ and tree‐level confounding
factors.

2.1 | Study regions

To maximize differences in global‐change drivers across our study

regions, we selected 19 regions along a spatial environmental gradi-

ent of atmospheric deposition and climatic conditions (temperature

and precipitation) within the European temperate forest biome (Fig-

ure 1a, Supporting Information Table S1). Mean annual temperature

(MAT), total annual precipitation (TAP) and nitrogen deposition

(Ndep) at the study regions ranged from 6.9 to 12.9°C, from 472 to

1,852 mm/year and from 7 to 30 kg/ha year, respectively (Figure 1b,

Supporting Information Table S1, values for the year 2000). At the

same time, we tried to maximize differences in past and current for-

est management between plots (i.e., within regions, Supporting Infor-

mation Table S2), while minimizing differences in site conditions

such as soil texture or elevation between plots and between regions.

All forest regions comprised closed‐canopy forests with a diverse

tree and shrub layer composition in which forest management had

occurred at some point between 1940 and 2015 (except for the

Moricsala nature reserve, which had never been managed).

2.2 | Study species

We cored three tree species across the study regions, representing

ecologically and economically important tree species in temperate

Europe, that is, the diffuse‐porous Fagus sylvatica (73 trees, 50 plots,

10 regions) and the ring‐porous Fraxinus excelsior (49 trees, 39 plots,

10 regions) and Quercus robur/petraea (145 trees, 87 plots, 15

regions) (Figure 1a, Supporting Information Table S1). Since the sam-

ple sizes depended on which species were present in the plots, they

each cover slightly different environmental gradients (Figure 1b).
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Since we often could not distinguish Q. robur from Q. petraea in the

field due to hybridization of the two subspecies, they were merged

for the analyses and we further denote them as one species

“Quercus robur/petraea”. Quercus robur and petraea are ther-

mophilous, light‐demanding species that are rather indifferent to

nutrient availability and quite drought‐tolerant (Ellenberg & Leusch-

ner, 2010). Fagus sylvatica is a drought‐sensitive, shade‐tolerant spe-
cies, indifferent to nutrient availability, whereas Fraxinus is a

moderate light‐demanding species with high nutrient requirements

preferably growing on quite wet, rich soils (Ellenberg & Leuschner,

2010; Scharnweber et al., 2011). We chose these species because

they are typically (co‐)dominant in temperate broadleaved European

forests (Bohn et al., 2003; Leuschner & Ellenberg, 2017), and they

show different growth sensitivities to global‐change drivers due to

the different autecological characteristics (e.g., Laubhann et al.,

2009; Mette et al., 2013). Furthermore, they have been commonly

used in dendrochronological studies (e.g., Latte, Lebourgeois, &

Claessens, 2015; Mette et al., 2013; Rieger, Kowarik, Cherubini, &

Cierjacks, 2017).

2.3 | Data collection

In each 400 m2 plot, we recorded the coordinates and elevation (me-

tres) at the centre of the plot with a GPS GARMIN e‐TREX 10, sam-

pled the soil and forest floor (organic litter and organic

fragmentation/humus layer), made a description of the soil profile,

measured diameters of all trees with a diameter at breast height

(DBH) larger than 7.5 cm (i.e., basal area measurements) and mea-

sured for each cored tree the diameters of all trees (with DBH > 7.5

cm) within a radius of 9 m around that tree as well as the distances

to that tree (i.e., neighbourhood measurements). For details on our

sampling protocol, see Supporting Information Table S3.

We cored dominant trees of the study species to maximize our

chances of extracting the longest possible tree‐ring series for each

species and minimize competition effects from the last few decades.

In each plot, we generally sampled the two most dominant trees

(max 14.1 m apart, up to three trees were sampled if more than one

of the species was dominant (cfr. Classic sampling design sensu Nehr-

bass‐Ahles et al. (2014)). From each tree, we took two perpendicular

cores at breast height (Buchanan & Hart, 2011; Woodall, 2008). We

checked for signs of ash dieback (Vasitis et al., 2017), only coring

healthy individuals of Fraxinus excelsior to avoid confounding effects

of dieback on the tree growth response. After drying the samples

(24 hr at 103°C) to obtain correct wood density estimates, they

were scanned with the X‐ray Computed Tomography scanner (XCT,

110 µm resolution) (Dierick et al., 2014; Mil, Vannoppen, Beeckman,

Acker, & Bulcke, 2016; Van den Bulcke et al., 2014). Ring widths

were measured with the MATLAB‐program DHXCT (De Mil et al.,

2016). We used the automatic detection procedure based on wood

density and visually inspected for missing and/or falsely indicated

rings. We additionally measured badly visible ring sections with a

LintabTM 6 (RINNTECH, Germany, 10 µm resolution) after planing

the samples with a Core Microtome (Gärtner & Nievergelt, 2010). To

ensure correctly dated tree‐ring series, we crossdated the two cores

per tree, all cores of the same species per plot, and ultimately all

cores of the same species per region. For details on the crossdating
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F IGURE 1 (a) The 19 forest regions with the distribution of the
cored tree species from each region. Each pie chart visualizes the
proportion of cored trees of the three study species per region, with
Quercus, Fagus and Fraxinus respectively displayed in green, orange
and purple. The total number of cored trees per region and the
Region code is given next to the pie charts. (b) Environmental
gradients covered by the study species: total annual precipitation
(TAP – mm/year) versus mean annual temperature (MAT – °C) is
plotted, with a pie chart representing the distribution of the cored
tree species in each region, and the pie chart size reflecting the
nitrogen deposition load in that region (Ndep – kg/ha year).
Environmental values from the year 2000 were used. Region codes,
and country codes between brackets, are as follows: BI = Białowieża
Forest (PL), BS = Braunschweig (GE), BV = Binnen‐Vlaanderen (BE),
CO = Compiègne (FR), DE = Devin Wood (CZ), GO = Göttingen
(GE), KO = Koda Wood (CZ), LF = Lyons‐la‐Forêt (FR), MO =
Moricsala (LTV), P = Pembrokeshire (UK), PR = Prignitz (GE), SH =
Schleswig‐Holstein (GE), SKA = Skåne (SW), SK = Slovak Karst (SLK),
SP = Speulderbos (NL), TB = Tournibus (BE), WR = Warburg Reserve
(UK), WW = Wytham Woods (UK), and ZV = Zvolen (SLK). Details
on these regions can be found in Supporting Information Table S1
[Colour figure can be viewed at wileyonlinelibrary.com]
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procedure and results see Maes et al. (2017) section 2.5 and Sup-

porting Information Table S4. After crossdating, the mean ring‐width

series (i.e., the average of the two crossdated cores) of each individ-

ual dominant tree was used to calculate its basal area increment

(BAI, cm2/year) series. Furthermore, we calculated a time series of

the previous‐year diameter (Dprev, cm) based on the measured

diameters and the tree‐ring series to take into account tree size, a

commonly used proxy for developmental stage (e.g., Kint et al.,

2012; Martin‐benito, Kint, Muys, & Cañellas, 2011; Rozas, 2014).

2.4 | Data analysis

2.4.1 | Response variable

We used basal area increment as a measure for tree growth. Three

very large and two very young trees were excluded from the analy-

ses because of their outlier behaviour, and the sampling years (2014,

2015 or 2016—region‐specific: Supporting Information Table S1)

were excluded because of unfinished growth for those years. We

only investigated the time period of 1940–2015 (or 2013/2014—re-

gion‐specific) to avoid including juvenile growth (i.e., <30 years: cf.

cambial age limit Aertsen et al., 2014) as well as to minimize the

influence of off‐pith coring.

2.4.2 | Predictor variables

We used time series of two climatic and two atmospheric deposition

variables, estimated at the regional scale, to quantify potential tree

growth drivers: (a) mean annual temperature (MAT, °C), (b) total

annual precipitation (TAP, mm/year), (c) atmospheric nitrogen deposi-

tion (Ndep, kg/ha year) and (d) acidification rate (AcidRate, keq/ha

year) (Table 1, Supporting Information Figure S4). We used nitrogen

deposition as a measure of potential eutrophication and acidification

rate as a measure of potential acidification. For the climatic time ser-

ies, we extracted monthly climate data from the gridded CRU TS3.24

data set (Climate Research Unit, 0.1° resolution: Harris, Jones,

Osborn, & Lister, 2014). Time series of total nitrogen deposition (NH3

+ NOx) and sulphur deposition (SOx) were created by using data for

the year 2000 from the European Monitoring and Evaluation Pro-

gramme (EMEP) combined with annual correction factors from Duprè

et al. (2010) to calculate deposition values for all other years between

1940 and 2015 (Supporting Information Figure S4). Annual acidifica-

tion rate (AcidRate) was calculated based on annual nitrogen (Ndep)

and sulphur deposition (Sdep) as (cfr. Verheyen et al., 2012):

AcidRate ¼ Ndep

14
þ 2 � Sdep

32:06

Assuming homogeneous environmental conditions within a region,

we extracted all time series on a plot level and then calculated the

mean of the plot‐level time series for each region. For the climatic vari-

ables, we used the time series of mean annual temperature and total

annual precipitation as well as the time series of spring (April‐June)
and summer (July‐September) temperature and precipitation. Seasonal

climate effects on tree growth have been demonstrated before, with

spring conditions especially important for ring‐porous species such as

Quercus and Fraxinus and summer conditions mainly important for dif-

fuse‐porous species such as Fagus (e.g., Latte, Lebourgeois, & Claes-

sens, 2016). Because seasonal values were strongly correlated with

annual values allowing the inclusion of only one term in each model

(see Supporting Information Figure S5), we kept the focus in the main

text on the annual results and present the seasonal results in Support-

ing Information Table S10. We chose annual values because they cap-

ture potential drivers from all seasons, reflecting the temporal scale of

“annual” ring measurements, as well as they allowed us to create simi-

lar models for the three study species.

For each plot, the management history between 1940 and 2015

was reconstructed based on a combination of expert knowledge of

TABLE 1 Variables used to model the basal area increment of
individual trees, reflecting the global-change drivers, forest
management history and potentially confounding factors (local soil
and stand conditions + tree size)

Spatial
scale Predictor

Variable
(unit) Description

Region Temperature MAT (°C) Annual average (+spring,

summer— Supporting

Information

(Appendix S1))

Precipitation TAP (mm) Annual total (+spring,

summer— Supporting

Information

(Appendix S1))

N Deposition Ndep (kg/ha) Annual total (NOx, NH3)

Acidification
Rate

AcidRate

(keq/ha)

Annual total (NOx, NH3,

SOx)

Plot Elevation Elev (m) Elevation of the plot

Soil depth Soil Depth (cm) Depth of the bedrock

Soil conditions PC1, PC2

(dimensionless)

1st and 2nd axis of PCA

on chemical soil

variables (see Supporting

Information Figure S1)

Past forest
management

CoppHist Categorical (0 or 1):

coppicing between 1940

and 2015?

ManHist Categorical (”C(WS) to

HF” or “HF”):
management history

between 1940 and

2015?

Tree Tree size Dprev (cm)

Dprev2 (cm2)

Previous‐year diameter

(see Supporting

Information Figure S2)

Competition NCI

(dimensionless)

Neighbourhood

competition index

Note. All variables were continuous except for the categorical variables

of past forest management. Variables in bold represent the variables of

interest (global‐change drivers and past forest management); Italic vari-

ables were included as time series. C(WS) and HF represent the coppice‐
(with‐standards) and high forest management type. Past forest manage-

ment was only included in the Quercus models.
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our local contact person in each region, a thorough search of site‐
specific maps and literature (e.g., management plans) and oral inter-

views. The plots were classified as belonging to one of seven manage-

ment histories between 1940 and 2015: Coppice or Coppice‐With‐
Standards (C(WS)) throughout, High Forest (HF) throughout, Zero

management (ZM) throughout, C(WS) to HF, C(WS) to ZM, HF to ZM

and C(WS) to HF to ZM (Details: Supporting Information Table S2)

(McGrath et al., 2015). We derived two categorical variables (Table 1)

from the management information (Supporting Information Tables S2

and S4). Coppice History (CoppHist) reflects whether the studied plot

had been managed as coppice or coppice‐with‐standards between

1940 and 2015 (yes or no, for all 87 Quercus plots: Supporting Infor-

mation Table S5). Management History (ManHist) reflects whether a

plot had been continuously managed as high forest between 1940 and

2015 or had been converted from coppice or coppice‐with‐standards
to high forest within this period (for a subset of 47 plots: Supporting

Information Table S5). We could only analyse the effects of forest

management for Quercus, because for Fagus or Fraxinus, the different

categories of past forest management were not well represented

across their environmental gradients.

The local growing conditions (elevation and soil) competition

with neighbouring trees as well as tree size may confound the

response of tree growth to the global‐change drivers and past man-

agement. Hence, we used several variables related to these poten-

tially confounding factors: elevation, soil depth, soil conditions (two

variables) at the plot level, and neighbourhood competition and tree

size at the tree level (Table 1).

We inferred soil depth (cm), representative of the root growing

space for the trees from our soil profile descriptions (0–50 cm deep)

per plot. If we reached the bedrock before a depth of 50 cm, the

bedrock depth (e.g., 20 cm) was used as soil depth. In all other cases,

soil depth was assumed 50 cm. We included information on the soil

physical‐chemical conditions by performing a principal correspon-

dence analysis (PCA) on the following soil variables: pHKCl, soil tex-

ture, base saturation, total and Olsen Phosphorus, Carbon/Nitrogen

ratio, inorganic Carbon content, dry weight of forest floor layer and bulk

density (for sampling and chemical analysis details see Supporting

Information Table S3). The scores from the first two PCA axes were

used as two predictors of soil conditions. These axes explained 60%

of the variance (PC1: 48%, PC2: 12%), allowing us to reduce the

number of potential explanatory variables related to soil conditions

in the model and avoid multicollinearity. See Supporting Information

Figure S1 for details on the PCA. Overall, the plots comprised quite

rich (mesic) soil conditions—that is, mean pHKCl of 4.4, mean base

saturation of 0.8 (Weil & Brady, 2017) and mean C/N ratio of 13.9.

We calculated the distance‐dependent neighbourhood competi-

tion index (NCI) from the neighbourhood measurements for each

cored tree as:

NCIi ¼ ∑n
j¼1

DBHj

Distij

where NCIi is the current competition index for the subject tree,

DBHj is the diameter of the j‐th competitor, Distij is the distance

from subject tree i to the j‐th competitor and n the number of com-

petitors within a radius of 9 m of the subject tree (Hegyi, 1974). We

included tree size as a time series of the previous‐year diameter

(Dprev). Several characteristics of the cored tree species (basal area

increment, diameters, heights and competition index) across the

study regions are shown in Table 2 (details per region: Supporting

Information Tables S6–S8).

2.4.3 | Modelling

We built species‐specific models to study the effects of the global‐
change drivers on the growth of each of the three study species.

Then, we tested whether past forest management additionally

affected the growth of Quercus. Linear mixed‐effect models were

built in two stages (similar methodologies as Aertsen et al., 2014;

Kint et al., 2012; Martinez‐Vilalta et al., 2008).

First, we built a base model (Mb) for each species, with predictors

that might have influenced tree growth in our study, but are not part

of our research questions:

Mb : log BAIt þ 1ð Þ ¼ β0 þ βsizeSIZEþ βcompCOMPþ βsiteSITE

where SIZE includes the tree size variables (Dprev, Dprev2),

COMP tree competition (NCI) and SITE the plot‐level site conditions

(Elevation, PC1, PC2, Soil depth). All models assumed a quadratic

relation between basal area increment and Dprev since a size‐medi-

ated effect (related to a tree age effect) is well known to increase

tree growth until a certain maximum is reached, after which growth

starts to decline (Gower, McMurtrie, & Murty, 1996; Wykoff,

1990).

Then, to assess the main and interactive effects of the global‐
change drivers, we built an environment model (Me) for each species.

Here, the environmental factors representative of the global‐change
drivers (ENV) and the three two‐way interactions between these fac-

tors (ENV:ENV) were added to the base model.

Me : log BAIt þ 1ð Þ ¼ Mb þ βenvENVþ βenvi�envjENVi : ENVj

where i, j = MAT, TAP, Ndep or AcidRate.

Because we expected that the effect of precipitation or deposi-

tion on tree growth might be quadratic rather than linear, we addi-

tionally tested for significant quadratic effects of mean annual

precipitation and nitrogen deposition in the environment model.

Finally, to test whether past forest management additionally

affected tree growth of Quercus, and interacted with the

TABLE 2 Minimum‐maximum ranges for several tree
characteristics of the cored trees across the 19 forest regions

BAI (cm2/year) DBH (cm) NCI

Quercus robur/petraea 0–114.32 26.5–107 0–2.65

Fagus sylvatica 0–112.32 27–100 0–1.36

Fraxinus excelsior 0.03–130.4 22–89.25 0.06–3.24

Note. BAI represents the basal area increment, DBH the diameter at

breast height and NCI the neighbourhood competition index.
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environmental drivers, we built a forest management model (Mfm) for

Quercus as:

Mfm : log BAIt þ 1ð Þ ¼ Me þ βfmFMþ βfm�enviFM : ENVi

where FM = CoppHist or ManHist and i = MAT, TAP, Ndep or

AcidRate. Separate models were built for each of the two forest

management variables.

Several variables required a transformation prior to analysis to

achieve normality of their distribution. We log+1 transformed the

distribution of basal area increment to remove its right skewness

and to avoid negative values of the transformed variable (cfr. Mar-

tin‐benito et al., 2011). We also transformed the following predictor

variables: mean annual precipitation (log‐transformed, only for Quer-

cus and Fraxinus), elevation (square‐root transformed), NCI (log

(x + 1) transformed) and soil depth (1/log(x)). We checked for poten-

tial confounding and collinearity issues between the predictor vari-

ables by means of boxplots and correlograms. We did not find any

confounding or multicollinearity issues between the predictors,

except for nitrogen deposition and acidification rate, which were

highly correlated (Pearson ρ > 0.7) (Supporting Information Fig-

ure S3). Therefore, we built separate models using either Ndep or

AcidRate. Finally, all continuous predictors were standardized (scaled

and centred) prior to analysis to enable comparison of their effect

sizes.

To take into account the hierarchical structure of our data (trees

within plots within regions), a nested random intercept “Region\Plot

\Tree” was included in the models. To take into account the temporal

autocorrelation present in tree‐ring series, we added a second‐order
autoregressive covariance structure (ARMA(2,0)) to the models. The

model procedure of Zuur, Ieno, Walker, Saveliev, and Smith (2009)

was used to determine the optimal random and fixed effect structure

for all models. Significance of fixed effects was tested by performing

likelihood ratio tests on nested models and by comparing Akaike

Information Criteria (AIC) between the models by means of the func-

tion “stepAIC” in R (backward selection procedure). Only for the for-

est management model of Quercus, we did not use stepAIC, but

performed the likelihood ratio tests manually to test for significant

improvements of the environment model when adding one of the

two forest management variables as a main effect or as an interaction

with each of the environmental drivers (Supporting Information

Table S9). We fitted final models with restricted maximum likelihood

(REML) and evaluated their performance graphically by looking at

plots of the residuals versus fitted values and of the fitted versus

observed values (i.e., “goodness of fit”). We also calculated the mar-

ginal and conditional R2 (proportion of variance explained by fixed

factors—R2
m, and by both fixed and random factors—R2

f ) following

Nakagawa and Schielzeth (2013), as well as the relative root mean

squared error (RMSE, %) between predicted and observed values of

BAI. Given the large sample sizes of our data set (n = 10,498, 5,157,

3,182 for Quercus, Fagus and Fraxinus), we used a significance thresh-

old of 0.001 in our interpretation of effects, but a threshold of 0.05

when comparing between models. All statistical analyses were per-

formed in R (version 3.3.3: R Core & Team, 2017) with the packages

“dplR,” “MASS,” “nlme” and “ggplot2” (Bunn, 2008; Pinheiro, Bates,

DebRoy, & Sarkar, 2016; Venables & Ripley, 2002; Wickham, 2009).

2.4.4 | Future growth scenarios

In order to better understand the implications of our findings in

terms of future tree growth response across European forests, we

calculated changes in basal area increment (compared to an average

scenario, i.e., all continuous predictors set at the observed mean) for

different scenarios of future environmental change. Since tempera-

tures will likely rise, but future changes in nitrogen deposition and

precipitation are more uncertain and depend on location (Chris-

tensen et al., 2007; Engardt et al., 2017; Simpson et al., 2014), we

chose four scenarios. All scenarios assume an increase in mean

annual temperature of 3°C. The “dry” and “wet” scenarios, respec-

tively, assume a decrease and increase in total annual precipitation

of 100 mm/year. The “−N” and “+N” scenario, respectively, assume a

decrease and increase in nitrogen deposition of 10 kg/ha year. A

detailed explanation of the chosen scenarios can be found in the

Supporting Information (Appendix S1). We calculated 95% confi-

dence intervals following an informal Bayesian approach (Gelman &

Hill, 2007). For each prediction, we drew 1,000 random samples

from a normal distribution for the mean and standard error of each

model parameter for the different scenarios. For each of these sam-

ples, we then calculated the percentage basal area increment change

compared to the average scenario and computed the confidence

intervals around the predictions. We used the environment models

for the three study species, and for Quercus, we additionally used

the forest management model with “Coppice History” as manage-

ment variable, to compare predictions in the two management cate-

gories. Our aim with Figure 4 is to demonstrate the implication of

our findings in terms of future growth predictions.

3 | RESULTS

3.1 | Interactive effects of global-change drivers

The models including the global‐change drivers showed good predic-

tions (high R2
f and R2

m and low RMSE) (Table 3). For Quercus, the

three global‐change drivers (mean annual temperature, total annual

precipitation and nitrogen deposition) significantly increased tree

growth (Table 3, Supporting Information Figure S6), while only pre-

cipitation significantly affected tree growth in Fagus and Fraxinus.

For Fraxinus, the effect of nitrogen deposition on basal area incre-

ment was quadratic instead of linear (Table 3). The magnitude of the

effects in Quercus (parameter estimates or effect sizes in Table 3)

suggests weaker effects of deposition than of precipitation and tem-

perature. Acidification rate was not retained as a fixed effect in any

of the models, so we subsequently present and discuss only effects

due to nitrogen deposition. When including seasonal (spring and

summer) temperature and precipitation instead of annual values,

spring conditions seemed more important for Fagus tree growth than

summer conditions (Supporting Information Table S10).
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Crucially, the impact of a given main effect on growth depends

on the levels of other drivers, on the European scale. Namely, Quer-

cus showed an antagonistic linear interaction between nitrogen

deposition and precipitation (Table 3, Figure 2a). The positive growth

response to increased deposition declined with increasing precipita-

tion levels (Figure 2a). For Fagus, we saw a synergistic interaction

between temperature and precipitation, with stronger positive

growth effects to increased temperatures when precipitation levels

were higher (Figure 2b). When using seasonal (spring and summer)

temperature and precipitation instead of annual values, this interac-

tion only appeared with spring conditions (seasonal analyses: Sup-

porting Information Table S10). In contrast, for Fraxinus, a synergistic

quadratic interaction between deposition and precipitation was

observed, with weaker growth responses to increased deposition

when precipitation was also lower, whereas precipitation levels did

not seem to matter so much at lower deposition values (Figure 2c).

3.2 | Forest management effects

For both forest management variables used (i.e., Coppice history and

Management history), a significant interaction between mean annual

temperature and the management variable was found for Quercus

(Table 4). The positive growth response to temperature was stronger

in plots that had been managed as coppice or coppice‐with‐stan-
dards (CWS) at some point between 1940 and 2015 versus plots

that were not managed as coppice or CWS during that time period

(Table 4, Figure 3a). When comparing only those plots managed as

high forest between 1940 and 2015 with those that had been con-

verted from coppice or CWS to high forest, the model similarly

showed a stronger growth response to temperature in the plots that

had been converted than in the continuously high forested plots

(Table 4, Figure 3b).

3.3 | Future growth scenarios

When examining changes in basal area increment under four scenar-

ios of environmental change, we clearly see species‐specific growth

differences, as well as interactive effects (Figure 4). For instance, at

the mean observed level of deposition, Quercus would show growth

increases from an increase in deposition, and especially when precip-

itation also increases; whereas Fraxinus shows more chances of

decreased growth at the mean deposition level, except for a poten-

tial growth increase when both deposition and precipitation increase.

The observed interaction between forest management and environ-

mental drivers for Quercus also results in future growth changes (Fig-

ure 4). Namely, when forest management is not taken into account,

tree growth is expected to decrease or increase slightly with reduced

deposition and increase with greater deposition, regardless of precip-

itation change. However, if we consider the management history,

growth increases in all environmental change scenarios when Quer-

cus grows in plots that have a history of coppicing. Without a history

of coppicing, there is a tendency for growth to decline, regardless of

the environmental change scenario, although there is a lower reliabil-

ity for this scenario.

4 | DISCUSSION

In this study, the patterns of basal area increment along several envi-

ronmental gradients of deposition and climate provide evidence for

species‐specific, main and interactive effects of environmental

TABLE 3 Parameter estimates and model evaluation of the final environment Me models for the basal area increment of the three study
species

Fixed effects

Quercus robur/petraea [n = 10,498] Fagus sylvatica [n = 5157] Fraxinus excelsior [n = 3,182]

Estimate SE p‐value Estimate SE p‐value Estimate SE p‐value

(Intercept) 2.7580 0.0555 <0.0001** 3.1955 0.0461 <0.0001** 2.8357 0.0628 <0.0001**

Dprev 0.6304 0.02070 <0.0001** 0.0564 0.0267 <0.0001** 0.7760 0.0453 <0.0001**

Dprev2 −0.1715 0.0103 <0.0001** −0.2329 0.0164 <0.0001** −0.3258 0.0294 <0.0001**

Soil shallowness – – – −0.1225 0.0410 0.0049 ns – – –

MAT 0.0538 0.0062 <0.0001** −0.0047 0.0091 0.6060 ns – – –

TAP 0.0480 0.0040 <0.0001** 0.0182 0.0047 0.0001** 0.0308 0.0058 <0.0001**

Ndep 0.0370 0.0109 0.0003* 0.0324 0.0172 0.0600 ns 0.0300 0.0181 0.0970 ns

Ndep2 – – – – – – −0.0336 0.0086 0.0001**

MAT:TAP – – – 0.0214 0.0050 <0.0001** – – –

MAT:Ndep – – – −0.0182 0.0092 0.0482 ns – – –

TAP:Ndep −0.0182 0.0039 0.0007* – – – 0.0229 0.0059 0.0001**

Model evaluation R2
f R2

m RMSE R2
f R2

m RMSE R2
f R2

m RMSE

0.76 0.48 1.27% 0.64 0.49 1.58% 0.63 0.55 10.70%

Notes. The sample size for each model is given by n (number of rings). Dprev,MAT, TAP, Ndep respectively refer to previous‐year‐diameter (“tree size”), mean

annual temperature, total annual precipitation and nitrogen deposition. R2
f : conditional R

2 or proportion explained by fixed and random factors; R2
m: marginal

R2 or proportion of variance explained by fixed factors; RMSE: root mean squared error between predicted and observed values of basal area increment.

p‐value: ns: p > 0.001; *p ≤ 0.001; **p ≤ 0.0001. Significant p‐values are in bold.
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drivers (i.e., global‐change drivers (for the three study species) and

past forest management (for Quercus only)) on growth of three Euro-

pean tree species at a sub‐continental scale. Importantly, the

observed interactions along spatial environmental gradients suggest

that in relatively nutrient‐rich, mesic forests, tree growth responses

to environmental change should not be estimated from effects of

single drivers alone, nor should drivers be assumed to affect all spe-

cies equally. Instead, the impact of a given driver depends on the

levels of at least one other driver and the species considered. Fur-

thermore, when translating responses over spatial gradients to sce-

narios of change in a given location for Quercus, our results

demonstrate that accounting for prior management can alter not

only the magnitude, but also the direction, of likely growth response

to probable future environmental changes. Here, we present

particularly pertinent interactions, discuss potential mechanisms

behind the responses observed and suggest that our results have

implications for the management of forests to mediate the influence

of global‐change drivers and for the estimation of forests as carbon

sources/sinks under future conditions.

4.1 | Species‐specific drivers of tree growth across
Europe

The global‐change drivers had a positive overall effect on basal area

increment. The growth of Quercus increased with temperature; all

tree species showed increased growth with increasing precipitation;

and both Quercus and Fraxinus growth increased with nitrogen depo-

sition (Table 3; Supporting Information Figure S6). This positive

F IGURE 2 The interaction between (a)
nitrogen deposition and total annual
precipitation (TAP) on basal area increment
(BAI) for Quercus robur/petraea
(n = 10,498), (b) mean annual temperature
(MAT) and total annual precipitation for
Fagus sylvatica (n = 5,157) and (c) nitrogen
deposition and total annual precipitation
for Fraxinus excelsior (n = 3,182). Actual
data points (dots) and model estimates of
the effects (full lines), in which the values
of the other continuous variables were set
at their observed mean, are shown
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response concurs with other studies investigating global change

effects on tree growth (Laubhann et al., 2009; Lindner et al., 2014).

Indeed, to a certain extent, and as long as other factors do not

become limiting (Martinez‐Vilalta et al., 2008), warming may increase

growth because of increases in metabolic rates, or longer growing

seasons (Way & Oren, 2010). Quercus responded more strongly to

temperature than to precipitation or deposition (Table 3). Other

researchers have also suggested that Quercus may benefit from a

warmer future to a certain extent, as opposed to Fagus, which is

already showing growth declines (Jump, Hunt, & Penuelas, 2006;

Kint et al., 2012; Latte et al., 2015; Piovesan et al., 2008). Quercus,

Fagus and Fraxinus all responded more strongly to precipitation than

to nitrogen deposition (Table 3). Yet, many other studies have identi-

fied deposition as the main driver of tree and forest growth in Eur-

ope (Aertsen et al., 2014; Augustaitis et al., 2016; Kahle et al., 2008;

Laubhann et al., 2009; Magnani et al., 2007). The relatively low

importance of nitrogen deposition in our study may be explained by

the rich, mesic soils of our study regions (mean pHKCl 4.4, mean base

saturation 0.8, mean C/N 13.9). In richer soils, the effect of addi-

tional nitrogen from atmospheric deposition may be smaller than in

studies such as Laubhann et al. (2009). In addition, the higher pH

and cation exchange capacity of rich soils also represent a buffer

against acidification (Kauppi, Kämäri, Posch, Kauppi, & Matzner,

1986), which may explain why we did not find acidification effects

on tree growth. The growth of Fraxinus, however, did decline again

at high deposition levels, that is, when deposition exceeded the criti-

cal load (ca. 18 kg/ha year for trees: Bobbink, Ashmore, Braun, Flück-

iger, & Van den Wyngaert, 2017; Table 3, Supporting Information

Figure S6). Careful interpretation of the results for ash is warranted

though, since ash dieback has affected the growth of a large number

of Fraxinus trees across Europe since 1990s and may have had an

effect on the studied ash trees as well (Vasitis et al., 2017).

4.2 | Tree growth responds interactively to global-
change drivers

Importantly, we show that only considering simple effects overlooks

interactions among drivers. In other words, tree growth response to

a certain global‐change drivers can depend on the level of another

driver, as was observed in our study species (Figure 2). First, for

Quercus, at low levels of nitrogen deposition, higher precipitation led

to higher growth rates, whereas precipitation levels did not influence

growth rates at higher deposition levels (Figure 2a). Second, for Frax-

inus, the opposite interaction was found at lower levels of nitrogen

deposition, precipitation did not strongly affect tree growth, whereas

higher precipitation led to higher growth rates at higher deposition

levels (Figure 2c). Third, Fagus showed a much stronger growth

response to higher temperatures when precipitation was also higher

(Figure 2b), which is consistent with the high sensitivity of Fagus to

soil water availability. Furthermore, tree growth response to a cer-

tain global‐change drivers can also be modulated by the past forest

management (Figure 3). The Quercus trees growing in forests with a

history of coppice, even when converted to high forest, showed

stronger positive growth responses to increased temperatures across

the study regions (Table 4, Figure 3). Although very few studies

investigating tree growth response to environmental factors have

taken into account the past forest management, some studies did

evaluate potential interactions between environment and

TABLE 4 Parameter estimates and model evaluation of the final forest management (Mfm) models for the basal area increment of Quercus
robur/petraea

Fixed effects

Coppice history [n = 10,498] Management history [n = 5,450]

Estimate SE p‐value Estimate SE p‐value

(Intercept) 2.8760 0.0718 <0.0001** 3.0019 0.1184 <0.0001**

Dprev 0.6306 0.0207 <0.0001** 0.5882 0.0277 <0.0001**

Dprev2 −0.1702 0.0103 <0.0001** −0.2648 0.0173 <0.0001**

MAT 0.0780 0.0094 <0.0001** 0.1316 0.0142 <0.0001**

TAP 0.0477 0.0040 <0.0001** 0.0568 0.0057 <0.0001**

Ndep 0.0366 0.0108 0.0007* 0.0419 0.0138 0.0025 ns

TAP:Ndep −0.0182 0.0039 <0.0001** −0.0174 0.0049 0.0003*

CoppHist=0 −0.1952 0.0822 0.0203 ns – – –

MAT:CoppHist −0.0420 0.0122 0.0006* – – –

ManHist=HF – – – −0.0818 0.0989 0.4142 ns

MAT:ManHist – – – −0.1129 0.0178 <0.0001**

Model evaluation R2
f R2

m RMSE R2
f R2

m RMSE

0.76 0.49 1.30% 0.77 0.53 1.21%

Notes. The forest management models included information on the Coppice history (left) and on the Management history (right) in the plot. The sample

size for each model is given by n (number of rings). Dprev, MAT, TAP, Ndep, CoppHist (“0” or “1”) and ManHist (“C(WS) to HF” or “HF”) respectively refer to

previous‐year‐diameter (“tree size”), mean annual temperature, total annual precipitation, nitrogen deposition, coppice history and management history.

R2
f : conditional R

2 or proportion explained by fixed and random factors; R2
m: marginal R2 or proportion of variance explained by fixed factors; RMSE: root

mean squared error between predicted and observed values of basal area increment; All fixed effects were standardized (scaled and centred) prior to analysis.

p‐value: ns: p > 0.001; *p ≤ 0.001; **p ≤ 0.0001. Significant p‐values are in bold.
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management on tree growth (Latte et al., 2015; Stojanović et al.,

2017; Vayreda et al., 2012). Stojanović et al., (2017) also found dif-

ferent climate–growth relationships for Quercus trees in past cop-

piced versus in high forest stands in the Czech Republic. They also

show that future climatic changes could differently affect the two

origins (coppice vs. high forest), confirming the modulating effect

that past forest management can have on current and future tree

growth rates. Vayreda et al. (2012) also suggested the potential role

of forest management within the context of climate change mitiga-

tion (e.g., by enhancing tree growth), based on a reduced carbon sink

capacity with warming in unmanaged versus in managed forests in

Spain. Interestingly, the potential role of forest management is in

contrast with the progressive abandonment of management in many

temperate broadleaf European forests over the last decades

(Kopecký et al., 2013; Scolastri, Cancellieri, Iocchi, & Cutini, 2017).

4.3 | Potential mechanisms underlying interactive
effects

Although it is not possible to demonstrate mechanisms behind the

interactive effects in this observational study, we provide plausible

reasons for what we observe. First, species‐specific sensitivities to

environmental drivers could lie behind some of the observed

interactions. For instance, the contrasting responses in Quercus ver-

sus Fraxinus to precipitation and nitrogen deposition could be due to

their colonization of different site conditions, that is, Fraxinus grows

on wetter and richer soils than Quercus. Thus, the joint effect of high

deposition as well as precipitation might be positive for Fraxinus,

whereas negative for Quercus. On the other hand, Quercus might

have a competitive advantage over nutrient‐demanding species such

as Fraxinus under conditions of drought and low nitrogen availability,

which has also been described by other researchers (Lévesque,

Walthert, & Weber, 2016). In Fagus, the antagonistic interaction

between precipitation and temperature could be explained by the

strong sensitivity of this species to low water availability or drought

(Ellenberg & Leuschner, 2010; Vanoni, Bugmann, Nötzli, & Bigler,

2016). Higher temperatures resulting in a higher evapotranspiration

might lead to increased drought stress and reduce tree growth of

Fagus (Aber et al., 2001; Ciais et al., 2005; Scherrer, Bader, & Körner,

2011). Similar interactive effects have been reported by other

researchers (Bauwe et al., 2016; Latte et al., 2015; Martinez‐Vilalta
et al., 2008; Mette et al., 2013). This sensitivity is supported by the

fact that only precipitation, and not temperature or deposition,

affected tree growth of Fagus across all study regions, and by the

significant effect of “annual aridity” on the growth of Fagus (addi-

tional analysis: see Supporting Information Table S11). The

F IGURE 3 The interaction between (a)
mean annual temperature (MAT) and
coppice history (“yes” or “no”), n = 10,498)
and (b) mean annual temperature and
management history (“coppice/coppice‐
with‐standards (C(WS)) to high forest (HF)”
or “HF throughout”), n = 5,450), on basal
area increment for Quercus robur/petraea.
Actual data points (dots) and model
estimate of the effects (full lines), in which
the values of the other continuous
variables were set at their observed mean,
are shown
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antagonistic interaction between temperature and precipitation was

not detected for the summer data, but did also occur for the spring

data, which suggests that the drought sensitivity of Fagus might be

associated with spring rather than summer conditions, that is, when

the trees’ growing season starts (Supporting Information Table S10).

Latte et al. (2016) similarly found that intra‐annual variation in Fagus

growth was driven by current‐year spring drought in several Belgian

sites. The observed interaction between temperature and precipita-

tion could have serious consequences for the future growth of

Fagus, with the increasing temperatures and more frequent and

extreme heat waves expected in Europe (Christensen et al., 2007).

Second, whether or not “critical loads” had been exceeded in a

region might also explain the contrasting responses in Quercus ver-

sus Fraxinus to precipitation and nitrogen deposition. Smaller or neg-

ative effects of nitrogen deposition on tree growth might only occur

when deposition levels have exceeded a certain threshold or “critical

load” (ca. 18 kg/ha year for trees: see Bobbink et al., 2017; Eugster

& Haeni, 2013; Jones et al., 2014), which is more probable within

the observed deposition range of Quercus (0.7–38.5 kg/ha year) than

of Fraxinus (0.8–28 kg/ha year and mostly 10–20 kg/ha year). At the

highest deposition levels in Quercus, precipitation levels might not

influence growth from higher deposition anymore, whereas in Fraxi-

nus, it might still facilitate additional nitrogen uptake for growth.

Third, the mycorrhizal dynamics may mediate tree growth

responses to environmental changes. The different mycorrhizal com-

munities associated with Quercus versus Fraxinus, that is, respectively

ectomycorrhizae (ECM) versus arbuscular mycorrhizae (AM), might

explain their contrasting responses to deposition and precipitation

(Lang, Seven, & Polle, 2011; Mohan et al., 2014; Thomas, Canham,

Weathers, & Goodale, 2010). Unlike ECM fungi, AM fungi are unable

to produce enzymes that breakdown soil organic nitrogen, so they

may benefit more from increased deposition or thus increased inor-

ganic nitrogen availability, the latter being their sole source of nitro-

gen (Thomas et al., 2010).

Finally, the stronger response of trees in plots that have a history

of coppicing might be explained by the fact that “standard trees” in

Quercus coppice‐with‐standard systems may have better developed

(“bigger”) crowns than in continuous high forest, where tree crowns

generally overlap more at similar heights. Thus, their bigger crowns

create a larger photosynthetic area, which may increase production

with increasing temperatures. Another potential explanation might

be related to the vigorous growth of surviving trees after a coppice

cut, when the trees can profit from plentiful resources and low com-

petition rates (Altman et al., 2013; Deforce & Haneca, 2015; Sto-

janović et al., 2017). Quercus trees growing in plots with a history of

coppicing might thus be phenotypically adapted to utilize sudden

and strong temperature increases to boost their growth during the

phases with high light availability (Thom, Rammer, & Seidl, 2017;

Trouvé, Bontemps, Collet, Seynave, & Lebourgeois, 2017).

4.4 | Implications for future tree growth

Here, we evaluated growth responses to spatial environmental gradi-

ents. Translating these spatial responses into the response of trees
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F IGURE 4 Percentage basal area increment change for four scenarios of future environmental change based on final model predictions for
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an average scenario in which all continuous predictors are set at their observed mean, is calculated according to an informal Bayesian
approach. The dots represent the median of 1,000 random samples from a normal distribution for the mean and standard error of each model
parameter, whereas the lines represent 95% confidence intervals
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to scenarios of temporal changes in these environmental drivers in a

given place allows to assess the implications for future tree growth

(Figure 4). Our results demonstrate that future growth predictions in

global‐change studies are influenced by the study species, as well as

by interactive effects of the global‐change drivers. They also demon-

strate that for Quercus, growth predictions depend on whether or

not past management was accounted for (Figure 4). Accounting for

prior management can alter not only the magnitude, but also the

direction, of likely growth responses to probable future environmen-

tal changes for this species. In the scenario of increased precipitation

and deposition (+100 mm/year and 10 kg/ha year) for instance, Quer-

cus growth is predicted to increase with 3.9% when coppice history

was not taken into account, whereas an increase of 6.7% (i.e., 2.8%

more), versus a decrease of −2.5% (i.e., 6.4% less) is expected when

we distinguish between plots with a history of coppicing versus no

coppicing respectively. It should be noted that we examined annual

climatic variables here, and that predictions using seasonal climatic

variables may differ, depending on the seasonal climate‐growth sen-

sitivity. With more frequent and extreme heat waves expected

throughout Europe, a drought‐sensitive species such as Fagus may

be considerably impaired in its growth during and after such events

(Latte et al., 2015; Tognetti, Lombardi, Lasserre, Cherubini, & March-

etti, 2014).

Our aim with Figure 4 was to demonstrate the implication of our

findings (i.e., species‐specificity and interactive effects) in terms of

future growth predictions, rather than provide accurate growth pre-

dictions. Thus, the actual values should be interpreted with caution,

since they are based on the assumption that growth responses to

the different global‐change drivers do not change over time (nor

between 1940 and 2015, nor in the future), which is not necessarily

the case (see additional analysis: Supporting Information Table S12).

Although investigating temporal changes in the relationship between

the global‐change drivers and tree growth over time would be an

intriguing line of further research, this is beyond the scope of the

present paper. Also, accurate prediction of forest growth will not

only require taking into account (species‐specific) interactive effects,

but likely also consideration of (a) stand dynamics (vs. individual

growth), (b) site‐specific scenario values (e.g., some regions might

show stronger vs. weaker temperature increases than +3°C), (c) tem-

poral changes in the relationships between growth and the predic-

tors, (d) legitimacy of the space‐for‐time approach and (e)

consideration of seasonal growth predictors.

Neither tree competition, elevation, soil chemistry or soil depth

were retained for our study species in the models, suggesting that we

achieved a satisfactory sampling strategy, minimizing the effects of

confounding factors in this study. A potentially confounding factor

that we did not account for here though was the occurrence of biotic

disturbances (i.e., pests and diseases) such as the ash dieback fungus

(Hymenoscyphus fraxineus) for Fraxinus excelsior or the oak proces-

sionary moth (Thaumetopoea processionea) or Winter Moth (Operoph-

tera brumata) for Quercus robur/petraea. Although we tried to core

healthy trees, biotic disturbances may have affected the growth of

our cored trees in the past, without visible signs at the time of coring.

Additional research is needed on the interaction between biotic dis-

turbances and other growth factors, especially with the anticipated

increases in pest impacts on trees and forests with global environ-

mental changes (Ramsfield, Bentz, Faccoli, Jactel, & Brockerhoff,

2016). Regarding the choice of climatic variables in the analyses, we

acknowledge that the use of climate data of the current year might

obscure lagged effects of previous‐year conditions. Masting events

could also have affected tree growth and climate‐growth relation-

ships (e.g., Hacket‐Pain, Friend, Lageard, & Thomas, 2015), but unfor-

tunately we did not have data on masting in our plots. Furthermore,

we stress that our results concern the growth of individual (co‐)domi-

nant trees and acknowledge that environmental or management

effects on suppressed trees may be different (Coomes & Allen, 2007;

Ford et al., 2017; Meyer & Bräker, 2017). A drawback of our study is

that we could only consider management history for Quercus here,

hence the potential role of forest management for the other study

species’ tree growth remains unknown. Finally, as we did not cover

the whole distribution area of the study species, we stress that our

results should not be extrapolated to trees growing, for example, in

more southern forest regions without additional research.

Although we cored a considerable number of trees across the

whole study area, and the total sample size is large because one tree

provides data from many growth years (e.g., environment models:

N = 10,498 [Quercus], 5,157 [Fagus], 3,182 [Fraxinus]), the small

number of trees per plot (mostly 2, maximum 3) could be considered

as a limitation which might have affected our findings. To evaluate

whether the sample size might have impacted our main results (in-

teractive effects) and the values in Figure 4, we performed several

additional analyses testing the robustness of our results and report

these in Supporting Information (environment models: Supporting

Information Table S13 and Figure S7, forest management models:

Supporting Information Table S14 and Figure S8, Figure 4: Support-

ing Information Table S15). From this, it did not seem like the sam-

ple size affected our results.

To conclude, in this study we showed that simultaneously consid-

ering multiple global‐change drivers as well as the management history

might be crucial for solid predictions of tree growth in the face of glo-

bal environmental change. Tree growth in closed‐canopy forests is

determined by a complex interaction of factors (e.g., environment,

management, soil and stand conditions and tree age/size). Here, we

have shown that sampling trees on a larger geographical scale, and

across gradients of specific factors of interest (e.g., global‐change dri-

vers and forest management), can help in disentangling the effects of

these factors. Several species‐specific main and interactive effects of

the global‐change drivers were detected, but additional studies that (a)

evaluate management effects for other tree species, (b) cover other

study areas and (c) investigate temporal growth responses as well, are

needed to validate our findings more generally.

ACKNOWLEDGEMENTS

We thank the European Research Council [ERC Consolidator grant

no. 614839: PASTFORWARD] for funding SLM, LD, KV, MV and

MAES ET AL. | 13



MPP for scientific research and fieldwork involved in this study.

Frantisek M was funded by VEGA 1/0639/17 and APVV‐14‐0086,
RH was supported by the grant project 17‐09283S from the Grant

Agency of the Czech Republic, and RH and MK were supported by

the Czech Academy of Sciences, project RVO 67985939. We thank

Kris and Filip Ceunen, Robbe De Beelde, Haben Blondeel, Jorgen Op

de Beeck, Dries Landuyt, Pieter De Frenne, Bram Bauwens, Sanne

Govaert, Luc Willems, Greet De Bruyn and many others for their

support during the intense fieldwork campaign across European for-

ests. We are very grateful to Sien Camps for her detailed work on

the tree‐ring database. Thank you to Markus Bernhardt‐Römermann

for extracting the climate data and Lionel Hertzog, Astrid Vannoppen

and Lander Baeten for providing feedback on the statistical

approach. Thank you to Jérôme Buridant for going through numer-

ous forest archives, and Déborah Closset‐Kopp for help with the site

selection. Thank you also to the Nature Conservation Agency of Lat-

via for granting us permission to work in the Moricsala Nature

Reserve. Finally, we also thank the three anonymous reviewers for

their constructive feedback on our manuscript.

CONFLICT OF INTEREST

The authors have no conflict of interests to declare.

ORCID

Sybryn L. Maes http://orcid.org/0000-0002-7168-2390

Michael P. Perring http://orcid.org/0000-0001-8553-4893

Jan Van den Bulcke https://orcid.org/0000-0003-2939-5408

Jörg Brunet https://orcid.org/0000-0003-2667-4575

Jan den Ouden https://orcid.org/0000-0003-1518-2460

Werner Härdtle https://orcid.org/0000-0002-5599-5792

Radim Hédl https://orcid.org/0000-0002-6040-8126

Thilo Heinken https://orcid.org/0000-0002-1681-5971

Martin Kopecký http://orcid.org/0000-0002-1018-9316

František Máliš https://orcid.org/0000-0003-2760-6988

Monika Wulf https://orcid.org/0000-0001-6499-0750

REFERENCES

Aber, J. D. (1992). Nitrogen cycling and nitrogen saturation in temperate

forest ecosystems. Trends in Ecology & Evolution, 7(7), 220–224.
https://doi.org/10.1016/0169-5347(92)90048-G.

Aber, J., Neilson, R. P., McNulty, S., Lenihan, J. M., Bachelet, D., & Dra-

pek, R. J. (2001). Forest processes and global environmental change:

predicting the effects of individual and multiple stressors. BioScience,

51(9), 735–751. https://doi.org/10.1641/0006-3568(2001)051[0735:
FPAGEC]2.0.CO;2

Aertsen, W., Janssen, E., Kint, V., Bontemps, J., Orshoven, J. V., & Muys,

B. (2014). Long‐term growth changes of common beech (Fagus sylvat-

ica L.) are less pronounced on highly productive sites. Forest Ecology

and Management, 312, 252–259. https://doi.org/10.1016/j.foreco.

2013.09.034.

Altman, J., Hédl, R., Szabó, P., Mazůrek, P., Riedl, V., Müllerová, J., …
Doležal, J. (2013). Tree‐rings mirror management legacy: dramatic

response of standard oaks to past coppicing in central Europe. PLoS

ONE, 8(2), 1–11. https://doi.org/10.1371/journal.pone.0055770
Augustaitis, A., Kliucius, A., Marozas, V., Pilkauskas, M., Augustaitiene, I.,

Vitas, A., … Dreimanis, A. (2016). Sensitivity of European beech trees

to unfavorable environmental factors on the edge and outside of

their distribution range in northeastern Europe. Iforest, 9(2016), 259–
269. https://doi.org/10.3832/ifor1398-008.

Babst, F., Poulter, B., Bodesheim, P., Mahecha, M. D., & Frank, D. C.

(2017). Improved tree‐ring archives will support earth‐system science.

Nature Ecology & Evolution, 1(2), 1–2. https://doi.org/10.1038/

s41559-016-0008.

Bauwe, A., Jurasinski, G., Scharnweber, T., Schröder, C., & Lennartz, B.

(2016). Impact of climate change on tree‐ring growth of Scots pine,

common beech and pedunculate oak in northeastern Germany. Ifor-

est, 9(2015), 1–11. https://doi.org/10.3832/ifor1421-008.
Bobbink, R., Ashmore, M. R., Braun, S., Flückiger, W., & Van den Wyn-

gaert, I. J. J. (2017). Empirical nitrogen critical loads for natural and

semi‐natural ecosystems: 2002 update.

Bobbink, R., Hicks, K., Galloway, J., Spranger, T., Alkemade, R., Ashmore,

M., … De Vries, W. (2010). Global assessment of nitrogen deposition

effects on terrestrial plant diversity: A synthesis. Ecological Applica-

tions, 20(1), 30–59. https://doi.org/10.1890/08-1140.1.
Bohn, U., Gollub, G., Hettwer, C., Neuhäuslová, Z., Raus, T., Schlüter, H.,

& Weber, H. (2003). Karte der natürlichen Vegetation Europas, Maß-
stab 1: 2 500 000./Map of the Natural vegetation of Europe. Scale

1: 2 500 000. Bundesamt Für Naturschutz, Bonn.

Bosela, M., Popa, I., Gömöry, D., Longauer, R., Tobin, B., Kyncl, J., …
Büntgen, U. (2016). Effects of post‐glacial phylogeny and genetic

diversity on the growth variability and climate sensitivity of European

silver fir. Journal of Ecology, 104(3), 716–724. https://doi.org/10.

1111/1365-2745.12561.

Bowman, D. M. J. S., Brienen, R. J. W., Gloor, E., Phillips, O. L., & Prior,

L. D. (2013). Detecting trends in tree growth: Not so simple. Trends

in Plant Science, 18(1), 11–17. https://doi.org/10.1016/j.tplants.2012.
08.005.

Braun, S., Schindler, C., & Rihm, B. (2017). Growth trends of beech and

Norway spruce in Switzerland: The role of nitrogen deposition,

ozone, mineral nutrition and climate. Science of the Total Environment,

599–600, 637–646. https://doi.org/10.1016/j.scitotenv.2017.04.230.
Buchanan, M. L., & Hart, J. L. (2011). A methodological analysis of

canopy disturbance reconstructions using Quercus alba. Canadian

Journal of Forest Research, 41(January), 1359–1367. https://doi.org/
10.1139/X11-057.

Buckley (1992). Ecology and Management of coppice woodlands. London:

Springer Science.

Bunn, A. G. (2008). A dendrochronology program library in R (dplR). Den-

drochronologia, 26(2), 115–124. https://doi.org/10.1016/j.dendro.

2008.01.002.

Camarero, J. J., & Carrer, M. (2016). Bridging long‐term wood functioning

and nitrogen deposition to better understand changes in tree growth

and forest productivity. Tree Physiology, 37(1), 1–3. https://doi.org/
10.1093/treephys/tpw111.

Charru, M., Seynave, I., Hervé, J. C., Bertrand, R., & Bontemps, J. D.

(2017). Recent growth changes in Western European forests are dri-

ven by climate warming and structured across tree species climatic

habitats. Annals of Forest Science, 74, 33. https://doi.org/10.1007/

s13595-017-0626-1.

Christensen, J. H., Hewitson, B., Busuioc, A., Chen, A., Gao, X., Held, I.,

… Whetton, P. (2007). Regional climate projections. In S. Solomon,

D. Qin, M. Manning, Z. Chen, M. Marquis, K. B. Averyt, … H. L.

Miller (Eds.), Climate Change 2007: The Physical Science Basis. Contri-

bution of Working Group I to the Fourth Assessment Report of the

Intergovernmental Panel on Climate Change (Vol. 11, pp. 847–940).
New York, NY, USA and Cambridge, UK: Cambridge University

Press.

14 | MAES ET AL.

http://orcid.org/0000-0002-7168-2390
http://orcid.org/0000-0002-7168-2390
http://orcid.org/0000-0002-7168-2390
http://orcid.org/0000-0001-8553-4893
http://orcid.org/0000-0001-8553-4893
http://orcid.org/0000-0001-8553-4893
https://orcid.org/0000-0003-2939-5408
https://orcid.org/0000-0003-2939-5408
https://orcid.org/0000-0003-2939-5408
https://orcid.org/0000-0003-2667-4575
https://orcid.org/0000-0003-2667-4575
https://orcid.org/0000-0003-2667-4575
https://orcid.org/0000-0003-1518-2460
https://orcid.org/0000-0003-1518-2460
https://orcid.org/0000-0003-1518-2460
https://orcid.org/0000-0002-5599-5792
https://orcid.org/0000-0002-5599-5792
https://orcid.org/0000-0002-5599-5792
https://orcid.org/0000-0002-6040-8126
https://orcid.org/0000-0002-6040-8126
https://orcid.org/0000-0002-6040-8126
https://orcid.org/0000-0002-1681-5971
https://orcid.org/0000-0002-1681-5971
https://orcid.org/0000-0002-1681-5971
http://orcid.org/0000-0002-1018-9316
http://orcid.org/0000-0002-1018-9316
http://orcid.org/0000-0002-1018-9316
https://orcid.org/0000-0003-2760-6988
https://orcid.org/0000-0003-2760-6988
https://orcid.org/0000-0003-2760-6988
https://orcid.org/0000-0001-6499-0750
https://orcid.org/0000-0001-6499-0750
https://orcid.org/0000-0001-6499-0750
https://doi.org/10.1016/0169-5347(92)90048-G
https://doi.org/10.1641/0006-3568(2001)051[0735:FPAGEC]2.0.CO;2
https://doi.org/10.1641/0006-3568(2001)051[0735:FPAGEC]2.0.CO;2
https://doi.org/10.1016/j.foreco.2013.09.034
https://doi.org/10.1016/j.foreco.2013.09.034
https://doi.org/10.1371/journal.pone.0055770
https://doi.org/10.3832/ifor1398-008
https://doi.org/10.1038/s41559-016-0008
https://doi.org/10.1038/s41559-016-0008
https://doi.org/10.3832/ifor1421-008
https://doi.org/10.1890/08-1140.1
https://doi.org/10.1111/1365-2745.12561
https://doi.org/10.1111/1365-2745.12561
https://doi.org/10.1016/j.tplants.2012.08.005
https://doi.org/10.1016/j.tplants.2012.08.005
https://doi.org/10.1016/j.scitotenv.2017.04.230
https://doi.org/10.1139/X11-057
https://doi.org/10.1139/X11-057
https://doi.org/10.1016/j.dendro.2008.01.002
https://doi.org/10.1016/j.dendro.2008.01.002
https://doi.org/10.1093/treephys/tpw111
https://doi.org/10.1093/treephys/tpw111
https://doi.org/10.1007/s13595-017-0626-1
https://doi.org/10.1007/s13595-017-0626-1


Ciais, P. H., Reichstein, M., Viovy, N., Granier, A., Ogée, J., Allard, V.,…
Valentini, R. (2005). Europe‐wide reduction in primary productivity

caused by the heat and drought in 2003. Nature, 437(7058), 529–
533. https://doi.org/10.1038/nature03972.

Coomes, D. A., & Allen, R. B. (2007). Effects of size, competition and alti-

tude on tree growth. Journal of Ecology, 95(5), 1084–1097. https://d
oi.org/10.1111/j.1365-2745.2007.01280.x.

De Mil, T., Vannoppen, A., Beeckman, H., Van Acker, J., & Van den Bul-

cke, J. (2016). A field‐to‐desktop toolchain for X‐ray CT densitometry

enables tree ring analysis. Annals of Botany, 117(7), 1187–1196.
https://doi.org/10.1093/aob/mcw063.

De Vries, W., Reinds, G. J., Kros, J., Nabuurs, G.‐J., Pussinen, A., Solberg,
S., … Van Oijen, M. (2007). Assessment of the relative importance of

nitrogen deposition, climate change and forest management on the

sequestration of carbon by forests in Europe. Alterra Wageningen UR,

https://doi.org/10.1016/S0378-1127(09)00590-8.

de Vries, W., Solberg, S., Dobbertin, M., Sterba, H., Laubhann, D., van

Oijen, M., … Sutton, M. A. (2009). The impact of nitrogen deposition

on carbon sequestration by European forests and heathlands. Forest

Ecology and Management, 258(8), 1814–1823. https://doi.org/10.

1016/j.foreco.2009.02.034.

Deforce, K., & Haneca, K. (2015). Tree‐ring analysis of archaeological char-

coal as a tool to identify past woodland management: The case from a

14th century site from Oudenaarde (Belgium). Quaternary International,

366, 70–80. https://doi.org/10.1016/j.quaint.2014.05.056.
Dierick, M., Van Loo, D., Masschaele, B., Van den Bulcke, J., Van Acker,

J., & Van Hoorebeke, L. (2014). Recent micro‐CT scanner develop-

ments at UGCT. Nuclear Instruments and Methods in Physics Research

Section B: Beam Interactions with Materials and Atoms, 324, 35–40.
https://doi.org/10.1016/j.nimb.2013.10.051.

Doblas‐Miranda, E., Alonso, R., Arnan, X., Bermejo, V., Brotons, L., de las

Heras, J.,… Retana, J. (2017). A review of the combination among

global change factors in forests, shrublands and pastures of the

Mediterranean Region: Beyond drought effects. Global and Planetary

Change, 148, 42–54. https://doi.org/10.1016/j.gloplacha.2016.11.

012.

Duprè, C., Stevens, C. J., Ranke, T., Bleekers, A., Peppler‐Lisbach, C.,

Gowing, D. J. G., … Diekmann, M. (2010). Changes in species rich-

ness and composition in European acidic grasslands over the past 70

years: The contribution of cumulative atmospheric nitrogen deposi-

tion. Global Change Biology, 16, 344–357. https://doi.org/10.1111/j.
1365-2486.2009.01982.x.

EEA (2007). Air pollution in Europe 1990–2004. European Environment

Agency. Retrieved from https://www.eea.europa.eu/publications/eea_

report_2007_2/at_download/file%5Cnhttps://www.eea.europa.eu/pub

lications/eea_report_2007_2

Ellenberg, H., & Leuschner, C. (2010). Zeigerwerte der Pflanzen Mitteleu-

ropas. Vegetation Mitteleuropas Mit Den Alpen,1–109.
Engardt, M., Simpson, D., Schwikowski, M., & Granat, L. (2017). Deposi-

tion of sulphur and nitrogen in Europe 1900–2050. Model calcula-

tions and comparison to historical observations. Tellus B: Chemical

and Physical Meteorology, 69(1), 1328945. https://doi.org/10.1080/

16000889.2017.1328945.

Eugster, W., & Haeni, M. (2013). Nutrients or pollutants? Nitrogen depo-

sition to european forests. Developments in Environmental Science, 13,

37–56. https://doi.org/10.1016/B978-0-08-098349-3.00003-7.
Ford, K. R., Breckheimer, I. K., Franklin, J. F., Freund, J. A., Kroiss, S. J.,

Larson, A. J., … HilleRisLambers, J. (2017). Competition alters tree

growth responses to climate at individual and stand scales. Canadian

Journal of Forest Research, 47(1), 53–62. https://doi.org/10.1139/cjfr-
2016-0188.

Foster, J. R., Finley, A. O., D’Amato, A. W., Bradford, J. B., & Banerjee, S.

(2016). Predicting tree biomass growth in the temperate‐boreal eco-
tone: Is tree size, age, competition, or climate response most

important? Global Change Biology, 22(6), 2138–2151. https://doi.org/
10.1111/gcb.13208.

Fowler, D., Coyle, M., Skiba, U., Sutton, M. A., Cape, J. N., Reis, S. …
Voss, M. (2013). The global nitrogen cycle in the twenty‐first century.
Philosophical Transactions of the Royal Society of London. Series B, Bio-

logical Sciences, 368(1621), 1–13. https://doi.org/10.1098/rstb.2013.
0164.

Gärtner, H., & Nievergelt, D. (2010). The core‐microtome: A new tool for

surface preparation on cores and time series analysis of varying cell

parameters. Dendrochronologia, 28(2), 85–92. https://doi.org/10.

1016/j.dendro.2009.09.002.

Gelman, A., & Hill, J. (2007). Data analysis using regression and multilevel/

hierarchical models. Cambridge: Cambridge University Press.

Gower, S. T., McMurtrie, R. E., & Murty, D. (1996). Aboveground net pri-

mary production decline with stand age: Potential causes. Trends in

Ecology and Evolution, 11(9), 378–382. https://doi.org/10.1016/0169-
5347(96)10042-2.

Hacket‐Pain, A. J., Friend, A. D., Lageard, J. G. A., & Thomas, P. A.

(2015). The influence of masting phenomenon on growth‐climate

relationships in trees: Explaining the influence of previous summers’
climate on ring width. Tree Physiology, 35(3), 319–330. https://doi.

org/10.1093/treephys/tpv007.

Harris, I., Jones, P. D., Osborn, T. J., & Lister, D. H. (2014). Updated high‐
resolution grids of monthly climatic observations – the CRU TS3.10

Dataset. International Journal of Climatology, 34, 623–642. https://doi.
org/10.1002/joc.3711.

Hegyi, F. (1974). A simulation model for managing jack pine stands. In J.

Fried (Ed.), Growth models for tree and stand simulations (pp. 74–90).
Stockholm, Sweden: Royal College.

Ibáñez, I., Zak, D. R., Burton, A. J., & Pregitzer, K. S. (2018). Anthro-

pogenic nitrogen deposition ameliorates the decline in tree growth

caused by a drier climate. Ecology, 99(2), 411–420. https://doi.org/
10.1002/ecy.2095.

Jacob, D., Petersen, J., Eggert, B., Alias, A., Christensen, O. B., Bouwer, L.

M., … Yiou, P. (2014). EURO‐CORDEX: New high‐resolution climate

change projections for European impact research. Regional Environ-

mental Change, 14(2), 563–578. https://doi.org/10.1007/s10113-

013-0499-2.

Jones, L., Provins, A., Holland, M., Mills, G., Hayes, F., Emmett, B., …
Harper‐Simmonds, L. (2014). A review and application of the evi-

dence for nitrogen impacts on ecosystem services. Ecosystem Services,

7, 76–88. https://doi.org/10.1016/j.ecoser.2013.09.001.
Jump, A. S., Hunt, J. M., & Penuelas, J. (2006). Rapid climate change‐re-

lated growth decline at the southern range edge of Fagus sylvatica.

Global Change Biology, 12(11), 2163–2174. https://doi.org/10.1111/j.
1365-2486.2006.01250.x.

Kahle, H.‐P., Karjalainen, T., Schuck, A., Ågren, G. I., Kellomäki, S., Mellert,

K. H., … Spiecker, H. (2008). Causes and Consequences of Forest

Growth Trends in Europe – Results of the RECOGNITION Project.

European Forest Institute Research Report.

Kauppi, P., Kämäri, J., Posch, M., Kauppi, L., & Matzner, E. (1986). Acidifi-

cation of forest soils: Model development and application for analyz-

ing impacts of acidic deposition in Europe. Ecological Modelling, 33,

231–253. https://doi.org/10.1016/0304-3800(86)90042-6.
Keenan, R. J. (2015). Climate change impacts and adaptation in forest

management: A review. Annals of Forest Science, 72(2), 145–167.
https://doi.org/10.1007/s13595-014-0446-5.

Kint, V., Aertsen, W., Campioli, M., Vansteenkiste, D., Delcloo, A., &

Muys, B. (2012). Radial growth change of temperate tree species in

response to altered regional climate and air quality in the period

1901–2008. Climatic Change, 115, 343–363. https://doi.org/10.1007/
s10584-012-0465-x.

Kopecký, M., Hédl, R., & Szabó, P. (2013). Non‐random extinctions domi-

nate plant community changes in abandoned coppices. Journal of

MAES ET AL. | 15

https://doi.org/10.1038/nature03972
https://doi.org/10.1111/j.1365-2745.2007.01280.x
https://doi.org/10.1111/j.1365-2745.2007.01280.x
https://doi.org/10.1093/aob/mcw063
https://doi.org/10.1016/S0378-1127(09)00590-8
https://doi.org/10.1016/j.foreco.2009.02.034
https://doi.org/10.1016/j.foreco.2009.02.034
https://doi.org/10.1016/j.quaint.2014.05.056
https://doi.org/10.1016/j.nimb.2013.10.051
https://doi.org/10.1016/j.gloplacha.2016.11.012
https://doi.org/10.1016/j.gloplacha.2016.11.012
https://doi.org/10.1111/j.1365-2486.2009.01982.x
https://doi.org/10.1111/j.1365-2486.2009.01982.x
https://www.eea.europa.eu/publications/eea_report_2007_2/at_download/file\nhttps://www.eea.europa.eu/publications/eea_report_2007_2
https://www.eea.europa.eu/publications/eea_report_2007_2/at_download/file\nhttps://www.eea.europa.eu/publications/eea_report_2007_2
https://www.eea.europa.eu/publications/eea_report_2007_2/at_download/file\nhttps://www.eea.europa.eu/publications/eea_report_2007_2
https://doi.org/10.1080/16000889.2017.1328945
https://doi.org/10.1080/16000889.2017.1328945
https://doi.org/10.1016/B978-0-08-098349-3.00003-7
https://doi.org/10.1139/cjfr-2016-0188
https://doi.org/10.1139/cjfr-2016-0188
https://doi.org/10.1111/gcb.13208
https://doi.org/10.1111/gcb.13208
https://doi.org/10.1098/rstb.2013.0164
https://doi.org/10.1098/rstb.2013.0164
https://doi.org/10.1016/j.dendro.2009.09.002
https://doi.org/10.1016/j.dendro.2009.09.002
https://doi.org/10.1016/0169-5347(96)10042-2
https://doi.org/10.1016/0169-5347(96)10042-2
https://doi.org/10.1093/treephys/tpv007
https://doi.org/10.1093/treephys/tpv007
https://doi.org/10.1002/joc.3711
https://doi.org/10.1002/joc.3711
https://doi.org/10.1002/ecy.2095
https://doi.org/10.1002/ecy.2095
https://doi.org/10.1007/s10113-013-0499-2
https://doi.org/10.1007/s10113-013-0499-2
https://doi.org/10.1016/j.ecoser.2013.09.001
https://doi.org/10.1111/j.1365-2486.2006.01250.x
https://doi.org/10.1111/j.1365-2486.2006.01250.x
https://doi.org/10.1016/0304-3800(86)90042-6
https://doi.org/10.1007/s13595-014-0446-5
https://doi.org/10.1007/s10584-012-0465-x
https://doi.org/10.1007/s10584-012-0465-x


Applied Ecology, 50(1), 79–87. https://doi.org/10.1111/1365-2664.

12010.

Lang, C., Seven, J., & Polle, A. (2011). Host preferences and differential

contributions of deciduous tree species shape mycorrhizal species

richness in a mixed Central European forest. Mycorrhiza, 21(4), 297–
308. https://doi.org/10.1007/s00572-010-0338-y.

Latte, N., Lebourgeois, F., & Claessens, H. (2015). Increased tree‐growth

synchronization of beech (Fagus sylvatica L.) in response to climate

change in northwestern Europe. Dendrochronologia, 33, 69–77.
https://doi.org/10.1016/j.dendro.2015.01.002.

Latte, N., Lebourgeois, F., & Claessens, H. (2016). Growth partitioning

within beech trees (Fagus sylvatica L.) varies in response to summer

heat waves and related droughts. Trees ‐ Structure and Function, 30

(1), 189–201. https://doi.org/10.1007/s00468-015-1288-y.
Laubhann, D., Sterba, H., Reinds, G.‐J., & de Vries, W. (2009). The impact

of atmospheric deposition and climate on forest growth in European

monitoring plots: An individual tree growth model. Forest Ecology and

Management, 258, 1751–1761. https://doi.org/10.1016/j.foreco.

2008.09.050.

Leip, A., Achermann, B., Billen, G., Bleeker, A., Bouwman, A. F., deVries,

W., … Winiwarter, W. (2011). Integrating nitrogen fluxes at the Euro-

pean scale. In M. A. Sutton, C. M. Howard, J. W. Erisman, G. Billen,

A. Bleeker, P. Grennfelt, … B. Grizzetti (Eds.), The European nitrogen

assessment (pp. 345–376). Cambridge, UK: Cambridge University

Press.

Leuschner, C., & Ellenberg, H. (2017). Ecology of Central European Forests:

Vegetation Ecology of Central Europe (1st ed., Vol. I). Switzerland:

Springer International Publishing.

Lévesque, M., Walthert, L., & Weber, P. (2016). Soil nutrients influence

growth response of temperate tree species to drought. Journal of

Ecology, 104(2), 377–387. https://doi.org/10.1111/1365-2745.

12519.

Lindner, M., Fitzgerald, J. B., Zimmermann, N. E., Reyer, C., Delzon, S.,

van der Maaten, E., … Hanewinkel, M. (2014). Climate change and

European forests: What do we know, what are the uncertainties, and

what are the implications for forest management? Journal of Environ-

mental Management, 146, 69–83. https://doi.org/10.1016/j.jenvman.

2014.07.030.

Maes, S. L., Vannoppen, A., Altman, J., Van den Bulcke, J., Decocq, G.,

De Mil, T., … Verheyen, K. (2017). Evaluating the robustness of three

ring‐width measurement methods for growth release reconstruction.

Dendrochronologia, 46(October), 67–76. https://doi.org/10.1016/j.de

ndro.2017.10.005.

Magnani, F., Mencuccini, M., Borghetti, M., Berbigier, P., Berninger, F.,

Delzon, S., … Grace, J. (2007). The human footprint in the carbon

cycle of temperate and boreal forests. Nature, 447(7146), 848–851.
https://doi.org/10.1038/nature05847.

Mäkinen, H., Nöjd, P., Kahle, H. P., Neumann, U., Tveite, B., Mielikäinen,

K., … Spiecker, H. (2003). Large‐scale climatic variability and radial

increment variation of Picea abies (L.) Karst. in central and northern

Europe. Trees, 17, 173–184. https://doi.org/10.1007/s00468-002-

0220-4.

Martin‐Benito, D., Kint, V., Muys, B., & Cañellas, I. (2011). Growth

responses of West‐Mediterranean Pinus nigra to climate change are

modulated by competition and productivity: Past trends and future

perspectives. Forest Ecology and Management, 262, 1030–1040.
https://doi.org/10.1016/j.foreco.2011.05.038.

Martinez‐Vilalta, J., Lopez, B. C., Adell, N., Badiella, L., & Ninyerolas, M.

(2008). Twentieth century increase of Scots pine radial growth in NE

Spain shows strong climate interactions. Global Change Biology, 14,

2868–2881. https://doi.org/10.1111/j.1365-2486.2008.01685.x.
Mausolf, K., Härdtle, W., Jansen, K., Delory, B. M., Hertel, D., Leuschner,

C., … Fichtner, A. (2018). Legacy effects of land‐use modulate tree

growth responses to climate extremes. Oecologia, 0123456789, 1–13.
https://doi.org/10.1007/s00442-018-4156-9.

McGrath, M. J., Luyssaert, S., Meyfroidt, P., Kaplan, J. O., Bürgi, M., Chen,

Y., … Valade, A. (2015). Reconstructing European forest management

from 1600 to 2010. Biogeosciences, 12(14), 4291–4316. https://doi.
org/10.5194/bg-12-4291-2015.

Mette, T., Dolos, K., Meinardus, C., Bräuning, A., Reineking, B., Blaschke,

M., … Wellstein, C. (2013). Climatic turning point for beech and oak

under climate change in Central Europe. Ecosphere, 4, 1–19. https://d
oi.org/10.1890/ES13-00115.1

Meyer, F. D., & Bräker, O. U. (2017). Climate response in dominant and

suppressed spruce trees, Picea abies (L.) Karst., on a subalpine and

lower montane site in Switzerland. Ecoscience, 8(1), 105–114.
https://doi.org/10.1080/11956860.2001.11682636.

Mohan, J. E., Cowden, C. C., Baas, P., Dawadi, A., Frankson, P. T., Hel-

mick, K., … Witt, C. A. (2014). Mycorrhizal fungi mediation of terres-

trial ecosystem responses to global change: Mini‐review. Fungal

Ecology, 10(1), 3–19. https://doi.org/10.1016/j.funeco.2014.01.005.
Nakagawa, S., & Schielzeth, H. (2013). A General and Simple Method for

Obtaining R2 from Generalized Linear Mixed‐Effects Models A gen-

eral and simple method for obtaining R2 from generalized linear

mixed‐effects models. Methods in Ecology and Evolution, 4(February),

133–142. https://doi.org/10.1111/J.2041-210x.2012.00261.X.
Nehrbass‐Ahles, C., Babst, F., Klesse, S., Nötzli, M., Bouriaud, O., Neu-

kom, R., … Frank, D. (2014). The influence of sampling design on

tree‐ring‐based quantification of forest growth. Global Change Biology,

20(9), 2867–2885. https://doi.org/10.1111/gcb.12599.
Noormets, A., Epron, D., Domec, J. C., McNulty, S. G., Fox, T., Sun, G., &

King, J. S. (2015). Effects of forest management on productivity and

carbon sequestration: A review and hypothesis. Forest Ecology and

Management, 355, 124–140. https://doi.org/10.1016/j.foreco.2015.

05.019.

Orlowsky, B., & Seneviratne, S. I. (2012). Global changes in extreme

events: Regional and seasonal dimension. Climatic Change, 110(3–4),
669–696. https://doi.org/10.1007/s10584-011-0122-9.

Pinheiro, J., Bates, D., DebRoy, S., & Sarkar, D. (2016). {nlme}: Linear and

Nonlinear Mixed Effects Models, R package.

Piovesan, G., Franco, B., Di Alfredo, F., Alfredo, A., Maugeri, M., Biondi,

F., … Maugeri, M. (2008). Drought‐driven growth reduction in old

beech (Fagus sylvatica L.) forests of the central Apennines, Italy. Glo-

bal Change Biology, 14(6), 1265–1281. https://doi.org/10.1111/j.

1365-2486.2008.01570.x.

R Core and Team (2017). R: A language and environment for statistical

computing. Vienna, Austria: R Foundation for Statistical Computing.

Retrieved from https://www.r-project.org

Ramsfield, T. D., Bentz, B. J., Faccoli, M., Jactel, H., & Brockerhoff, E. G.

(2016). Forest health in a changing world: Effects of globalization and

climate change on forest insect and pathogen impacts. Forestry, 89

(3), 245–252. https://doi.org/10.1093/forestry/cpw018.

Reyer, C. (2015). Forest productivity under environmental change—A

review of stand‐scale modeling studies. Current Forestry Reports, 1(2),

53–68. https://doi.org/10.1007/s40725-015-0009-5.
Rieger, I., Kowarik, I., Cherubini, P., & Cierjacks, A. (2017). A novel den-

drochronological approach reveals drivers of carbon sequestration in

tree species of riparian forests across spatiotemporal scales. Science

of the Total Environment, 574, 1261–1275. https://doi.org/10.1016/j.
scitotenv.2016.07.174.

Rozas, V. (2014). Individual‐based approach as a useful tool to disentan-

gle the relative importance of tree age, size and inter‐tree competi-

tion in dendroclimatic studies. Iforest, 8(2014), 187–194. https://doi.
org/10.3832/ifor1249-007.

Ruiz‐Benito, P., Madrigal‐González, J., Ratcliffe, S., Coomes, D. A., Känd-

ler, G., Lehtonen, A., … Zavala, M. A. (2014). Stand structure and

recent climate change constrain stand basal area change in European

forests: a comparison across boreal, temperate, and mediterranean

biomes. Ecosystems, 17(8), 1439–1454. https://doi.org/10.1007/

s10021-014-9806-0.

16 | MAES ET AL.

https://doi.org/10.1111/1365-2664.12010
https://doi.org/10.1111/1365-2664.12010
https://doi.org/10.1007/s00572-010-0338-y
https://doi.org/10.1016/j.dendro.2015.01.002
https://doi.org/10.1007/s00468-015-1288-y
https://doi.org/10.1016/j.foreco.2008.09.050
https://doi.org/10.1016/j.foreco.2008.09.050
https://doi.org/10.1111/1365-2745.12519
https://doi.org/10.1111/1365-2745.12519
https://doi.org/10.1016/j.jenvman.2014.07.030
https://doi.org/10.1016/j.jenvman.2014.07.030
https://doi.org/10.1016/j.dendro.2017.10.005
https://doi.org/10.1016/j.dendro.2017.10.005
https://doi.org/10.1038/nature05847
https://doi.org/10.1007/s00468-002-0220-4
https://doi.org/10.1007/s00468-002-0220-4
https://doi.org/10.1016/j.foreco.2011.05.038
https://doi.org/10.1111/j.1365-2486.2008.01685.x
https://doi.org/10.1007/s00442-018-4156-9
https://doi.org/10.5194/bg-12-4291-2015
https://doi.org/10.5194/bg-12-4291-2015
https://doi.org/10.1890/ES13-00115.1
https://doi.org/10.1890/ES13-00115.1
https://doi.org/10.1080/11956860.2001.11682636
https://doi.org/10.1016/j.funeco.2014.01.005
https://doi.org/10.1111/J.2041-210x.2012.00261.X
https://doi.org/10.1111/gcb.12599
https://doi.org/10.1016/j.foreco.2015.05.019
https://doi.org/10.1016/j.foreco.2015.05.019
https://doi.org/10.1007/s10584-011-0122-9
https://doi.org/10.1111/j.1365-2486.2008.01570.x
https://doi.org/10.1111/j.1365-2486.2008.01570.x
https://www.r-project.org
https://doi.org/10.1093/forestry/cpw018
https://doi.org/10.1007/s40725-015-0009-5
https://doi.org/10.1016/j.scitotenv.2016.07.174
https://doi.org/10.1016/j.scitotenv.2016.07.174
https://doi.org/10.3832/ifor1249-007
https://doi.org/10.3832/ifor1249-007
https://doi.org/10.1007/s10021-014-9806-0
https://doi.org/10.1007/s10021-014-9806-0


Scharnweber, T., Manthey, M., Criegee, C., Bauwe, A., Schröder, C., &

Wilmking, M. (2011). Drought matters ‐ Declining precipitation influ-

ences growth of Fagus sylvatica L. and Quercus robur L. in north‐east-
ern Germany. Forest Ecology and Management, 262(6), 947–961.
https://doi.org/10.1016/j.foreco.2011.05.026.

Scherrer, D., Bader, M. K. F., & Körner, C. (2011). Drought‐sensitivity
ranking of deciduous tree species based on thermal imaging of forest

canopies. Agricultural and Forest Meteorology, 151(12), 1632–1640.
https://doi.org/10.1016/j.agrformet.2011.06.019.

Schröter, D., Cramer, W., Leemans, R., Colin Prentice, I. B., Araujo, M.

W., Arnell, N., … Zierl, B. (2005). Ecosystem service supply and vul-

nerability to global change in Europe. Source: Science, New Series, 310

(5308), 1934–1937. https://doi.org/10.1002/9780470114735.hawle

y00624.

Scolastri, A., Cancellieri, L., Iocchi, M., & Cutini, M. (2017). Old coppice

versus high forest: The impact of beech forest management on plant

species diversity in central Apennines (Italy). Journal of Plant Ecology,

10(2), 271–280. https://doi.org/10.1093/jpe/rtw034.

Simpson, D., Andersson, C., Christensen, J. H., Engardt, M., Geels, C.,

Nyiri, A., … Langner, J. (2014). Impacts of climate and emission

changes on nitrogen deposition in Europe: A multi‐model study.

Atmospheric Chemistry and Physics, 14(13), 6995–7017. https://doi.

org/10.5194/acp-14-6995-2014.

Sjölund, M. J., & Jump, A. S. (2013). The benefits and hazards of exploit-

ing vegetative regeneration for forest conservation management in a

warming world. Forestry, 86(5), 503–513. https://doi.org/10.1093/f

orestry/cpt030.

Solberg, S., Dobbertin, M., Reinds, G. J., Lange, H., Andreassen, K., Fer-

nandez, P. G., … de Vries, W. (2009). Analyses of the impact of

changes in atmospheric deposition and climate on forest growth in

European monitoring plots: A stand growth approach. Forest Ecology

and Management, 258(8), 1735–1750. https://doi.org/10.1016/j.forec
o.2008.09.057.

Stojanović, M., Sánchez‐Salguero, R., Levanič, T., Szatniewska, J.,

Pokorný, R., & Linares, J. C. (2017). Forecasting tree growth in cop-

piced and high forests in the Czech Republic. The legacy of manage-

ment drives the coming Quercus petraea climate responses. Forest

Ecology and Management, 405(September), 56–68. https://doi.org/10.
1016/j.foreco.2017.09.021.

Sutton, M. A., Mason, K. E., Sheppard, L. J., Sverdrup, H., Haeuber, R., &

Hicks, K. W. (2014). Nitrogen deposition, critical loads and biodiversity.

the Netherlands: Springer.

Thom, D., Rammer, W., & Seidl, R. (2017). Disturbances catalyze the

adaptation of forest ecosystems to changing climate conditions. Glo-

bal Change Biology, 23(1), 269–282. https://doi.org/10.1111/gcb.

13506.

Thomas, R. Q., Canham, C. D., Weathers, K. C., & Goodale, C. L. (2010).

Increased tree carbon storage in response to nitrogen deposition in

the US. Nature Geoscience, 3(1), 13–17. https://doi.org/10.1038/nge
o721.

Tognetti, R., Lombardi, F., Lasserre, B., Cherubini, P., & Marchetti, M.

(2014). Tree‐ring stable isotopes reveal twentieth‐century increases

in water‐use efficiency of Fagus sylvatica and Nothofagus spp. in Ital-

ian and Chilean Mountains. PLoS ONE, 9(11), e113136. https://doi.

org/10.1371/journal.pone.0113136.

Trouvé, R., Bontemps, J. D., Collet, C., Seynave, I., & Lebourgeois, F.

(2017). Radial growth resilience of sessile oak after drought is

affected by site water status, stand density, and social status. Trees ‐
Structure and Function, 31(2), 517–529. https://doi.org/10.1007/

s00468-016-1479-1.

Trumbore, S., Brando, P., & Hartmann, H. (2015). Forest health and global

change. Science, 349(6250), 814–818. https://doi.org/10.1126/scie

nce.aac6759.

Van den Bulcke, J., Wernersson, E. L. G., Dierick, M., Van Loo, D., Mass-

chaele, B., Brabant, L., … Van Acker, J. (2014). 3D tree‐ring analysis

using helical X‐ray tomography. Dendrochronologia, 32(1), 39–46.
https://doi.org/10.1016/j.dendro.2013.07.001.

Vanoni, M., Bugmann, H., Nötzli, M., & Bigler, C. (2016). Quantifying the

effects of drought on abrupt growth decreases of major tree species

in Switzerland. Ecology and Evolution, 6(11), 3555–3570. https://doi.
org/10.1002/ece3.2146.

Vasitis, R., Enderle, R., Vasaitis, R., Enderle, R., Vasitis, R., & Enderle, R.

(2017). Dieback of European Ash (Fraxinus spp.) ‐ Consequences and

Guidelines for Sustainable Management. SLU Service/Repro, Uppsala.

Retrieved from https://www.slu.se/globalassets/ew/org/inst/mykopa

t/forskning/stenlid/dieback-of-european-ash.pdf

Vayreda, J., Martinez‐Vilalta, J., Gracia, M., & Retana, J. (2012). Recent

climate changes interact with stand structure and management to

determine changes in tree carbon stocks in Spanish forests. Global

Change Biology, 18, 1028–1041. https://doi.org/10.1111/j.1365-

2486.2011.02606.x.

Venables, W. N., & Ripley, B. D. (2002). Modern applied statistics with S

(4th ed., Vol. 45). New York: Springer.

Verheyen, K., Baeten, L., De Frenne, P., Bernhardt‐Römermann, M., Bru-

net, J., Cornelis, J., … Verstraeten, G. (2012). Driving factors behind

the eutrophication signal in understorey plant communities of decidu-

ous temperate forests. Journal of Ecology, 100(2), 352–365. https://d
oi.org/10.1111/j.1365-2745.2011.01928.x.

Verheyen, K., De Frenne, P., Baeten, L., Waller, D. M. D. M., Hédl, R.,

Perring, M. P., … Petr, P. (2017). Combining biodiversity resurveys

across regions to advance global change research. BioScience, 67(1),

73–83. https://doi.org/10.1093/biosci/biw150.

Way, D. A., & Oren, R. (2010). Differential responses to changes in

growth temperature between trees from different functional groups

and biomes: A review and synthesis of data. Tree Physiology, 30(6),

669–688. https://doi.org/10.1093/treephys/tpq015.
Weil, R. R., & Brady, N. C. (2017). The nature and properties of soils, 15

ed. Harlow, UK: Pearson Education Limited.

Wickham, H. (2009). ggplot2: Elegant graphics for data analysis. New York:

Springer‐Verlag.
Woodall, C. W. (2008). Research report: When is one core per tree suffi-

cient to characterize stand attributes? Results of a Pinus ponderosa

case study. Tree‐Ring Research, 64(1), 55–60. https://doi.org/10.

3959/2007-10.1

Wykoff, W. R. (1990). A basal area increment model for individual coni-

fers in the northern Rocky Mountains. Forest Science (USA), 36(4),

1077–1104.
Zuur, A. F., Ieno, E. N., Walker, N. J., Saveliev, A. A., & Smith, G. M.

(2009). Mixed effects models and extensions in ecology with R (p. 574).

New York, NY: Springer.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Maes SL, Perring MP, Vanhellemont

M, et al. Environmental drivers interactively affect individual

tree growth across temperate European forests. Glob Change

Biol. 2018;00:1–17. https://doi.org/10.1111/gcb.14493

MAES ET AL. | 17

https://doi.org/10.1016/j.foreco.2011.05.026
https://doi.org/10.1016/j.agrformet.2011.06.019
https://doi.org/10.1002/9780470114735.hawley00624
https://doi.org/10.1002/9780470114735.hawley00624
https://doi.org/10.1093/jpe/rtw034
https://doi.org/10.5194/acp-14-6995-2014
https://doi.org/10.5194/acp-14-6995-2014
https://doi.org/10.1093/forestry/cpt030
https://doi.org/10.1093/forestry/cpt030
https://doi.org/10.1016/j.foreco.2008.09.057
https://doi.org/10.1016/j.foreco.2008.09.057
https://doi.org/10.1016/j.foreco.2017.09.021
https://doi.org/10.1016/j.foreco.2017.09.021
https://doi.org/10.1111/gcb.13506
https://doi.org/10.1111/gcb.13506
https://doi.org/10.1038/ngeo721
https://doi.org/10.1038/ngeo721
https://doi.org/10.1371/journal.pone.0113136
https://doi.org/10.1371/journal.pone.0113136
https://doi.org/10.1007/s00468-016-1479-1
https://doi.org/10.1007/s00468-016-1479-1
https://doi.org/10.1126/science.aac6759
https://doi.org/10.1126/science.aac6759
https://doi.org/10.1016/j.dendro.2013.07.001
https://doi.org/10.1002/ece3.2146
https://doi.org/10.1002/ece3.2146
https://www.slu.se/globalassets/ew/org/inst/mykopat/forskning/stenlid/dieback-of-european-ash.pdf
https://www.slu.se/globalassets/ew/org/inst/mykopat/forskning/stenlid/dieback-of-european-ash.pdf
https://doi.org/10.1111/j.1365-2486.2011.02606.x
https://doi.org/10.1111/j.1365-2486.2011.02606.x
https://doi.org/10.1111/j.1365-2745.2011.01928.x
https://doi.org/10.1111/j.1365-2745.2011.01928.x
https://doi.org/10.1093/biosci/biw150
https://doi.org/10.1093/treephys/tpq015
https://doi.org/10.3959/2007-10.1
https://doi.org/10.3959/2007-10.1
https://doi.org/10.1111/gcb.14493



