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1  | INTRODUC TION

Accelerated climate change (Smith et al., 2015) is impacting global 
biodiversity (IPBES et al., 2019; Petr et al., 2014; Segan et al., 2016; 
Shepherd et al., 2016; Urban, 2015). Documented impacts of 
climate change on plants include changes in community com-
position, species richness, population dynamics, physiology, phe-
nology and species distribution (e.g. Dusenge et al., 2019; Kuhn 
& Gegout, 2019; Lenoir et al., 2008; Piao et al., 2019; Steinbauer 

et al., 2018). Macro- scale redistributions of organisms, including 
trees, in response to climate change depend on dispersal and estab-
lishment in previously uncolonized areas (Monleon & Lintz, 2015). 
However, the species' environmental requirements and tolerances 
(in terms of e.g. temperature, humidity and light requirements) can 
change from seedlings to adult life stages (Grubb, 1977; Parrish & 
Bazzaz, 1985a), a process referred to as ontogenetic shift (Bertrand 
et al., 2011; Eriksson, 2002; Miriti, 2006; Parrish & Bazzaz, 1985b; 
Werner & Gilliam, 1984). Therefore, sites with environmental 
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conditions suitable for adults might be less suitable for their off-
spring, and vice versa.

In general, early stages of plant's life cycle (i.e. seedlings and juve-
niles) are considered more sensitive than adults of the same species 
to environmental factors such as heat, frost and drought (Bennett 
et al., 2015; Lloret et al., 2009; Mérian & Lebourgeois, 2011). Hence, 
it is likely that climate change will differently impact adults and juve-
niles of the same species. Therefore, it is essential to further our un-
derstanding of how environmental change affects plants along their 
entire life cycle. The capacity to disperse, colonize and successfully 
persist in new suitable areas and therefore the species' capacity to 
change their distribution tracking novel climatic conditions is influ-
enced by (a) the speed at which an individual can produce offspring 
and regenerate, (b) morphological (e.g. leaf– height– seed) and physi-
ological traits (e.g. maximum photosynthesis capacity, leaf nitrogen 
content) and (c) species properties (e.g. shade tolerance, grazing tol-
erance; Burke & Grime, 1996; Bussotti et al., 2015; Díaz et al., 2016; 
Dobrowski et al., 2015; Sádlo et al., 2018). It is expected that species 
resistance and resilience to climatic variability are affected by the 
presence of certain functional traits (e.g. leaf mass per area is linked 
to the responses of plants to drought, high light and scarcity of nu-
trients; Bussotti et al., 2015; Lohbeck et al., 2015). The environment, 
including temperature, can strongly affect all the phases of plant 
species' regeneration from dormancy break until seedling establish-
ment and survival (Carón et al., 2014, 2015; De Frenne et al., 2011; 
Fay & Schultz, 2009; González- Rodríguez et al., 2011; Shevtosova 
et al., 2009; Walck et al., 2011). Therefore, regeneration responses 
to climate change vary among species with contrasting functional 
traits.

Differences in the distribution range along elevational and lati-
tudinal gradients between life stages (i.e. adults and juveniles of the 
same species) are frequently linked to the associated environmental 
conditions and climate change (e.g. Lenoir et al., 2009; Monleon & 
Lintz, 2015; Rabasa et al., 2013; Woodall et al., 2009; Zhu et al., 2014). 
However, despite that many studies link these differences to climate 
change, there is a disparity in the direction of the reported shifts. 
For example, Monleon and Lintz (2015) showed that, across 46 tem-
perate forest tree species in the United States of America, the mean 
annual temperature of the range of seedlings was 0.120℃ colder 
than that of the range of adults. This difference was attributed to cli-
mate change because most species' seedlings’ distributional ranges 
showed a consistent shift towards colder environments than mature 
trees. Conversely, Zhu et al. (2014) showed that most (77%) of the 
juveniles of 65 tree species in the eastern United States have higher 
optimal temperature (in relation to the species abundance) than the 
adults. Across species, they detected relatively more abundant juve-
niles than adults of the same species in warmer climates, again relat-
ing this pattern to climate change. However, other studies attributed 
the differences between seedling and adult distributions to onto-
genetic shifts. For instance, seedlings were growing in warmer and 
drier conditions than adults of the same species, in 12 tree species in 
Slovakia (Central Europe; Máliš et al., 2016). Hence, there is evidence 
suggesting that the differences in the environmental conditions 

experienced by seedlings versus adults from a given species can be 
due to ontogenetic shifts, climate change or both acting together 
(ontogenetic shifts enhanced by climate change).

To accurately study thermal ontogenetic shifts in the context of 
climate change, and to better understand the relative importance 
of ontogenetic shifts and climate change on the contrasting thermal 
conditions experienced by adults and juveniles, it is essential to have 
precise and accurate data on the actual temperatures experienced 
by the individuals throughout their different life stages: from tree 
seedlings to adult trees and over long time periods. Temperature 
conditions in forest systems can vary substantially near the ground 
surface (understorey conditions where juveniles grow) compared to 
the conditions at the canopy to which the leaves of adult trees are 
exposed (De Frenne et al., 2019; Zellweger et al., 2020).

Forest canopy cover, structure and composition strongly in-
fluence the microclimatic conditions at the forest floor including 
light, humidity and temperature, thereby impacting seedling re-
generation, early survival and growth (George & Bazzaz, 1999) 
with long- term effects in forest composition, structure and func-
tioning (Royo & Carson, 2006). Across biomes, the temperature 
difference between free- air conditions (macroclimate) and the 
understorey (microclimate) can vary between 1 and 4℃ result-
ing in less extreme and less variable conditions below the can-
opy (De Frenne et al., 2019). Therefore, the combined influence 
of climate change and forest management on forest canopy cover 
can strongly alter the microclimatic temperature as perceived by 
seedlings and juveniles on the forest floor. In some temperate 
European forests, an increase in tree growth and forest densi-
ties has been reported as a consequence of decreasing sulphur 
pollution at the end of the 1980s, an increase in soil nitrogen 
availability since the 1950s and changes in forest management 
practices over the past decades including a decrease in manage-
ment intensity. As a matter of fact, many forest sites in Europe 
have become either unmanaged or experienced lower manage-
ment intensities (Baeten et al., 2014; Depauw et al., 2020; Gold 
et al., 2006; Luyssaert et al., 2010; McGrath et al., 2015; Norby 
et al., 2005; Pretzsch et al., 2014; Rautiainen et al., 2011). In many 
parts of Europe, logging and natural losses of tree biomass have 
been significantly lower than annual increments, resulting in ap-
proximately doubled standing stocks of trees per hectare in 2000 
compared to the stocks recorded in 1950 (Gold et al., 2006). This 
increase in canopy density produced cooler and darker conditions 
in the understorey. These changes have the potential to mitigate or 
even reverse the effects of recent warming in the understorey (De 
Frenne, Rodriguez- Sanchez, et al., 2013; De Frenne et al., 2019; 
Zellweger et al., 2020). Therefore, it is likely that adults and juve-
niles of tree species have experienced different levels of climate 
warming: macroclimate warming versus microclimate warming 
(sensu Zellweger et al., 2020).

Despite the importance of considering the differences between 
overstorey and understorey temperatures, many ecological studies 
focusing on forest systems still rely on gridded macroclimate data 
(Worldclim: Fick & Hijmans, 2017; CHELSA; Karger et al., 2017; and 
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TerraClimate; Abatzoglou et al., 2018) based on weather stations lo-
cated outside forests above short grass. Such weather stations only 
reflect macroclimatic conditions misrepresenting the sub- canopy 
climatic conditions (i.e. microclimatic conditions). However, a cor-
rect representation of the temperature at the understorey is key, 
especially for forest regeneration studies. Indeed, the mismatch be-
tween the environmental requirements of tall adults versus juveniles 
on the forest floor is extremely important in that respect (Geiger 
et al., 2003; Lenoir et al., 2017; Uvarov, 1931; Zellweger et al., 2020). 
Fortunately, recent advances have made it possible to use local for-
est microclimatic data obtained from a network of microclimate 
sensors located in forest understories across Europe. Based on 
that information, a relationship between macroclimate, forest cover 
and microclimate was established (see Zellweger et al., 2019). To 
correctly evaluate the impacts of climate change on the adult and 
juvenile life stages (i.e. ontogenetic shifts in the context of climate 
change), it is necessary to have repeated records (resurveys) of both 
layers (canopy and understorey) in undisturbed forest and with suffi-
cient time between records (several decades) to capture the effects 
of climate warming on species occurrences. Moreover, if resurveys 
with long intervals between surveys are combined, with accurate re-
cords of temperature over multiple regions, it is possible to increase 
the representativeness, and thus generality, of the results (Verheyen 
et al., 2017).

Here we specifically address the long- term, large- scale, mul-
titaxa dynamics of the difference between the temperatures 
perceived by adults and juveniles, for 25 of the most common 
European temperate forest tree species. To this end, we took 
advantage of a unique database containing 2,195 pairs of resur-
veyed plots in 48 regions (12 countries) across Europe. Our data-
base contains species presence and cover data (visual estimates of 
percentage ground cover by each species of adults and juveniles 
<1.3 m) with a mean time interval between the baseline survey and 
the resurvey of 37 years. For both surveys, we extracted macro-
climatic temperatures from global climate grids and calculated mi-
croclimate temperatures in the forest understorey (representative 
of the juvenile layer) across the continent using, for the first time 
at such scale, the established relationship between macroclimatic 
temperature, tree canopy cover and the temperature offset inside 
the forest (see Zellweger et al., 2019). This relationship was fitted 
by calculating the difference of temperature outside and inside the 
forest by combining microclimate data obtained from a sensor net-
work with weather station records across Europe. We determined 
the following: (a) the degree of warming as perceived by the canopy 
of the adult (macroclimate temperature) and juvenile (microclimate 
temperature) layers between the baseline and resurvey period 
(thermal shift over time for each life stage); (b) the difference in 
the perceived temperature between the adult and juvenile layers 
during each survey (ontogenetic shift); (c) whether the difference in 
temperature as experienced by adults and juveniles changed over 
time (ontogenetic shift over time) and (d) whether any difference 
in ontogenetic shift over time was correlated with species prop-
erties and key morphological and physiological traits important 

for dispersal and establishment and for coping with environmen-
tal conditions (i.e. LHS: leaf– height– seed traits and species' shade 
tolerance).

Our overarching hypothesis is that both life stages (adults and 
juveniles) experienced warming between surveys due to climate 
change. However, we expect lower sub- canopy than above- canopy 
warming, caused by a canopy- induced offset of maximum daytime 
temperatures. Therefore, we expect that a climate- change- induced 
increase in canopy cover increased the thermal decoupling between 
both layers. Additionally, we expect that if there are changes over 
time in the differences between the perceived temperature of the 
adults and juveniles such changes will be species- specific and linked 
to key functional traits and to species' shade tolerance. Traits are 
known to influence species' migration rates and therefore the spe-
cies' capacity to track suitable environmental conditions but also the 
species' capacity to successfully establish and develop under chang-
ing environmental conditions such as warming, drought and shading 
(Burke & Grime, 1996; Bussotti et al., 2015; Dobrowski et al., 2015). 
Hence, traits affect the range of environmental conditions that both 
phases (adults and juveniles) are able to tolerate. We expect that 
species with small seeds, large leaves and high shade tolerances will 
exhibit higher thermal differences between adults and juveniles. We 
expect this to be linked to (a) changes in distribution of the juve-
niles due to the higher dispersal capacity and (b) to higher tolerances 
to shadier and cooler environments at the forest floor caused by 
denser canopies.

2  | MATERIAL S AND METHODS

2.1 | Database characterization and plots selection

We used data from the forestREplot database (Verheyen 
et al., 2017). This database contains species presence and cover 
data (percentage of ground cover by the canopy of each species 
estimated consistently, in both surveys, in the same plots) from for-
est resurveys in permanent or quasi- permanent plots (no pseudo- 
replicates) with variable plot sizes (between 1 and 1,000 m2 but in 
most cases the plots were either a 10 × 10 m or a 9 m radius plot) 
located in natural or semi- natural forests in temperate deciduous 
forests across Europe (see details of the database at www.fores 
trepl ot.ugent.be). The vast majority of the plots in this database 
are in ancient and mainly undisturbed or very low- managed forests 
(between surveys).

We selected 2,195 pairs of non- overlapping (in space) plots con-
tained in 48 resurveyed datasets (hereafter regions). These plots 
have a broad spatial distribution across Europe (Figure 1a) and were 
selected because they have accurate records of the adult layer (>7 m 
height) and the juvenile layer (seedlings and saplings <1 m or <1.3 m 
height depending on the region considered) during either the base-
line survey or resurvey (see Perring et al., 2018; Figure 1b,c; Table S1).

The first surveys (hereafter referred to as ‘baseline survey’) 
were carried out between 1933 and 1994 while the resurveys of the 

http://www.forestreplot.ugent.be
http://www.forestreplot.ugent.be
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same plots (hereafter referred to as ‘resurvey’) were carried out be-
tween 1987 and 2017. The time intervals between the two surveys 
ranged between 12 and 66 years (with a mean of 37 years; Figure 1b; 
Table S1).

For this study, we selected the 25 most common forest tree spe-
cies spread across this plot network. All the selected species were 
present in at least 2.5% of the plots available in the forestREplot 
database.

F I G U R E  1   (a) Locations of the datasets used for the analysis, (b) Histogram of number of plots with years of the baseline survey and 
resurvey and (c) Histogram showing number of plots with given maximum summer temperature in the adult (i.e. macroclimate) and juvenile 
(i.e. microclimate) layer at the time of the baseline (top) and resurvey (bottom), vertical lines represent the means of each layer (d) Scheme of 
the study design: we first calculate the thermal shift over time for each life stage as the difference in temperatures between resurvey and 
baseline survey. Second, we calculated ontogenetic thermal shift as the temperature of the canopy (adult layer) versus forest floor (juvenile 
layer). Finally, we merged both approaches and calculated the ontogenetic thermal shift difference over time integrating the first and second 
calculation
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2.2 | Temperature data

Recorded and estimated macroclimate and microclimate temperatures, 
respectively, during both surveys (baseline and resurvey) were used for 
the analysis. The macroclimate above- canopy temperature used was 
the mean daily maximum summer temperature (June, July and August) 
extracted for each plot mainly from TERRACLIMATE (http://www.
clima tolog ylab.org/terra clima te.html) while the Climate Research 
Unit— CRU (https://cruda ta.uea.ac.uk/cru/data/hrg/) was used for 224 
plots of the baseline survey plots for which TERRACLIMATE informa-
tion was not available. The TERRACLIMATE database was comple-
mented when needed with the CRU database because they correlated 
strongly (in the baseline survey R = 0.69, p < 0.001 and in the resurvey 
R = 0.81, p < 0.001 for overlapping data points). The extracted maxi-
mum summer temperatures were averaged per plot for the 5 years 
preceding each survey (baseline surveys and resurveys; Figure 1c).

The microclimate temperature within the understorey layer (where 
juveniles grow) at the baseline survey and resurvey was calculated 
at the plot level for plots where each species was present in either 
the baseline or the resurvey. To compute microclimate temperatures 
near the forest floor at both time periods, we used the information 
of canopy cover at each plot (visual estimates of percentage ground 
cover by each species) recorded in situ when each survey (baseline and 
resurvey) took place (reflecting all the conditions that influenced the 
canopy cover e.g. management, soil nutrient, rainfall variability, CO2 
and Nitrogen deposition) and the empirical relationship established 
by Zellweger et al. (2019) between macroclimate temperature, can-
opy cover, distance to the cost and sub- canopy temperature. The mi-
croclimatic information used by Zellweger et al. (2019) was obtained 
from a network of sensors installed in 10 plots representing a regional 
gradient of canopy cover distributed in 10 regions across Europe (all 
included in this study). The air temperature at 1 m above the ground 
was recorded hourly from February 2017 to February 2018, then, ag-
gregated to minimum (Tmin), mean (Tmean) and maximum (Tmax) daily 
temperature. Next, the temperature offset values were calculated as 
the difference between the daily temperature statistics (Tmin, Tmean 
and Tmax) recorded inside the forest and the respective temperature 
statistic recorded by the closest weather station (macroclimate above- 
canopy temperature). Finally, the daily temperature offsets were ag-
gregated to calculate monthly means (Zellweger et al., 2019).

The data obtained were used to build a set of models that anal-
ysed the temperature offset as function of two groups of explanatory 
variables: (a) local canopy structure and composition and (b) land-
scape structure and topography. Next, the best performing model 
(R2 = 0.33, RMSE gamm 0.92) with local canopy cover and distance 
to the coast as predictors was selected after evaluation using the 
cross- validation approach such that a model was calibrated based on 
data from 9 out of 10 regions and validated based on the remaining 
one (‘leave one out’ approach). This model developed by Zellweger 
et al. (2019) was used to calculate the below- canopy (juvenile layer) 
maximum temperature during summer of the 5 years precedent to 
the year of each survey (to iron out any extremes that happen during 
the year of the survey) as it was proven to correctly predict the 

temperature offset in summer. Additionally, this model reflects prin-
cipal physical mechanisms for driving the radiation regime below the 
canopy, which is a key determinant of the below- canopy tempera-
ture offsets. During warm and clear days, a large part of the incom-
ing short- wave radiation is absorbed and reflected by the canopy 
while increasing evapotranspirative cooling, resulting in a cooling of 
the understorey maximum temperature (De Frenne et al., 2021; De 
Frenne et al., 2019). Moreover, as the variables used to fit the model 
are the plot- specific distance to the coast (invariable), the canopy 
cover (in situ recorded at the moment of each survey, in 100 plots in-
cluded in this study) and the macro maximum summer temperatures 
extracted from TERRACLIMATE or CRU (extracted for each survey), 
and the model relies on the physics of radiative transfers through 
vegetation canopies, the model despite its limitations, can be used to 
estimate the temperature at the juvenile layer during both surveys.

These analyses resulted in a database that contained mean daily max-
imum above- canopy temperatures during the summer extracted from 
weather stations close to the forests and mean daily maximum sub- canopy 
temperatures during the summer for each plot and averaged for the 5 years 
preceding each survey (baseline surveys and resurveys; Figure 1c).

The maximum summer macroclimate and microclimate tempera-
tures were selected for the analysis because (a) canopy structure 
and composition play a key role in regulating the offset of maximum 
summer temperatures (Zellweger et al., 2019) and (b) local maximum 
temperatures are of paramount importance for the response of 
organisms to climate warming due to its relationship with species- 
specific heat tolerances and fitness (Macek et al., 2019). We do not 
interpret our results in terms of optimal niche locations since the dis-
tribution of our plots is not indicative of the species full distribution 
range or species performance.

2.3 | Data analyses

Plots where juveniles and adults of the selected species were re-
corded (presence/absence data) in either the baseline survey or the 
resurvey were used to extract the estimated maximum temperature 
data for juveniles (maximum microclimate temperature) and maxi-
mum temperature data for adults (maximum macroclimate tempera-
ture). These data were used to calculate (a) temperature changes 
between surveys (thermal shifts over time for each life stage); (b) 
temperature variations between life stages (thermal ontogenetic 
shifts during both the baseline survey and the resurvey) and (c) the 
change between surveys of the difference in the temperature as per-
ceived by adults and juveniles (temperature at the adult layer minus 
the temperature at the juvenile layer; thermal ontogenetic shift over 
time; Figure 1d).

We analysed:

(i)  Changes in temperature between surveys for the adult and juve-
nile layers separately using the temperature at each layer (adult 
temperature and juvenile temperature) as a response variable and 
the survey (baseline vs. resurvey) as explanatory fixed variable.

http://www.climatologylab.org/terraclimate.html
http://www.climatologylab.org/terraclimate.html
https://crudata.uea.ac.uk/cru/data/hrg/
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(ii) Variations of temperature between layers for each survey sepa-
rately (baseline and resurvey) using the temperature at both lay-
ers (adult and juvenile temperatures) as a response variable and 
the layer as explanatory fixed variable (adult vs. juveniles).

(iii) Changes between surveys of the difference between the tem-
perature experienced by the adult layer and the juvenile layer 
using the difference between the temperature experienced by 
the adults minus the temperature experienced by the juveniles 
as response variable while the survey was used as explanatory 
variable.

Generalized mixed- effect models for all the species together in-
cluded species nested in region as random intercept, and models for 
each species separately (species- specific models) included only the re-
gion as random intercept to account for the nested nature and spread 
of the data within regions (Table 1). Additionally, to test that there was 
not pseudo- replication linked to the plot where the species were re-
corded, that is, more than one species could be recorded in the same 
plot, the same analysis was done with species nested in region and 
plot (see results in Table S6). Finally, to test that the results were not 
biased due to the presence of an adult individual adjoining but not 
inside the plot and therefore that plot was recorded as only containing 
juveniles, the same analyses were repeated assuming that all the plots 
where seedlings were present also had an adult individual (see results 
in Table S7). All the models were fitted using the lme4 package in R 
version 3.5.2 (R Core Team, 2018) and in all cases the significance of 
the explanatory variable was assessed based on likelihood ratio tests 
(Zuur et al., 2009).

Next, to be able to understand and link the temperature responses 
to changes in forest canopy, changes in cover and frequency (number 

of times a plant species occurs) over time were analysed for all the 
species together and for each species separately using cover and fre-
quency as a response variable, respectively, and survey as explanatory 
variable (see results in Tables S3 and S4). The models for all the species 
together included species nested in region as random intercept and 
the species- specific models included only the region as random inter-
cept. The contribution of the explanatory variable was assessed based 
on the likelihood ratio tests (Zuur et al., 2009).

Finally, for all 25 species and then also for the 8 species that 
showed significant changes in thermal ontogenetic shifts between 
surveys (i.e. analysis iii), we correlated this difference (one value per 
species) with a shade tolerance index, and the mean and the standard 
deviation of key functional traits (leaf mass area, leaf area, plant height 
and seed mass, Table S2; Díaz et al., 2016; Westoby, 1998). Pearson 
correlation was used for height while Spearman correlations were used 
for leaf mass area, leaf area and seed mass due to the non- normality 
of those data. The values of the key functional traits were extracted 
from Díaz et al. (2016). The functional trait values provided by Díaz 
et al. (2016) are the geometric mean extracted from the Plant Trait 
Database TRY (https:// www.try- db.org) supplemented by published 
data not included in TRY and a small number of original unpublished 
data (Díaz et al., 2016). All data were standardized and subjected to 
error detection and quality control (see details in Díaz et al., 2016). 
The standard deviation values were calculated from the individual re-
cords of traits values available in the TRY database. The number of 
observations per trait and species range from a single one (in the case 
of rare, geographically restricted species) to hundreds (in the case 
of common species with broad ranges; Díaz et al., 2016). The shade 
tolerance index for each species was extracted from Niinemets and 
Valladares (2006).

TA B L E  1   Mixed- effect models used for the analysis of thermal shift between surveys and layers and the change in the difference 
between the temperature experienced by adults (macroclimate) and juveniles (microclimate) over time across and within species

Response variable
Fixed 
effects Random effects

Models across species

For the adult layer Macroclimate temperature Survey Region × sp + sp

For the juvenile layer Microclimate temperature Survey Region × sp + sp

For the baseline survey Temperature (macroclimate temperature and microclimate 
temperature)

Layer Region × sp + sp

For the resurvey Temperature (macroclimate temperature and microclimate 
temperature)

Layer Region × sp + sp

For the complete database (baseline and 
resurvey including adults and juveniles)

∆ Temperature (macroclimate temperature– microclimate 
temperature)

Survey Region × sp + sp

Species- specific models

For the adult layer Macroclimate temperature Survey Region

For the juvenile layer Microclimate temperature Survey Region

For the baseline survey Temperature (macroclimate temperature and microclimate 
temperature)

Layer Region

For the resurvey Temperature (macroclimate temperature and microclimate 
temperature)

Layer Region

For the complete database (baseline and 
resurvey including adults and juveniles)

∆ Temperature (macroclimate temperature– microclimate 
temperature)

Survey Region

http://www.try-db.org
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3  | RESULTS

Across all species, the adult layer temperature increased by 1.56℃ 
± SD 0.53 (0.38℃/decade) between the baseline and the resurvey 
while the juvenile layer temperature increased by 1.34℃ ± SD 0.42 
(0.35℃/decade) between surveys (Tables S3 and S12). However, 
the rate of temperature change in both layers was species- specific 
(Figure 2; Tables S3 and S12). In the adult layer, Quercus rubra expe-
rienced the highest degree of warming (3.59℃, i.e. 0.78℃/decade) 
while Tilia cordata exhibited the strongest warming in the juvenile 
layer (2.19℃, i.e. 0.67℃/decade; Figure 2; Tables S3 and S12).

The adult layer experienced significantly higher temperatures 
than the juvenile layer in both the baseline survey (+2.19℃ ± SD 
0.74) and the resurvey (+2.41℃ ± SD 0.73) across species (Table S3). 
However, the difference between the temperature experienced 
by the adults and juveniles was again species- specific (Figure 2; 
Tables S3 and S12). In the baseline survey, the highest difference be-
tween the temperature experienced by the adults and the juveniles 
was recorded in Populus tremula (+3.84℃) and in the resurvey in Tilia 
platyphyllos (+3.92℃; Figure 2; Tables S3 and S12).

Temperature differences between adults and juveniles changed 
significantly between surveys when all the species are considered 
together (Table S3). We found that the temperature difference expe-
rienced by adults versus juveniles increased over time for 17 (68%) of 
the 25 analysed European tree species. However, this difference was 
significant for 8 out of 25 species only (Table S3; Figure 3). These 
eight species exhibited an average increase of 0.18℃ in the tempera-
ture difference between adult and juvenile layers when comparing 
the baseline survey to the resurvey (Figure 3). In other words, the 
thermal ontogenetic shift between putative ‘mothers’ and ‘daugh-
ters’ significantly increased over time for eight tree species. The only 

species in which this temperature difference significantly decreased, 
by 0.14℃, was Acer campestre (Figure 3).

Finally, we tested for relationships between thermal ontogenetic 
shifts and tree species traits. The evidence for the relationship be-
tween thermal ontogenetic shifts over time and traits was weak; 
when all 25 species were analysed together, there were no significant 
correlations between any analysed trait or their standard deviation 
and temporal temperature differences between adult and juvenile 
layers (correlation ranged from −0.38 to 0.36; Table S11). The dif-
ference between the temperature experienced by adult and juvenile 
layers over time slightly increased (non- significantly) with the shade 
tolerance index (correlation = 0.24, p- value = 0.239; Table S11). A sig-
nificant positive correlation (correlation = 0.83, p- value = 0.015) was 
detected between the leaf area, and the difference between surveys 
of the variation in the temperature experienced by adults and juve-
niles, but only for those eight species exhibiting a significant positive 
thermal ontogenetic shift over time (Figure 4; Table S10). However, 
significant positive thermal ontogenetic shifts were not related to leaf 
mass area, seed mass, shade tolerance, nor height or their standard 
deviation (correlations ranged from −0.64 to 0.41; Table S10).

4  | DISCUSSION

The temperature experienced by the studied tree species of temper-
ate European forests, in both the adult and juvenile layers, changed 
significantly between surveys. In other words, we detect a shift in 
the thermal conditions experienced by both life stages over time. 
The observed unequal warming of both layers over time is in line with 
our expectations of lower sub- canopy than above- canopy warming, 
due to a canopy- induced offset of maximum daytime temperatures 

F I G U R E  2   Juvenile layer temperature (sub- canopy microclimate temperature) and adult layer temperature (above- canopy macroclimate 
temperature) for the 25 most common tree species in the baseline survey and resurvey. Vertical lines represent the species means of each 
layer and survey
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(Davis et al., 2019; De Frenne et al., 2019; Zellweger et al., 2019). 
Considering that the juvenile layer might express current conditions 
while the distribution of adults rather expresses past conditions 
(Lenoir et al., 2009; Urbieta et al., 2011; Woodall et al., 2009), the 
divergence in temperatures might also be influenced by the coloni-
zation of new areas (this, in turn, is affected by species' dispersal ca-
pacity). However, due to the warming recorded in the juvenile layer, 
our results suggest that species did not manage to shift their dis-
tributions to maintain the same thermal conditions in the resurvey 

as recorded in the baseline, and likely adapted to the new warmer 
conditions. The higher difference in thermal conditions between 
surveys in adults than juveniles suggests that adult trees are lagging 
more behind macroclimate change than their conspecific juveniles.

We trust that our estimates of the juvenile layer temperatures 
are reliable because the model incorporates canopy cover (in situ re-
corded by experienced forest ecologists at the moment of each sur-
vey) and macroclimate which are the major drivers of below- canopy 
temperature offsets (De Frenne et al., 2021; De Frenne et al., 2019) 
and relies on the physics of radiative transfers through vegetation 
canopies. Nonetheless, there are no old forest microclimate measure-
ments in our plots so our estimates of the baseline temperature at the 
juvenile layer remain uncertain but are, to the best of our knowledge, 
the only ones available. Additionally, although this is carefully avoided 
in resurvey studies (Verheyen et al., 2018), possible differences in 
the way canopy cover was recorded in the baseline and the resurvey 
and the methods used by Zellweger et al. (2019) could affect the es-
timated temperatures at the juvenile layer. Moreover, there is a part 
of variability that remains unexplained by the model used here and 
it is possible that the variability of the estimated below- canopy tem-
peratures might be lower than the variation of the real observed data.

The warming recorded here in both layers is in line, but slightly 
higher than the global mean land surface air temperature increase 
of 1.29℃ measured between 1940 and 2016 (the time period con-
sidered in this study; IPCC, 2019). The higher degree of warming 
recorded in this work is likely due to the fact that we analysed 
maximum summer temperatures. The detected temperature in-
crease was species- specific and, considering the close relation-
ship between latitude and observed and projected temperatures 
(De Frenne, Graae, et al., 2013; Monleon & Lintz, 2015), it is likely 
that recorded species- specific warming is also linked to the spatial 

F I G U R E  3   (a) Difference between 
the adult layer temperature and the 
juvenile layer temperature (calculated 
as adult layer minus juvenile layer such 
that positive values reflect warmer 
temperatures for the overstorey trees) in 
the baseline survey (red) and the resurvey 
(yellow); error bars denote standard 
errors. (b) Model estimates of the 
difference between the adult and juvenile 
layers temperatures over time. Full circles 
indicate significant differences and open 
circles insignificant differences, error bars 
denote two standard errors

F I G U R E  4   Positive relationship between the temperature 
difference of adults minus juvenile trees over time (resurvey minus 
baseline survey) and leaf area (mm²). Shown here only for the eight 
species with a significant change in the ontogenetic thermal niche 
over time (n = 8)
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distribution of a species and its dispersal and establishment capac-
ity (Table S8) despite the fact that our database did not cover the 
complete distribution of the species. This species- specific response 
might also be linked to the species- specific crown architecture (e.g. 
Betula species transmit more light to the forest floor than for ex-
ample Abies alba). However, the influence of crown architecture on 
the change in the temperature over time is beyond the scope of 
this work but should be considered in future studies. The observed 
species- specific pattern of temperature increase between surveys 
should be considered with caution because the estimates are based 
on temperature datasets that have a relatively coarse resolution 
(~4 × 4 km for TERRACLIMATE). In our study focused on thermal 
shifts, we only consider one of the multiple factors that influence 
the presence of an individual, that is, temperature, while other fac-
tors and processes could also influence the establishment of new 
individuals including masting, herbivory, the past legacy of human 
interventions and forest management (Lombaerde et al., 2020).

Among both surveys, thermal ontogenetic shifts were detected: 
in the baseline survey, the adult layer experienced 2.19℃ warmer 
temperatures than the juveniles and in the resurvey this difference 
increased by 0.22℃, reaching 2.41℃. Differences in the tempera-
tures experienced by adults and the juveniles were recorded in other 
forest types and regions including in the United States (Monleon 
& Lintz, 2015; Zhu et al., 2014) and the Mediterranean (Urbieta 
et al., 2011). In some cases, these thermal differences between life 
stages have been linked to shifts in distribution as a response to climate 
change, namely younger life stages shifting towards currently cooler 
conditions compared to adults’ distribution mirroring past climatic 
conditions (e.g. Lenoir et al., 2009; Monleon & Lintz, 2015; Woodall 
et al., 2009). Others found that the range shifts among tree life stages 
were more consistent with ontogenetic differences in environmental 
requirements than with responses to climate change (Máliš et al., 2016). 
The latter conclusion was supported by the fact that the authors used 
recent and historical data reflecting conditions before current warmer 
period and identified similar differences between adults and juveniles 
in both time periods, driven by warmer growing conditions of seed-
lings than adults. Máliš et al. (2016) analysed changes in distribution 
and linked these distributional changes with mean macroclimatic con-
ditions calculated for each plot using a network of local meteorological 
stations while we used maximum summer macro-  and microclimatic 
temperatures estimated for each plot using global databases and the 
relationship between the canopy cover and the understorey tempera-
ture. The model used here despite its limitations (see above) correctly 
predict the temperature offset in summer (Zellweger et al., 2019). 
Additionally, the use of the average of the 5 years presiding each sur-
vey avoids the bias linked to possible abnormal warm or cold summers. 
Other authors (e.g. Lenoir et al., 2009; Monleon & Lintz, 2015; Woodall 
et al., 2009) reported results in the same direction as our findings (i.e. 
seedlings growing in colder conditions than adults) but linked these 
observations to climate warming- induced distributional shifts with 
seedlings or juveniles colonizing cooler locations and not to ontoge-
netic shifts. Using the macroclimatic (adult layer) and microclimatic 
(juvenile layer) temperatures, we detected thermal ontogenetic shifts 

in the studied tree species independently of the origin of the species 
and the time period considered (baseline survey and resurvey). Indeed, 
non- native species such as Prunus serotina and Quercus rubra (intro-
duced from the North America) had similar thermal ontogenetic shifts 
as native European species of the same genera.

The thermal difference experienced by the adults and juve-
niles (i.e. ontogenetic shift) increased over time for 17 (68%) of the 
25 analysed European tree species. However, this shift was only 
significant for 8 out of 25 species. Thus, the temperature expe-
rienced by the individuals at the two layers became increasingly 
decoupled over time for a subset of the studied species. This in-
creased decoupling is likely caused by the higher warming rates 
at the canopy layer compared to the forest floor due to canopy- 
induced temperature offset. Indeed, the mean canopy cover in-
creased between surveys in six out of the eight species where we 
observed increased decoupling between the temperature experi-
enced by the adults and the juveniles (Tables S4, S5 and S13). The 
significant decrease in the difference of the temperature experi-
enced by adults and juveniles over time reported for one species 
(A. campestre) might be linked to a decrease in cover in certain 
plots caused by mortality of adults of this species, potentially due 
to an exceedance of physiological tolerances due to macroclimate 
warming. Nevertheless, it is possible that the decoupling might 
also be linked to species making small local shifts in their ranges 
and differences in the ability of the juvenile stages to keep up with 
the velocity of climate change. It is even likely that these mecha-
nisms are occurring simultaneously. The increased difference of 
temperature between the adult and juvenile layers between sur-
veys partially compensated (0.18℃) macroclimate warming (De 
Frenne et al., 2019). This means that for species that experienced 
an increase in the difference of temperature between the adult 
and juvenile layer between the baseline and recent surveys, the 
warming was less strong than for the other species.

Our trait- based analyses shed light on the causes of the diver-
gent responses in the difference of the temperature experienced by 
adults versus juveniles between surveys. Large- leafed species ex-
hibited an increase in the difference between the temperature ex-
perienced by adults versus juveniles over time, likely because large 
leaves provide competitive advantages in dealing with the darker 
conditions of the understorey (Bequet et al., 2011; Li et al., 2004). 
Seedlings with larger leaves can overtop neighbouring vegeta-
tion and get better access to light at the forest floor (Leishman 
et al., 2000; Poorter & Rose, 2005). Additionally, larger leaves have 
usually a thicker boundary layer that slows sensible heat exchange 
with the surrounding air, developing larger leaf- to- air temperature 
differences than smaller leaves. The wider leaf- to- air temperature 
differences of larger leaves may allow them to more quickly heat 
up during cool mornings to favourable temperatures for photosyn-
thesis, what might allow for higher photosynthetic returns (Wright 
et al., 2017). The intraspecific variability of leaf area, included in 
our analysis as the traits’ standard deviation, apparently, does not 
affect the difference between the temperature experienced by 
adults versus juveniles over time (no significant correlation). Leaf 
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traits as well as other species traits and properties (e.g. shade toler-
ance) can vary not only intraspecifically but also along the species 
life cycle (i.e. ontogenetic shift in traits values). This variation of 
traits along the species life cycle is somehow present in our stan-
dard deviation analysis as the traits’ database used here combines 
adult and juveniles’ traits values as well as data collected in con-
trolled experiments and in nature. However, a detail analysis of 
how ontogenetic changes in functional traits affect the difference 
between the temperature experienced by juveniles versus adults is 
beyond the scope of this work. Finally, we did not find a significant 
relationship between the shade tolerance of the species and the 
changes in the adults versus juveniles thermal differences among 
surveys. We had, however, a relatively small species sample size 
(n = 25 or n = 8; Wasserstein & Lazar, 2016) and further analysis 
should be done with larger sample size to confirm these results.

5  | CONCLUSIONS

In sum, the significant differences between the temperature ex-
perienced by adults versus juveniles indicate that the different 
phases of the life cycle can differ in their thermal requirements and/
or tolerances, in line with the ontogenetic shift theory (Bertrand 
et al., 2011; Eriksson, 2002; Máliš et al., 2016; Miriti, 2006; Parrish & 
Bazzaz, 1985b). These findings highlight the importance of studying 
the impacts of climate change on different phases of the plant life cycle 
using reliable climatic information for each phase and layer. Moreover, 
our findings suggest that the capacity to deal with climate change var-
ies with the trees’ life stages and with species identity. Adults are more 
likely to cope with warming by persisting locally for a long time while 
juveniles are less likely to do so and thus more likely to track the shift-
ing isotherms, thereby increasing the thermal ontogenetic shifts.

By disentangling the impacts of climate change on different phases 
of plants’ life cycle, our work sheds light onto the ontogenetic changes 
across large geographical and temporal scales in the context of cli-
mate change. This information is key to advance our understanding of 
the ecology and dynamics of temperate forests in the face of climate 
warming. Our findings could also assist forest managers in predicting 
future species composition based on climatic projections, and in pro-
moting tree regeneration by creating suitable tree species- specific mi-
croclimatic conditions, helping to mitigate, at least partially, the change 
at the understorey level driven by changes in macroclimate.

ACKNOWLEDG EMENTS
Mercedes Caron was supported by FONCyT PICT- 2017- 2245 
and by CESAM Visiting Staff Platform (2019)— Ghent University. 
Florian Zellweger received funding from the Swiss National Science 
Foundation (project 172198 and 193645). Kris Verheyen and 
Michael Perring were supported by the European Research Council 
(ERC) UnderSCORE grant #861957. Sandra Díaz was supported by 
FONCyT PICT- 2017- 1084. Radim Hédl, Martin Macek, Petr Petřík 
and Martin Kopecký were supported by the long- term research 
development project No. RVO 67985939 of the Czech Academy 

of Sciences. František Máliš was funded by Slovak Research and 
Development Agency grant No. APVV- 19- 0319. Pieter De Frenne 
received funding from the European Research Council (ERC) under 
the European Union's Horizon 2020 research and innovation pro-
gramme (ERC Starting Grant FORMICA 757833).

CONFLIC T OF INTERE S T
The authors declare that they do not have any conflict of interest.

AUTHORS'  CONTRIBUTIONS
M.M.C. and P.D.F. designed the study; M.M.C. performed the analy-
sis; F.Z. provided the climatic database; K.V., L.B., R.H., M.B.- R., I.B., 
J.B., G.D., T.Di., T.Du., T.H., B.J., M.K., J.L., M.Mac., M.Mal., F.M., 
T.A.N., P.P., K.R., R.P., W.S., K.S., B.T., M.W. and P.D.F. collected the 
vegetation information available in the ForestREplot database; F.Z., 
L.B., S.D., J.L., M.P.P. and P.D.F. contributed to the initial discussion 
of the paper design. All the authors provided comments.

PEER RE VIE W
The peer review history for this article is available at https://publo 
ns.com/publo n/10.1111/1365-2745.13773.

DATA AVAIL ABILIT Y S TATEMENT
All vegetation data used in this paper are available in the forestRE-
plot database (www.fores trepl ot.ugent.be). Macro-  and micro- 
temperature data available from the Dryad Digital Repository 
https://doi.org/10.5061/dryad.rfj6q 57bh (Caron et al., 2021).

ORCID
Maria Mercedes Caron  https://orcid.org/0000-0002-6216-695X 
Florian Zellweger  https://orcid.org/0000-0003-1265-9147 
Kris Verheyen  https://orcid.org/0000-0002-2067-9108 
Lander Baeten  https://orcid.org/0000-0003-4262-9221 
Radim Hédl  https://orcid.org/0000-0002-6040-8126 
Markus Bernhardt- Römermann  https://orcid.org/0000-0002-2740-2304 
Imre Berki  https://orcid.org/0000-0002-0858-1327 
Jörg Brunet  https://orcid.org/0000-0003-2667-4575 
Guillaume Decocq  https://orcid.org/0000-0001-9262-5873 
Sandra Díaz  https://orcid.org/0000-0003-0012-4612 
Thomas Dirnböck  https://orcid.org/0000-0002-8294-0690 
Tomasz Durak  https://orcid.org/0000-0003-4053-3699 
Bogdan Jaroszewicz  https://orcid.org/0000-0002-2042-8245 
Martin Kopecký  https://orcid.org/0000-0002-1018-9316 
Jonathan Lenoir  https://orcid.org/0000-0003-0638-9582 
Martin Macek  https://orcid.org/0000-0002-5609-5921 
Marek Malicki  https://orcid.org/0000-0003-0517-3560 
František Máliš  https://orcid.org/0000-0003-2760-6988 
Thomas A. Nagel  https://orcid.org/0000-0002-4207-9218 
Michael P. Perring  https://orcid.org/0000-0001-8553-4893 
Petr Petřík  https://orcid.org/0000-0001-8518-6737 
Kamila Reczyńska  https://orcid.org/0000-0002-0938-8430 
Remigiusz Pielech  https://orcid.org/0000-0001-8879-3305 
Wolfgang Schmidt  https://orcid.org/0000-0001-5356-4684 

https://publons.com/publon/10.1111/1365-2745.13773
https://publons.com/publon/10.1111/1365-2745.13773
http://www.forestreplot.ugent.be
https://doi.org/10.5061/dryad.rfj6q57bh
https://orcid.org/0000-0002-6216-695X
https://orcid.org/0000-0002-6216-695X
https://orcid.org/0000-0003-1265-9147
https://orcid.org/0000-0003-1265-9147
https://orcid.org/0000-0002-2067-9108
https://orcid.org/0000-0002-2067-9108
https://orcid.org/0000-0003-4262-9221
https://orcid.org/0000-0003-4262-9221
https://orcid.org/0000-0002-6040-8126
https://orcid.org/0000-0002-6040-8126
https://orcid.org/0000-0002-2740-2304
https://orcid.org/0000-0002-2740-2304
https://orcid.org/0000-0002-0858-1327
https://orcid.org/0000-0002-0858-1327
https://orcid.org/0000-0003-2667-4575
https://orcid.org/0000-0003-2667-4575
https://orcid.org/0000-0001-9262-5873
https://orcid.org/0000-0001-9262-5873
https://orcid.org/0000-0003-0012-4612
https://orcid.org/0000-0003-0012-4612
https://orcid.org/0000-0002-8294-0690
https://orcid.org/0000-0002-8294-0690
https://orcid.org/0000-0003-4053-3699
https://orcid.org/0000-0003-4053-3699
https://orcid.org/0000-0002-2042-8245
https://orcid.org/0000-0002-2042-8245
https://orcid.org/0000-0002-1018-9316
https://orcid.org/0000-0002-1018-9316
https://orcid.org/0000-0003-0638-9582
https://orcid.org/0000-0003-0638-9582
https://orcid.org/0000-0002-5609-5921
https://orcid.org/0000-0002-5609-5921
https://orcid.org/0000-0003-0517-3560
https://orcid.org/0000-0003-0517-3560
https://orcid.org/0000-0003-2760-6988
https://orcid.org/0000-0003-2760-6988
https://orcid.org/0000-0002-4207-9218
https://orcid.org/0000-0002-4207-9218
https://orcid.org/0000-0001-8553-4893
https://orcid.org/0000-0001-8553-4893
https://orcid.org/0000-0001-8518-6737
https://orcid.org/0000-0001-8518-6737
https://orcid.org/0000-0002-0938-8430
https://orcid.org/0000-0002-0938-8430
https://orcid.org/0000-0001-8879-3305
https://orcid.org/0000-0001-8879-3305
https://orcid.org/0000-0001-5356-4684
https://orcid.org/0000-0001-5356-4684


12  |    Journal of Ecology CARON et Al.

Krzysztof Świerkosz  https://orcid.org/0000-0002-5145-178X 
Balázs Teleki  https://orcid.org/0000-0002-2417-0413 
Monika Wulf  https://orcid.org/0000-0001-6499-0750 
Pieter De Frenne  https://orcid.org/0000-0002-8613-0943 

R E FE R E N C E S
Abatzoglou, J. T., Dobrowski, S. Z., Parks, S. A., & Hegewisch, K. C. (2018). 

Terraclimate, a high- resolution global dataset of monthly climate and 
climatic water balance from 1958– 2015. Scientific Data, 5, 170191.

Baeten, L., Warton, D. I., Van Calster, H., De Frenne, P., Verstraeten, G., 
Cornelis, J., Decocq, G., Eriksson, O., Hédl, R., Heinken, T., Hermy, M., 
Hommel, P., Kirby, K., Naaf, T., Petřík, P., Walther, G.- R., Wulf, M., & 
Verheyen, K. (2014). A model- based approach to studying changes 
in compositional heterogeneity. Methods in Ecology and Evolution, 
5(2), 156– 164. https://doi.org/10.1111/2041- 210X.12137

Bennett, A. C., Mcdowell, N. G., Allen, C. D., & Anderson- Teixeira, K. J. 
(2015). Larger trees suffer most during drought in forests world-
wide. Nature Plants, 1(October), 1– 5. https://doi.org/10.1038/nplan 
ts.2015.139

Bequet, R., Campioli, M., Kint, V., Vansteenkiste, D., Muys, B., & 
Ceulemans, R. (2011). Leaf area index development in temper-
ate oak and beech forests is driven by stand characteristics and 
weather conditions. Trees- Structure and Function, 25, 935– 946. 
https://doi.org/10.1007/s0046 8- 011- 0568- 4

Bertrand, R., Gegout, J.- C., & Bontemps, J.- D. (2011). Niches of tem-
perate tree species converge towards nutrient- richer con-
ditions over ontogeny. Oikos, 120, 1479– 1488. https://doi.
org/10.1111/j.1600- 0706.2011.19582.x

Burke, M. J. W., & Grime, J. P. (1996). An experimental study of plant 
community invasibility. Ecology, 77(3), 776– 790. https://doi.
org/10.2307/2265501

Bussotti, F., Pollastrini, M., Holland, V., & Brüggemann, W. (2015). 
Functional traits and adaptive capacity of European forests to cli-
mate change. Environmental and Experimental Botany, 111, 91– 113. 
https://doi.org/10.1016/j.envex pbot.2014.11.006

Carón, M. M., De Frenne, P., Brunet, J., Chabrerie, O., Cousins, S. A. O., 
De Backer, L., Diekmann, M., Graae, B. J., Heinken, T., Kolb, A., 
Naaf, T., Plue, J., Selvi, F., Strimbeck, G. R., Wulf, M., & Verheyen, 
K. (2014). Latitudinal variation in seeds characteristics of Acer 
platanoides and A. pseudoplatanus. Plant Ecology, 215(8), 911– 925. 
https://doi.org/10.1007/s1125 8- 014- 0343- x

Carón, M. M., De Frenne, P., Brunet, J., Chabrerie, O., Cousins, S., Decocq, 
G., Diekmann, M., Graae, B. J., Heinken, T., Kolb, A., Lenoir, J., Naaf, 
T., Plue, J., Selvi, F., Wulf, M., & Verheyen, K. (2015). Divergent 
regeneration responses of two closely related tree species to di-
rect abiotic and indirect biotic effects of climate change. Forest 
Ecology and Management, 342, 21– 29. https://doi.org/10.1016/j.
foreco.2015.01.003

Caron, M. M., Zellweger, F., Verheyen, K., Baeten, L., Hédl, R., Bernhardt- 
Römermann, M., Berki, I., Brunet, J., Decocq, G., Díaz, S., Dirnböck, 
T., Durak, T., Heinken, T., Jaroszewicz, B., Kopecký, M., Lenoir, J., 
Macek, M., Malicki, M., Máliš, F., … De Frenne, P. (2021). Data from: 
Thermal differences between juveniles and adults increased over 
time in European forest trees. Dryad Digital Repository. https://doi.
org/10.5061/dryad.rfj6q 57bh

Davis, K. T., Dobrowski, S. Z., Holden, Z. A., Higuera, P. E., & Abatzoglou, 
J. T. (2019). Microclimatic buffering in forests of the future: The 
role of local water balance. Ecography, 42, 1– 11. https://doi.
org/10.1111/ecog.03836

De Frenne, P., Brunet, J., Shevtsova, A., Kolb, A., Graae, B. J., Chabrerie, 
O., Cousins, S. A., Decocq, G., De Schrijver, A. N., Diekmann, M., 
Gruwez, R., Heinken, T., Hermy, M., Nilsson, C., Stanton, S., Tack, 

W., Willaert, J., & Verheyen, K. (2011). Temperature effects on for-
est herbs assessed by warming and transplant experiments along 
a latitudinal gradient. Global Change Biology, 17(10), 3240– 3253. 
https://doi.org/10.1111/j.1365- 2486.2011.02449.x

De Frenne, P., Graae, B. J., Rodríguez- Sánchez, F., Kolb, A., Chabrerie, 
O., Decocq, G., Kort, H., Schrijver, A. N., Diekmann, M., Eriksson, 
O., Gruwez, R., Hermy, M., Lenoir, J., Plue, J., Coomes, D. A., & 
Verheyen, K. (2013). Latitudinal gradients as natural laboratories to 
infer species' responses to temperature. Journal of Ecology, 101(3), 
784– 795. https://doi.org/10.1111/1365- 2745.12074

De Frenne, P., Lenoir, J., Luoto, M., Scheffers, B. R., Zellweger, F., Aalto, 
J., Ashcroft, M. B., Christiansen, D. M., Decocq, G., De Pauw, K., 
Govaert, S., Greiser, C., Gril, E., Hampe, A., Jucker, T., Klinges, D. 
H., Koelemeijer, I. A., Lembrechts, J. J., Marrec, R., … Hylander, K. 
(2021). Forest microclimates and climate change: Importance, driv-
ers and future research agenda. Global Change Biology, (February), 
1– 19. https://doi.org/10.1111/gcb.15569

De Frenne, P., Rodriguez- Sanchez, F., Coomes, D. A., Baeten, L., 
Verstraeten, G., Vellend, M., Bernhardt- Romermann, M., Brown, C. 
D., Brunet, J., Cornelis, J., Decocq, G. M., Dierschke, H., Eriksson, O., 
Gilliam, F. S., Hedl, R., Heinken, T., Hermy, M., Hommel, P., Jenkins, 
M. A., … Verheyen, K. (2013). Microclimate moderates plant re-
sponses to macroclimate warming. Proceedings of the National 
Academy of Sciences of the United States of America, 110(46), 18561– 
18565. https://doi.org/10.1073/pnas.13111 90110

De Frenne, P., Zellweger, F., Rodríguez- Sánchez, F., Scheffers, B. R., Hylander, 
K., Luoto, M., Vellend, M., Verheyen, K., & Lenoir, J. (2019). Global 
buffering of temperatures under forest canopies. Nature Ecology & 
Evolution, 3, 744– 749. https://doi.org/10.1038/s4155 9- 019- 0842- 1

De Lombaerde, E., Baeten, L., Verheyen, K., Perring, M. P., Ma, S., & 
Landuyt, D. (2020). Understory removal effects on tree regenera-
tion in temperate forest: A meta- analysis. Journal of Applied Ecology, 
58(1), 9– 20. https://doi.org/10.1111/1365- 2664.13792

Depauw, L., Perring, M. P., Landuyt, D., Maes, S. L., Blondeel, H., 
De Lombaerde, E., Brūmelis, G., Brunet, J., Closset- Kopp, D., 
Czerepko, J., Decocq, G., den Ouden, J., Gawryś, R., Härdtle, W., 
Hédl, R., Heinken, T., Heinrichs, S., Jaroszewicz, B., Kopecký, M., 
… Verheyen, K. (2020). Light availability and land- use history 
drive biodiversity and functional changes in forest herb layer 
communities. Journal of Ecology, 108, 1411– 1425. https://doi.
org/10.1111/1365- 2745.13339

Díaz, S., Kattge, J., Cornelissen, J. H. C., Wright, I. J., Lavorel, S., Dray, S., 
Reu, B., Kleyer, M., Wirth, C., Colin Prentice, I., Garnier, E., Bönisch, 
G., Westoby, M., Poorter, H., Reich, P. B., Moles, A. T., Dickie, 
J., Gillison, A. N., Zanne, A. E., … Gorné, L. D. (2016). The global 
spectrum of plant form and function. Nature, 529(7585), 167– 171. 
https://doi.org/10.1038/natur e16489

Dobrowski, S. Z., Swanson, A. K., Abatzoglou, J. T., Holden, Z. A., Safford, 
H. D., Schwartz, M. K., & Gavin, D. G. (2015). Forest structure and 
species traits mediate projected recruitment declines in western 
US tree species. Global Ecology and Biogeography, 24(8), 917– 927. 
https://doi.org/10.1111/geb.12302

Dusenge, M. E., Duarte, A. G., & Way, D. A. (2019). Tansley review Plant 
carbon metabolism and climate change: Elevated CO2 and tempera-
ture impacts on photosynthesis, photorespiration and respiration. 
New Phytologist, 2, 32– 49. https://doi.org/10.1111/nph.15283

Eriksson, O. (2002). Ontogenetic niche shifts and their implications for 
recruitment in three clonal Vaccinium shrubs: Vaccinium myrtillus, 
Vaccinium vitis- idaea, and Vaccinium oxycoccos. Canadian Journal of 
Botany, 80, 635– 641. https://doi.org/10.1139/B02- 044

Fay, P. A., & Schultz, M. J. (2009). Germination, survival, and growth 
of grass and forb seedlings: Effects of soil moisture variabil-
ity. Acta Oecologica, 35(5), 679– 684. https://doi.org/10.1016/j.
actao.2009.06.007

https://orcid.org/0000-0002-5145-178X
https://orcid.org/0000-0002-5145-178X
https://orcid.org/0000-0002-2417-0413
https://orcid.org/0000-0002-2417-0413
https://orcid.org/0000-0001-6499-0750
https://orcid.org/0000-0001-6499-0750
https://orcid.org/0000-0002-8613-0943
https://orcid.org/0000-0002-8613-0943
https://doi.org/10.1111/2041-210X.12137
https://doi.org/10.1038/nplants.2015.139
https://doi.org/10.1038/nplants.2015.139
https://doi.org/10.1007/s00468-011-0568-4
https://doi.org/10.1111/j.1600-0706.2011.19582.x
https://doi.org/10.1111/j.1600-0706.2011.19582.x
https://doi.org/10.2307/2265501
https://doi.org/10.2307/2265501
https://doi.org/10.1016/j.envexpbot.2014.11.006
https://doi.org/10.1007/s11258-014-0343-x
https://doi.org/10.1016/j.foreco.2015.01.003
https://doi.org/10.1016/j.foreco.2015.01.003
https://doi.org/10.5061/dryad.rfj6q57bh
https://doi.org/10.5061/dryad.rfj6q57bh
https://doi.org/10.1111/ecog.03836
https://doi.org/10.1111/ecog.03836
https://doi.org/10.1111/j.1365-2486.2011.02449.x
https://doi.org/10.1111/1365-2745.12074
https://doi.org/10.1111/gcb.15569
https://doi.org/10.1073/pnas.1311190110
https://doi.org/10.1038/s41559-019-0842-1
https://doi.org/10.1111/1365-2664.13792
https://doi.org/10.1111/1365-2745.13339
https://doi.org/10.1111/1365-2745.13339
https://doi.org/10.1038/nature16489
https://doi.org/10.1111/geb.12302
https://doi.org/10.1111/nph.15283
https://doi.org/10.1139/B02-044
https://doi.org/10.1016/j.actao.2009.06.007
https://doi.org/10.1016/j.actao.2009.06.007


     |  13Journal of EcologyCARON et Al.

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: New 1- km spatial reso-
lution climate surfaces for global land areas. International Journal of 
Climatology, 37(12), 4302– 4315. https://doi.org/10.1002/joc.5086

Geiger, R., Aron, R. H., & Todhunter, P. (2003). The climate near the ground. 
Rowman and Littlefield.

Gezorge, L. O., & Bazzaz, F. A. (1999). The fern understory as an ecolog-
ical filter: Emergence and Establishment of Canopy- Tree Seedlings. 
Ecology, 80(3), 833– 845.

Gold, S., Korotkov, A., & Sasse, V. (2006). The development of European 
forest resources, 1950 to 2000. Forest Policy and Economics, 8(2), 
183– 192. https://doi.org/10.1016/j.forpol.2004.07.002

González- Rodríguez, V., Villar, R., & Navarro- Cerrillo, R. M. (2011). 
Maternal influences on seed mass effect and initial seedling growth 
in four Quercus species. Acta Oecologica, 37(1), 1– 9. https://doi.
org/10.1016/j.actao.2010.10.006

Grubb, P. J. (1977). The maintenance of species- richness in plant commu-
nities: The importance of the regeneration niche. Biological Reviews, 
52, 107– 145. https://doi.org/10.1111/j.1469- 185X.1977.tb013 47.x

IPBES. (2019). Summary for policymakers of the global assessment report on 
biodiversity and ecosystem services of the Intergovernmental Science- 
Policy Platform on Biodiversity and Ecosystem Services (S. Díaz, J. 
Settele, E. S. Brondízio, H. T. Ngo, M. Guèze, J. Agard, A. Arneth, 
P. Balvanera, K. A. Brauman, S. H. M. Butchart, K. M. A. Chan, L. 
A. Garibaldi, K. Ichii, J. Liu, S. M. Subramanian, G. F. Midgley, P. 
Miloslavich, Z. Molnár, D. Obura, A. Pfaff, S. Polasky, A. Purvis, J. 
Razzaque, B. Reyers, R. Roy Chowdhury, Y. J. Shin, I. J. Visseren- 
Hamakers, K. J. Willis, & C. N. Zayas, Eds.). IPBES secretariat, 56pp.

IPCC. (2019). Climate change and land.
Karger, D. N., Conrad, O., Böhner, J., Kawohl, T., Kreft, H., Soria- Auza, 

R. W., Zimmermann, N. E., Linder, H. P., & Kessler, M. (2017). 
Climatologies at high resolution for the earth's land surface areas. 
Scientific Data, 4, 170122. https://doi.org/10.1038/sdata.2017.122

Kuhn, E., & Gegout, J.- C. (2019). Highlighting declines of cold- demanding 
plant species in lowlands under climate warming. Ecography, 42, 36– 
44. https://doi.org/10.1111/ecog.03469

Leishman, M. R., Wright, I. J., Moles, A. T., & Westoby, M. (2000). The 
evolutionary ecology of seed size. In M. Fenner (Ed.), Seeds: The 
ecology of regeneration in plant communities (pp. 31– 58).

Lenoir, J., Gegout, J. C., Marquet, P. A., de Ruffray, P., & Brisse, H. (2008). 
A significant upward shift in plant species optimum elevation 
during the 20th century. Science, 320(June), 1768– 1771. https://
doi.org/10.1126/scien ce.1156831

Lenoir, J., Gegout, J.- C., Pierrat, J.- C., Bontemps, J.- D., & Dhote, J.- F. 
(2009). Differences between tree species seedling and adult al-
titudinal distribution in mountain forests during the recent warm 
period (1986– 2006). Ecography, 32(January), 765– 777. https://doi.
org/10.1111/j.1600- 0587.2009.05791.x

Lenoir, J., Hattab, T., & Pierre, G. (2017). Climatic microrefugia under an-
thropogenic climate change: Implications for species redistribution. 
Ecography, 40(2), 253– 266. https://doi.org/10.1111/ecog.02788

Li, C., Liu, S., & Berninger, F. (2004). Picea seedlings show apparent accli-
mation to drought with increasing altitude in the eastern Himalaya. 
Trees, 18, 277– 283. https://doi.org/10.1007/s0046 8- 003- 0304- 9

Lloret, F., Peñuelas, J., Prieto, P., Llorens, L., & Estiarte, M. (2009). 
Plant community changes induced by experimental climate 
change: Seedling and adult species composition. Perspectives in 
Plant Ecology, Evolution and Systematics, 11, 53– 63. https://doi.
org/10.1016/j.ppees.2008.09.001

Lohbeck, M., Lebrija- Trejos, E., Martínez- Ramos, M., Meave, J. A., 
Poorter, L., & Bongers, F. (2015). Functional trait strategies of 
trees in dry and wet tropical forests are similar but differ in their 
consequences for succession. PLoS ONE, 10(4), 1– 15. https://doi.
org/10.1371/journ al.pone.0123741

Luyssaert, S., Ciais, P., Piao, S. L., Schulze, E.- D., Jung, M., Zaehle, S., 
Schelhaas, M. J., Reichstein, M., Churkina, G., Papale, D., Abril, G., 

Beer, C., Grace, J., Loustau, D., Matteucci, G., Magnani, F., Nabuurs, 
G. J., Verbeeck, H., Sulkava, M., … Members of the Carboeurope- IP 
Synthesis Team. (2010). The European carbon balance. Part 
3: Forests. Global Change Biology, 16, 1429– 1450. https://doi.
org/10.1111/j.1365- 2486.2009.02056.x

Macek, M., Kopecký, M., & Wild, J. (2019). Maximum air temperature 
controlled by landscape topography affects plant species compo-
sition in temperate forests. Landscape Ecology, 34(11), 2541– 2556. 
https://doi.org/10.1007/s1098 0- 019- 00903 - x

Máliš, F., Kopecky, M., Petrik, P., Vladovic, J., Merganic, J., & Vida, T. 
(2016). Life stage, not climate change, explains observed tree 
range shifts. Global Change Biology, 22, 1904– 1914. https://doi.
org/10.1111/gcb.13210

McGrath, M. J., Luyssaert, S., Meyfroidt, P., Kaplan, J. O., Bürgi, M., Chen, 
Y., Erb, K., Gimmi, U., McInerney, D., Naudts, K., Otto, J., Pasztor, 
F., Ryder, J., Schelhaas, M.- J., & Valade, A. (2015). Reconstructing 
European forest management from 1600 to 2010. Biogeosciences, 
12, 4291– 4316. https://doi.org/10.5194/bg- 12- 4291- 2015

Mérian, P., & Lebourgeois, F. (2011). Size- mediated climate –  Growth 
relationships in temperate forests: A multi- species analysis. 
Forest Ecology and Management, 261, 1382– 1391. https://doi.
org/10.1016/j.foreco.2011.01.019

Miriti, M. N. (2006). Ontogenetic shift from facilitation to competition 
in a desert shrub. Journal of Ecology, 94, 973– 979. https://doi.
org/10.1111/j.1365- 2745.2006.01138.x

Monleon, V. J., & Lintz, H. E. (2015). Evidence of tree species' range 
shifts in a complex landscape. PLoS ONE, 10(1), 1– 17. https://doi.
org/10.1371/journ al.pone.0118069

Niinemets, Ü., & Valladares, F. (2006). Tolerance to shade, drought, and 
waterlogging of temperate Northern Hemisphere trees and shrubs. 
Ecological Monographs, 76, 521– 547.

Norby, R. J., DeLucia, E. H., Gielen, B., Calfapietra, C., Giardina, C. P., 
King, J. S., Ledford, J., McCarthy, H. R., Moore, D. J. P., Ceulemans, 
R., De Angelis, P., Finzi, A. C., Karnosky, D. F., Kubiske, M. E., Lukac, 
M., Pregitzer, K. S., Scarascia- Mugnozza, G. E., Schlesinger, W. H., 
& Oren, R. (2005). Forest response to elevated CO2 is conserved 
across a broad range of productivity. Proceedings of the National 
Academy of Sciences of the United States of America, 102, 18052– 
18056. https://doi.org/10.1073/pnas.05094 78102

Parrish, J. A. D., & Bazzaz, F. A. (1985a). Nutrient content of Abutilon 
theophrasti seeds and the competitive ability of the resulting plants. 
Oecologia, 65(2), 247– 251. https://doi.org/10.1007/BF003 79224

Parrish, J. A. D., & Bazzaz, F. A. (1985b). Ontogenetic niche shifts 
in old- field annuals. Ecology, 66(4), 1296– 1302. https://doi.
org/10.2307/1939182

Perring, M. P., Bernhardt- Römermann, M., Baeten, L., Midolo, G., 
Blondeel, H., Depauw, L., Landuyt, D., Maes, S. L., De Lombaerde, 
E., Carón, M. M., Vellend, M., Brunet, J., Chudomelová, M., Decocq, 
G., Diekmann, M., Dirnböck, T., Dörfler, I., Durak, T., De Frenne, 
P., … Verheyen, K. (2018). Global environmental change effects on 
plant community composition trajectories depend upon manage-
ment legacies. Global Change Biology, 24(4), 1722– 1740. https://doi.
org/10.1111/gcb.14030

Petr, M., Boerboom, L. G. J., Van der Veen, A., & Ray, D. (2014). A spa-
tial and temporal drought risk assessment of three major tree 
species in Britain using probabilistic climate change projections. 
Climatic Change, 124(4), 791– 803. https://doi.org/10.1007/s1058 
4- 014- 1122- 3

Piao, S., Fu, Y., Liu, Q., Chen, A., Janssens, I. A., Dai, J., Liu, L., Lian, X., 
Shen, M., & Zhu, X. (2019). Plant phenology and global climate 
change: Current progresses and challenges. Global Change Biology, 
25(February), 1922– 1940. https://doi.org/10.1111/gcb.14619

Poorter, L., & Rose, S. A. (2005). Light- dependent changes in the rela-
tionship between seed mass and seedling traits: A meta- analysis 

https://doi.org/10.1002/joc.5086
https://doi.org/10.1016/j.forpol.2004.07.002
https://doi.org/10.1016/j.actao.2010.10.006
https://doi.org/10.1016/j.actao.2010.10.006
https://doi.org/10.1111/j.1469-185X.1977.tb01347.x
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.1111/ecog.03469
https://doi.org/10.1126/science.1156831
https://doi.org/10.1126/science.1156831
https://doi.org/10.1111/j.1600-0587.2009.05791.x
https://doi.org/10.1111/j.1600-0587.2009.05791.x
https://doi.org/10.1111/ecog.02788
https://doi.org/10.1007/s00468-003-0304-9
https://doi.org/10.1016/j.ppees.2008.09.001
https://doi.org/10.1016/j.ppees.2008.09.001
https://doi.org/10.1371/journal.pone.0123741
https://doi.org/10.1371/journal.pone.0123741
https://doi.org/10.1111/j.1365-2486.2009.02056.x
https://doi.org/10.1111/j.1365-2486.2009.02056.x
https://doi.org/10.1007/s10980-019-00903-x
https://doi.org/10.1111/gcb.13210
https://doi.org/10.1111/gcb.13210
https://doi.org/10.5194/bg-12-4291-2015
https://doi.org/10.1016/j.foreco.2011.01.019
https://doi.org/10.1016/j.foreco.2011.01.019
https://doi.org/10.1111/j.1365-2745.2006.01138.x
https://doi.org/10.1111/j.1365-2745.2006.01138.x
https://doi.org/10.1371/journal.pone.0118069
https://doi.org/10.1371/journal.pone.0118069
https://doi.org/10.1073/pnas.0509478102
https://doi.org/10.1007/BF00379224
https://doi.org/10.2307/1939182
https://doi.org/10.2307/1939182
https://doi.org/10.1111/gcb.14030
https://doi.org/10.1111/gcb.14030
https://doi.org/10.1007/s10584-014-1122-3
https://doi.org/10.1007/s10584-014-1122-3
https://doi.org/10.1111/gcb.14619


14  |    Journal of Ecology CARON et Al.

for rain forest tree species. Oecologia, 142(3), 378– 387. https://doi.
org/10.1007/s0044 2- 004- 1732- y

Pretzsch, H., Biber, P., Schu, G., Uhl, E., & Ro, T. (2014). Forest stand growth 
dynamics in Central Europe have accelerated since 1870. Nature 
Communications, 5(1), 1– 10. https://doi.org/10.1038/ncomm s5967

R Core Team. (2018). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. Retrieved from https://
www.r- proje ct.org/

Rabasa, S. G., Granda, E., Benavides, R., Kunstler, G., Espelta, J. M., 
Ogaya, R., Peñuelas, J., Scherer- Lorenzen, M., Gil, W., Grodzki, W., 
Ambrozy, S., Bergh, J., Hódar, J. A., Zamora, R., & Valladares, F. 
(2013). Disparity in elevational shifts of European trees in response 
to recent climate warming. Global Change Biology, 19, 2490– 2499. 
https://doi.org/10.1111/gcb.12220

Rautiainen, A., Wernick, I., Waggoner, P. E., Ausubel, J. H., & Kauppi, P. E. 
(2011). A national and international analysis of changing forest density. 
PLoS ONE, 6(5), 1– 7. https://doi.org/10.1371/journ al.pone.0019577

Royo, A. A., & Carson, W. P. (2006). On the formation of dense understory 
layers in forests worldwide: Consequences and implications for for-
est dynamics, biodiversity, and succession. Canadian Journal of Forest 
Research, 1362(36), 1345– 1362. https://doi.org/10.1139/X06- 025

Sádlo, J., Chytrý, M., Pergl, J., & Pyšek, P. (2018). Plant dispersal strat-
egies: A new classification based on the multiple dispersal modes 
of individual species Strategie. Preslia, 90, 1– 22. https://doi.
org/10.23855/ presl ia.2018.001

Segan, D. B., Murray, K. A., & Watson, J. E. M. (2016). A global assess-
ment of current and future biodiversity vulnerability to habitat 
loss– climate change interactions. Global Ecology and Conservation, 
5, 12– 21. https://doi.org/10.1016/j.gecco.2015.11.002

Shepherd, E., Knight, A. T., Ling, M. A., Darrah, S., Van Soesbergen, A., 
& Burgess, N. D. (2016). Status and trends in global ecosystem ser-
vices and natural capital: Assessing progress toward aichi biodiver-
sity target 14. Conservation Biology, 9(December), 429– 437. https://
doi.org/10.1111/conl.12320

Shevtosova, A., Graae, B. J., Jochum, T., Milbau, A., Kockelbergh, 
F., Beyens, L., & Nijs, I. (2009). Critical periods for impact of cli-
mate warming on early seedling establishment in subarctic 
tundra. Global Change Biology, 15(11), 2662– 2680. https://doi.
org/10.1111/j.1365- 2486.2009.01947.x

Smith, S. J., Edmonds, J., Hartin, C. A., Mundra, A., & Calvin, K. (2015). Near- 
term acceleration in the rate of temperature change. Nature Climate 
Change, 5(4), 333– 336. https://doi.org/10.1038/nclim ate2552

Steinbauer, M. J., Grytnes, J.- A., Jurasinski, G., Kulonen, A., Lenoir, J., 
Pauli, H., Rixen, C., Winkler, M., Bardy- Durchhalter, M., Barni, E., 
Bjorkman, A. D., Breiner, F. T., Burg, S., Czortek, P., Dawes, M. A., 
Delimat, A., Dullinger, S., Erschbamer, B., Felde, V. A., … Wipf, S. 
(2018). Accelerated increase in plant species richness on mountain 
summits is linked to warming. Nature, 556, 231– 234. https://doi.
org/10.1038/s4158 6- 018- 0005- 6

Urban, M. C. (2015). Accelerating extinction risk from climate change. 
Science, 348(6234), 571– 573.

Urbieta, I. R., Zavala, M. A., & Marañon, T. (2011). Mediterranean pine 
and oak distribution in southern Spain: Is there a mismatch between 
regeneration and adult distribution? Journal of Vegetation Science, 
22, 18– 31. https://doi.org/10.1111/j.1654- 1103.2010.01222.x

Uvarov, B. P. (1931). Insects and climate. Transactions of the Royal 
Entomological Society of London, 79(1), 1– 232. https://doi.
org/10.1111/j.1365- 2311.1931.tb006 96.x

Verheyen, K., Bažány, M., Chećko, E., Chudomelová, M., Closset- Kopp, 
D., Czortek, P., Decocq, G., De Frenne, P., De Keersmaeker, L., 
Enríquez García, C., Fabšičová, M., Grytnes, J.- A., Hederová, L., 
Hédl, R., Heinken, T., Schei, F. H., Horváth, S., Jaroszewicz, B., 
Jermakowicz, E., … Baeten, L. (2018). Journal of Vegetation Science 
Observer and relocation errors matter in resurveys of historical 
vegetation plots. Journal of Vegetation Science, 29(5), 812– 823. 
https://doi.org/10.1111/jvs.12673

Verheyen, K., De Frenne, P., Baeten, L., Waller, D. M., Hédl, R., Perring, 
M. P., Blondeel, H., Brunet, J., Chudomelová, M., Decocq, G., 
De Lombaerde, E., Depauw, L., Dirnböck, T., Durak, T., Eriksson, O., 
Gilliam, F. S., Heinken, T., Heinrichs, S., Hermy, M., … Bernhardt- 
Römermann, M. (2017). Combining biodiversity resurveys across 
regions to advance global change research. BioScience, 67(1), 73– 
83. https://doi.org/10.1093/biosc i/biw150

Walck, J. L., Hidayati, S., Dixon, K. W., Thompson, K., & Poschlod, P. (2011). 
Climate change and plant regeneration from seed. Global Change Biology, 
17(6), 2145– 2161. https://doi.org/10.1111/j.1365- 2486.2010.02368.x

Wasserstein, R. L., & Lazar, N. A. (2016). The ASA's statement on p 
- values: Context, process, and purpose. The American Statistician, 
70(2), 129– 133. https://doi.org/10.1080/00031 305.2016.1154108

Werner, E. E., & Gilliam, J. F. (1984). The ontogenetic niche and species in-
teractions in size- structured populations. Annual Review of Ecology, 
Evolution, and Systematics, 15, 393– 425. https://doi.org/10.1146/
annur ev.es.15.110184.002141

Westoby, M. (1998). A leaf- height- seed (LHS) plant ecology strategy 
scheme. Plant and Soil, 199, 213– 227.

Woodall, C. W., Oswalt, C. M., Westfall, J. A., Perry, C. H., Nelson, M. 
D., & Finley, A. O. (2009). An indicator of tree migration in forests 
of the eastern United States. Forest Ecology and Management, 257, 
1434– 1444. https://doi.org/10.1016/j.foreco.2008.12.013

Wright, I. J., Dong, N., Maire, V., Prentice, I. C., Westoby, M., Díaz, S., 
Gallagher, R. V., Jacobs, B. F., Kooyman, R., Law, E. A., Leishman, M. 
R., Niinemets, Ü., Reich, P. B., Sack, L., Villar, R., Wang, H., & Wilf, P. 
(2017). Global climatic drivers of leaf size. Science, 12(September), 
917– 921. https://doi.org/10.1126/scien ce.aal4760

Zellweger, F., Coomes, D., Lenoir, J., Depauw, L., Maes, S. L., Wulf, M., Kirby, 
K. J., Brunet, J., Kopecký, M., Máliš, F., Schmidt, W., Heinrichs, S., den 
Ouden, J., Jaroszewicz, B., Buyse, G., Spicher, F., Verheyen, K., & De 
Frenne, P. (2019). Seasonal drivers of understorey temperature buffer-
ing in temperate deciduous forests across Europe. Global Ecology and 
Biogeography, 28(12), 1774– 1786. https://doi.org/10.1111/geb.12991

Zellweger, F., De Frenne, P., Lenoir, J., Vangansbeke, P., Verheyen, K., 
Bernhardt- Römermann, M., Baeten, L., Hédl, R., Berki, I., Brunet, J., 
Van Calster, H., Chudomelová, M., Decocq, G., Dirnböck, T., Durak, T., 
Heinken, T., Jaroszewicz, B., Kopecký, M., Máliš, F., … Coomes, D. (2020). 
Forest microclimate dynamics drive plant responses to warming. Science, 
368(6492), 772– 775. https://doi.org/10.1126/scien ce.aba6880

Zhu, K., Woodall, C. W., Ghosh, S., Gelfand, A. E., & Clark, J. S. (2014). 
Dual impacts of climate change: Forest migration and turnover 
through life history. Global Change Biology, 20, 251– 264. https://
doi.org/10.1111/gcb.12382

Zuur, A. F., Ieno, E. N., Walker, N., Saveliev, A. A., & Smith, G. M. (2009). 
Mixed effects models and extensions in ecology with R. Springer New 
York. https://doi.org/10.1007/978- 0- 387- 87458 - 6

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Caron, M. M., Zellweger, F., 
Verheyen, K., Baeten, L., Hédl, R., Bernhardt- Römermann, M., 
Berki, I., Brunet, J., Decocq, G., Díaz, S., Dirnböck, T., Durak, 
T., Heinken, T., Jaroszewicz, B., Kopecký, M., Lenoir, J., 
Macek, M., Malicki, M., Máliš, F., … De Frenne, P. (2021). 
Thermal differences between juveniles and adults increased 
over time in European forest trees. Journal of Ecology, 00, 
1– 14. https://doi.org/10.1111/1365- 2745.13773

https://doi.org/10.1007/s00442-004-1732-y
https://doi.org/10.1007/s00442-004-1732-y
https://doi.org/10.1038/ncomms5967
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1111/gcb.12220
https://doi.org/10.1371/journal.pone.0019577
https://doi.org/10.1139/X06-025
https://doi.org/10.23855/preslia.2018.001
https://doi.org/10.23855/preslia.2018.001
https://doi.org/10.1016/j.gecco.2015.11.002
https://doi.org/10.1111/conl.12320
https://doi.org/10.1111/conl.12320
https://doi.org/10.1111/j.1365-2486.2009.01947.x
https://doi.org/10.1111/j.1365-2486.2009.01947.x
https://doi.org/10.1038/nclimate2552
https://doi.org/10.1038/s41586-018-0005-6
https://doi.org/10.1038/s41586-018-0005-6
https://doi.org/10.1111/j.1654-1103.2010.01222.x
https://doi.org/10.1111/j.1365-2311.1931.tb00696.x
https://doi.org/10.1111/j.1365-2311.1931.tb00696.x
https://doi.org/10.1111/jvs.12673
https://doi.org/10.1093/biosci/biw150
https://doi.org/10.1111/j.1365-2486.2010.02368.x
https://doi.org/10.1080/00031305.2016.1154108
https://doi.org/10.1146/annurev.es.15.110184.002141
https://doi.org/10.1146/annurev.es.15.110184.002141
https://doi.org/10.1016/j.foreco.2008.12.013
https://doi.org/10.1126/science.aal4760
https://doi.org/10.1111/geb.12991
https://doi.org/10.1126/science.aba6880
https://doi.org/10.1111/gcb.12382
https://doi.org/10.1111/gcb.12382
https://doi.org/10.1007/978-0-387-87458-6
https://doi.org/10.1111/1365-2745.13773

