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Summary 

 Forests harbour large spatiotemporal heterogeneity in canopy structure. This variation drives the 

microclimate and light availability at the forest floor. So far, we do not know how light availability 

and sub-canopy temperature interactively mediate the impact of macroclimate warming on 

understorey communities.

 We therefore assessed the functional response of understorey plant communities to warming and light 

addition in a full factorial experiment installed in temperate deciduous forests across Europe along 

natural microclimate, light and macroclimate gradients. Furthermore, we related these functional 

responses to the species’ life-history syndromes and thermal niches.

 We found no significant community responses to the warming treatment. The light treatment, 

however, had a stronger impact on communities, mainly due to responses by fast-colonizing generalists 

and not by slow-colonizing forest specialists. The forest structure strongly mediated the response to 

light addition and also had a clear impact on functional traits and total plant cover.

 The effects of short-term experimental warming were small and suggest a time-lag in the response of 

understorey species to climate change. Canopy disturbance, for instance due to drought, pests or 

logging, has a strong and immediate impact and particularly favours generalists in the understorey in 

structurally complex forests.

Keywords: climate change experiment, generalists, forest specialists, forest structure, forest 

understorey, functional traits, light, microclimate
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Introduction

Forest plants growing in the understorey experience environmental conditions that differ critically from open 

habitats (Valladares et al., 2016; De Frenne et al., 2021). In dense forests, understorey plants are confronted with 

deep shade. In summer, forest floor light levels generally range between 0.7 and 7 percent of the incident light 

above the canopy (Neufeld & Young, 2014). Such low light levels affect the growth and survival of understorey 

plants (Whigham, 2004; Plue et al., 2013; Neufeld & Young, 2014) and strongly determines understorey 

community composition, functional responses and biodiversity in temperate forests (Marialigeti et al., 2016; 

Depauw et al., 2019). Light availability at the forest floor varies with canopy cover, structural complexity and 

tree species identity (Angelini et al., 2015), and is intimately linked with the forest microclimate since the 

attenuation of solar radiation through the canopy is one of the main drivers of microclimate buffering (De 

Frenne et al., 2021). Forest microclimates buffer free-air temperatures (referred to as ‘macroclimate’) (De 

Frenne et al., 2019), providing cooler maximum, warmer minimum temperatures and reduced temperature 

variation (De Frenne et al., 2019; Zellweger et al., 2019). Not only shading but also evapotranspiration, air-

mixing from wind, landscape structure, topography and macroclimate determine local forest microclimates 

(Bramer et al., 2018; Davis et al., 2019; De Frenne et al., 2019). Forest microclimates also have a strong influence 

on biodiversity and species composition as microclimate gradients affect species composition (De Frenne et al., 

2021), both vertically (Scheffers et al., 2013; De Smedt et al., 2019) and horizontally (Tinya et al., 2019). 

In the light of climate change, microclimate buffering plays an important role through the creation of local 

microrefugia for understorey species that cannot cope with warming or drought (Lenoir et al., 2017; Zellweger 

et al., 2020; Ellis & Eaton, 2021; Williamson et al., 2021). In these microrefugia, conditions are more stable 

which can raise species’ chance on persistence and extend their time to adapt (by e.g. acclimation (Wasof et al., 

2013)) or to track climate change by shifting its distribution range (e.g. poleward or upward in elevation (Lenoir 

et al., 2008; Lenoir & Svenning, 2015)). Especially for species with limited dispersal capabilities such as many 

forest plant specialists (Verheyen et al., 2003; Matlack, 2005; Svenning et al., 2008; De Frenne et al., 2013b), their 

ability to track climate change remains questionable under the current rate of warming, notably in the context 

of forest fragmentation (Lenoir et al., 2020).

Forest canopies are spatiotemporally extremely heterogeneous, resulting in significant differences in light 

availability and microclimate buffering. Structural heterogeneity in forest canopies is caused by natural agents of 

disturbances, such as insects, pathogens, wildfires and wind, but this varies with the disturbance’s level and type 

(Swanson et al., 2011; Thers et al., 2019). Furthermore, management strongly impacts the overstorey through 

thinning, clear-cuts, and selection cuts. Different management strategies can therefore result in differences in 

microclimate buffering, that vary spatially within and among stands, and across timescales of seasons to 

decades (Ehbrecht et al., 2017; Kovács et al., 2020). Furthermore, uneven-aged multi-species stands and old-

growth forests tend to have a higher structural complexity and more buffered microclimate than even-aged or A
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monospecific stands (Frey et al., 2016; Ehbrecht et al., 2017; Ehbrecht et al., 2019). In the future, forests might 

face higher tree mortality due to climate change, extreme weather events and increasing pest outbreaks (Stott, 

2016; Jactel et al., 2019; Grossiord et al., 2020; Senf & Seidl, 2020), opening up the canopy (Jump et al., 2017; 

Brodribb et al., 2020), increasing the light availability and disrupting the buffering microclimater. During the last 

three decades, disturbed forest patches in Europe were on average 1.09 ha, occurred with an annual average 

frequency of one disturbance patch per 2.56 km2 forest, and this frequency significantly increased over time 

(Senf & Seidl, 2020). Such disturbances can result in light increases of +227 % to +387 % relative to 

undisturbed forest patches, and each 10% light increase raised daily microclimatic temperature variation with 

0.11 °C (Thom et al., 2020).  

Importantly, the forest microclimate and light availability also vary with distance to the forest edge (Matlack, 

1993; Gehlhausen et al., 2000). Typically, forest edges receive more light and higher wind speeds, resulting in 

drier soil conditions and less microclimatic buffering (Matlack, 1993; Chen et al., 1999; Gehlhausen et al., 2000). 

Reported distances of edge effects vary strongly but range generally between 8 and 40 m for light conditions 

(Matlack, 1993; Gehlhausen et al., 2000; Honnay et al., 2002) and between 5 and 40 m for air temperatures 

(Saunders et al., 1999; Davies Colley et al., 2000; Schmidt et al., 2019). In Europe, 40 % of the forest area is 

situated within 100 m from a forest edge (Estreguil et al., 2012).

Differences in canopy structure or edge vs. interior conditions strongly determine both light availability and the 

forest microclimate, yet warming experiments in forests hitherto did not consider these factors (Farnsworth et 

al., 1995; Kaarlejärvi et al., 2012; Hedwall et al., 2015; Blondeel et al., 2020b; Govaert et al., 2021). So far, it is 

unclear how below-canopy warming affects forest plants in different microclimates and light conditions. 

Furthermore, interactive effects between warming and additional light are expected (De Frenne et al., 2015; 

Dietz et al., 2020).

It is clear that species’ responses to warming differ and numerous studies use the mean temperature across a 

species’ distribution range as a proxy for its thermal tolerance (Becker-Scarpitta et al., 2019; Dietz et al., 2020; 

Feeley et al., 2020), hereafter referred to as thermal niche optimum (Vangansbeke et al., 2021). Similarly, understorey 

plants differ in their response to light (Tinya et al., 2019). Plants respond to changing environmental conditions, 

such as light and temperature, with changes in key functional traits, such as plant height and specific leaf area 

(SLA) (Poorter et al., 2009; Blondeel et al., 2020a). These functional traits reflect each plants’ growth, 

performance and function since plant height is clearly linked to a species’ competitive ability, whereas SLA 

gives more insight in the plant’s resource acquisition strategy (Westoby, 1998; Westoby & Wright, 2006; Diaz et 

al., 2016). 

Additionally, plants differ in life-history traits and their association with past land-use and early vs. late 

successional stages. Typical slow-colonizing forest specialists are often associated with ancient forests (defined 

as forests situated on land that has been continuously covered by forest for centuries) (Graae & Sunde, 2000; A
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Verheyen et al., 2003; De Frenne et al., 2011), seen as late-successional species and regularly characterised as 

smaller plants with heavy seeds and a more resource conservative strategy (Graae & Sunde, 2000; Verheyen et 

al., 2003; Blondeel et al., 2019). Contrarily, generalists are often found abundantly at forest edges, preferring 

conditions with more light for rapid growth (Honnay et al., 2002; Govaert et al., 2020) and they tend to occur 

in more recent and post-agricultural forests as fast-colonizing, more early-successional species. These 

generalists are often taller and have a more acquisitive resource strategy (Verheyen et al., 2003; Blondeel et al., 

2019). The occurrence of species in ancient vs. recent forests, quantified as the colonisation capacity index (CCI) 

(Verheyen et al. (2003), is linked to the specialist-generalist spectrum, secondary succession and species’ life-

history syndrome, which comprises several functional life-history traits. 

Here we use a large-scale state-of-the-art warming and light experiment to assess the response of understorey 

plant communities to increased temperature and light levels in the field. The experiment involves two climatic 

gradients operating at different spatial extents and resolutions: a macroclimate gradient from southern (Italy) to 

northern Europe (Sweden) and local microclimate gradients through forest structure and distance to edge 

difference. We use a full-factorial design to disentangle responses to light and warming, which are both strongly 

affected by the overstorey and hard to separate in observational studies. In total, the experiment consisted of 

6912 individuals of 12 species. Several species were transplanted beyond their northern and/or close to their 

southern range edge (Fig. S1). Plants were transplanted in 432 synthetic communities, each containing several 

individuals from four species varying in life-history syndrome and thermal tolerance. During two growing 

seasons we performed measurements of intraspecific functional traits (plant height and SLA), as well as species’ 

plant cover (as proxy for biomass and productivity). We hypothesize that:

1. Understorey communities respond both functionally (in terms of SLA and plant height) and in terms 

of total plant cover to the warming treatment, but this response will interact with the light 
treatment.

 

2. Both macroclimate (region) and microclimate (forest structure and distance to the edge) will affect 

the response of the understorey communities to the warming and light treatments.

3. Species responses to the light treatment are related to their life-history syndrome, whereas 

responses to the warming treatment depend on the species’ thermal niche optimum.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Materials and Methods

Study regions
We used three experimental sites along a 1400 km wide latitudinal gradient spanning the temperate forest 

biome: one in southern Europe (Montepaldi near Florence, Italy, 43.67 °N 11.14 °E); one in central western 

Europe (Gontrode near Ghent, Belgium, 50.97 °N 3.80 °E); and one in northern Europe (Simlangsdalen near 

Halmstad, Sweden, 56.71 °N 13.12 °E). This latitudinal gradient represents a gradient in macroclimate: the 

mean annual temperature difference between the experimental sites is 6.9°C (14 °C Italy, 10.2 °C Belgium, 7.1 

°C Sweden) whereas the annual precipitation is more similar with 861, 758 and 902 mm in Italy, Belgium and 

Sweden respectively (WorldClim 2, most recent 30-year average from 1970 to 2000, resolution of 2.5 

arcminutes; Fick and Hijmans (2017)). We focused on deciduous forests dominated by oak (Quercus sp.) and 

beech (Fagus sylvatica), as they cover a large part of temperate forests in Europe (Barbati et al., 2014) and support 

a high number of associated species and rich woodland diversity (Eaton et al., 2016; Mölder et al., 2019). Site-

specific dominance of tree species is given in Table S1. 

Experimental design

At each experimental site, we established four locations with contrasting forest structure (shrub, tree layer 

cover: Table S1) and distance to the forest edge, creating a gradient in microclimate and light availability. We 

identified forest stands with a simple structure (i.e. one tree layer, shrub cover of max. 45%, more open 

canopy) and forest stands with a more complex structure (i.e. presence of shrubs, multiple tree layers, high 

canopy cover: minimum 15% in shrub layer and 70% in tree layer). In each stand we installed the experiment 

close to (2 m from) the forest edge (defined as the hypothetical line of tree stems at the edge) and in the forest 

interior (at least 50 m from any edge) (Fig. 1). We used south-facing edges (edge orientation, type of adjacent 

land: Table S1) to control for the effect of edge orientation on microclimate and community composition 

(Matlack, 1993; Honnay et al., 2002; Orczewska & Glista, 2005). Violin plots of microclimate and community 

response variables grouped by region, structure and plot position are given in Fig. S2 and S3.

In every experimental location, we applied four treatments in a full-factorial design: light, warming, light + 

warming, and a control treatment across the growing season after installation of the experiment, i.e. from May 

to end of September in 2019 and from 1 February to beginning of September in 2020. The light was added 

during daytime (local sunrise to sunset) with two lamps, consisting of two fluorescent tubes each. Above the 

lamps, we attached plastic shields as rain protection and attached these also above the non-illuminated 

treatments for standardization (Fig. S4). The photosynthetically active radiation (PAR) was measured once in all 

mesocosms at 35 cm above the soil with a PAR Quantum sensor SKP 215 (Skye Instruments Ltd., United 

Kingdom) on one day in each region in July 2019 during midday conditions (12:00 h – 14:00 h). This A
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measurement was only a snapshot of light availability which changes strongly during daily and seasonal cycles. 

Furthermore, we measured PAR in the mesocosms between the studied understorey plants, which shaded the 

sensor when higher than 35 cm. Values can be interpreted as minimum values (also given the summer 

measurement during full canopy closure) that give a rough estimation of light around mid-day during summer. 

We used a linear mixed-effect model (LMM) to assess the increase in PAR by the light treatment. The forest 

structure, edge vs. interior position and presence of lamps and infrared heaters were used as fixed effects. 

Region was added as a random intercept to control for different measurement days and differences in 

background light availability. Model fit was assessed through marginal and conditional R2 values (see Statistical 

analyses). Light addition resulted in a significant increase in PAR of 5.59 µmol m-2 s-1 (95% CI [2.83 – 8.32], 

n=380, R2
m = 0.24, R2

c = 0.31), with average light levels of 20.3 and 26.3 µmol m-2 s-1 for the non-illuminated 

and illuminated treatments respectively (Fig. S5). The difference in light availability caused by forest structure 

complexity was larger: locations with a simple forest structure received 15.11 µmol m-2 s-1 (95% CI [12.30 – 

17.93]) more PAR than structurally complex locations, with average light levels of 14.5 and 27.6 µmol m-2 s-1 in 

control plots of complex vs simple structure stands, respectively (Fig. S6). As such we aimed to create a light 

gradient with the lowest and second lowest level in control and light treatments respectively in dense stands 

(+38.6% relative to dense, control), and brighter (+90.3%) and brightest (+128.9%) in the simply structured 

forest under control and light treatments respectively. These are moderate increases in light levels as found in 

relatively small canopy gaps, as disturbances in beech forests have been shown to cause light increases of 

+227% and +387 % in distributed and aggregated disturbances, respectively (Thom et al., 2020). 

The warming treatment was administered during day and night by two infrared heater arrays of 100 W (Elstein 

- Werk M Steinmetz GmbH & Co KG, Northeim, Germany). Globally, we have already exceeded 1 °C climate 

warming compared to 1850-1900 baseline temperatures (IPCC, 2018). For Europe, projections estimate a 

further increase of 1.5 °C by 2081-2100 in the RCP2.6 scenario and by 2041-2060 potentially in RCP4.5 but 

definitely in RCP8.5 (compared to 1995-2014) (CORDEX Europe, (Gutiérrez et al., 2021)). Temperatures and 

soil moisture were measured every 15 minutes from 17 May to 30 September in 2019 in the soil (8 cm depth), 

at the surface (0 cm height) and in the air (15 cm height) in the central mesocosm of control and warming 

treatments (thus not in light and light + warming treatments) with TMS-4 loggers (TOMST, Prague, Czech 

Republic) (Wild et al., 2019; Maclean et al., 2021). Both the surface and air temperature sensor were protected 

from direct sunlight with radiation shields. We used LMMs to assess the change in daily mean temperatures and 

soil moisture caused by the infrared heaters and the experimental design (Fig. 1). Region, forest structure, edge 

vs. interior position and presence of the heaters were used as fixed effects. Sensor ID and day of the 

measurement were added as random intercepts to control for sensor-specific deviations and seasonal 

temperature changes respectively. Across all forests and sites, the models showed a significant increase of soil, 

surface and air daily temperatures under the warming treatment of respectively 1.29 °C (95% CI [0.85 – 1.73], 

n=3288, R2
m = 0.53, R2

c = 0.88), 1.63 °C ([1.13 – 2.15], n=3288, R2
m = 0.46, R2

c = 0.82) and 1.54 °C ([1.05 – A
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2.02], n=3288, R2
m = 0.44, R2

c = 0.81) (Fig. S7). In the simpler forest structure both daily surface and air 

temperatures significantly increased with 0.52 °C ([0.02 – 1.02]) and 0.62 °C ([0.15 – 1.10]) (Fig. S7). We found 

that the warming treatment significantly reduced the volumetric soil moisture percentage by 7% ([-0.12 – -0.02], 

n=3288, R2
m = 0.41, R2

c = 0.65) (Fig. S7, Fig. S8). Furthermore, also at the forest edge the soil water content 

was lower compared to the forest interior by 8 % ([-0.12 – -0.03]) (Fig. S7) and in Sweden the soil moisture was 

significantly higher than in Belgium by 7% ([0.01 – 0.12]) (Fig. S7). Fluorescent tubes did not measurably affect 

soil temperatures, as quantified with Lascar EL-USB-1 loggers (Lascar electronics, Wiltshire UK) (Fig. S9, Fig. 

S10).

Each treatment was applied to nine mesocosm plant communities. In total, the experiment encompassed 432 

mesocosms (three regions × four experimental locations per region × four treatments per location × nine 

mesocosms per treatment). We used plastic trays with 21.5 L volume as mesocosms and filled these with 

potting soil consisting of 85 % peat and 15% coconut fibre and a pH-KCl of 5 – 6.5. A slow-release 15:8:11:2 

N:P:K:Mg fertilizer containing trace elements (Osmocote Exact Low Start 16-18M, ICL Specialty Fertilizers, 

Geldermalsen, the Netherlands) was added at an application rate of 4 g fertilizer per litre potting soil at the 

beginning of the experiment. By using this potting soil and slow-release fertilizer, we aimed to keep among-site 

variability regarding soil characteristics to a minimum. The trays had drainage holes, the mesocosm 

communities were only watered directly after planting the individuals. Due to the constant radiation energy 

applied without watering, the warming treatment was associated with lower soil moisture (Fig. S7, Fig. S8). The 

effect on leaf temperature probably changed through time due to evapotranspiration feedbacks depending on 

soil moisture (De Boeck et al., 2017), which also happens in natural conditions (De Boeck et al., 2015).  

Study species and transplantation into mesocosms

We created four ecological groups of three species (Table 1). To characterize the species’ light preference, we 

looked at their occurrence in closed forest (forest specialists) or in both forest and open vegetation 

(generalists), following the EuForPlant database (Heinken et al., 2019). These groups coincided with a gradient 

in colonizing capacity index (CCI), based on the association with recent forests (-100) compared to ancient 

forests (+100) (Verheyen et al., 2003; De Frenne et al., 2011)) (Table 1). To infer the species’ temperature 

preference, we used thermal niche optima based on the mean annual temperature within the species’ 

distribution range (ClimPlant database; Vangansbeke et al. (2021)) (Table 1, see Fig. S1 for distribution maps). 

All species were sourced from Belgian or German provenances from climatically similar source locations to 

minimize differences in species responses to the warming treatment caused by local adaptation. They were 

sourced as seedlings, grown to seedlings from seeds or collected from local source populations in Gontrode 

(Belgium) (Table 1).A
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Mesocosm communities consisted of four individuals of four plant species, one from each ecological group. 

These species were randomly drawn from the groups, but in a stratified design assuring that each species 

occurred in three out of nine mesocosms of each treatment unit (three replicates per combination of treatment 

and species). As a consequence, mesocosm communities contain a random combination of one species of each 

group, while all species occur in equal numbers in each treatment. In total, the experiment encompassed 6912 

individual plants (432 mesocosms × 16 individuals per mesocosm) and 576 individuals per species.

Functional trait and cover measurements
We focused on two key functional traits, plant height and SLA because these are expected to respond to 

changing environmental conditions such as light and temperature (Poorter et al., 2009; Tinya et al., 2019; 

Blondeel et al., 2020a), but they also reflect each plants’ growth, performance and function. Plant height is 

clearly linked to the competitive ability of the species, whereas SLA gives more insight in the plant’s resource 

acquisition strategy (Westoby, 1998; Westoby & Wright, 2006; Diaz et al., 2016). Additionally, we visually 

estimated the cover of each species in the mesocosm (four individuals together, with a maximum of 100%) to 

estimate their overall growth and performance. Overlap between the four species in the mesocosm was allowed 

(the sum of estimated covers of four species was allowed to surpass 100%). The experiment started in spring 

2019 and the first measurements were done in summer, therefore Anemone nemorosa (a vernal geophyte) was not 

measured in 2019. In 2020, measurements were performed in spring for Anemone nemorosa, Oxalis acetosella and 

Allium ursinum and in summer for all other species (Fig. S11).

We measured the natural plant height (without stretching the plant) for all surviving individuals (Table 1 and 

Table S2 for survival per region) (Pérez-Harguindeguy et al., 2016). We took one leaf of one individual per 

species per mesocosm to measure SLA. Leaves were not collected when no healthy leaves (i.e. without obvious 

symptoms of pathogen or herbivore attack) were available or when the individuals only had one leaf (Table 1). 

Since SLA is strongly affected by light intensity, we sampled outer canopy leaves (Pérez-Harguindeguy et al., 

2016). The leaves were dried in a drying oven at 40°C for 48h. Subsequently, leaves (without petiole) were 

scanned to measure its one-sided area with a LI-3000C Portable Area Meter in combination with a LI-3050C 

Transparent Belt Conveyer Accessory (LI-COR Environmental, Nebraska, USA) and weighed (to 0.1 mg). SLA 

was calculated by dividing the leaf area by the oven dried leaf mass (mm2mg-1). 

A
cc

ep
te

d 
A

rt
ic

le



 
 

Table 1. The twelve study species, the mean annual temperature of their distribution range as thermal niche optimum from Vangansbeke et al. (2021), the forest specialist 

vs. generalist classification based on habitat group from Heinken et al. (2019) and colonizing capacity index from Verheyen et al. (2003).  

 

Thermal 
niche 

optimum 
(°C) 

Forest 
specialist vs. 

generalist 

Colonizing 
capacity 

index 
(CCI) 

Source 

No. plant height 
measurements 

(out of 576 
ind./species) 

No. SLA 
measurements 

(out of 576 
ind./species) 

% survival 

     2019 2020 2019 2020 2019 2020 

Oxalis acetosella L. 6.08 
Forest specialist 

 
75 

Rhizomes from local source 
population Gontrode, Belgium 

510 183 132 48 89 32 

Poa nemoralis L. 6.26 Forest specialist 29 
Seedlings grown from seeds with 

German provenance 
566 165 143 78 98 29 

Anemone nemorosa L. 7.55 Forest specialist 77 
Rhizomes from local source 

population Gontrode, Belgium 
- 140 - 39 - 24 

Carex sylvatica 
Huds. 

8.29 Forest specialist 74 
Seedlings from biological nursery 

Ecoflora in Belgium 538 273 141 106 93 47 

Allium ursinum L. 8.97 Forest specialist 24 
Seedlings from biological nursery 

Ecoflora in Belgium 
207 447 59 114 36 78 

Vinca minor L. 10.13 Forest specialist 33 
Seedlings from biological nursery 

Ecoflora in Belgium 
478 203 139 85 83 35 

Geranium sylvaticum 
L. 

3.98 Generalist 
Not 

available 

Seedlings grown from seeds with 
German provenance 445 12 109 3 77 2 

Deschampsia cespitosa 
(L.) P. Beauv. 

5.45 Generalist 17 
Seedlings from biological nursery 

Ecoflora in Belgium 440 59 118 30 76 10 

Urtica dioica L. 7.64 Generalist -71 
Seedlings from local source 

population Gontrode, Belgium 534 313 138 115 93 54 

Geum urbanum L. 7.92 Generalist -33 
Seedlings from local source 

population Gontrode, Belgium 572 196 142 70 99 34 

Alliaria petiolata (M. 
Bieb.) Cavare & 
Grande 

8.41 Generalist -67 

Seedlings from local source 
population Gontrode, Belgium 519 160 135 50 90 28 

Geranium 
robertianum L. 

8.49 Generalist -9 
Seedlings grown from seeds with 

German provenance 558 116 143 51 97 20 

Total     5367 2267 1399 789 85 33 

Species are given in order of increasing thermal niche optimum per specialist vs. generalist group.   

For each growing season the percentage of surviving individuals from all individuals planted in 2019, number of plant height (each individual) and SLA (one individual per 

mesocosm) measurements are given.  



 
 

Blue and orange shading indicate the grouping of species as relatively warm- vs. cold-adapted for the experimental design based on their thermal niche optimum. 

Biological nursery: Ecoflora (Halle, Belgium, www.ecoflora.be)  

Seeds with a German provenance were ordered from Rieger-Hofmann GmbH  

http://www.ecoflora.be/
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Statistical analyses
All analyses were performed in R version 4.0.3 (R Development Core Team version 4.1.1, 2020).  

1. Modelling total plant cover and community weighted mean SLA and plant height

Community weighted means (CWM) of plant height and SLA were calculated weighted by the cover of each 

species in the mesocosm. The total percentage ground cover in each mesocosm was calculated by summing the 

cover of all species per mesocosm. Then, we used LMMs to infer responses of CWM functional traits and total 

plant cover (i.e. the set of response variables) to a set of explanatory variables (i.e. the fixed effect variables): 

light and warming treatments; forest structure (complex vs. simple); plot position (edge vs. interior); and region 

(Italy vs. Belgium vs. Sweden). The CWM for plant height was log-transformed before modelling to increase 

normality and model fit. All fixed effect variables were coded categorically and all two-way interactions were 

included (three-way interactions excluded). Year was used as a covariate to account for differences between 

2019 and 2020. To account for repeated measurements, mesocosm ID (432 levels corresponding to 432 

mesocosms) was used as random intercept (equation 1). A post-hoc test (Tukey multiple comparison) was 

performed with the function emmeans (package emmeans) (Lenth, 2021) to assess significant interactions (Fig. 3, 

see later).

Response ~ (light + warming + forest structure + interior-edge + region)2 + year + (1|mesocosm ID)   

equation 1

Note that the 2 indicates that all two-way interactions between the variables between brackets are included.

2. Relating species responses to species characteristics

To infer species responses to the treatments, we applied the same model structure to species data of plant 

height, SLA and cover (equation 1). Plant height and SLA were scaled (mean=0, sd =1) per species to ensure 

comparability. We added the individual plant ID as random intercept as functional trait measurements were 

repeated on the individual level. For SLA, there was only one measurement per species per mesocosm, 

therefore the random effect “mesocosm ID” was removed. We had too few SLA measurements of Anemone 

nemorosa, to run the model (n = 39). The cover data was bound between 0 and 1 and had a high proportion of 

zero values, therefore we used generalized linear mixed-effects models (GLMMs) instead of LMMs with a zero-

inflated beta-distribution (Damgaard & Irvine, 2019). Such models estimate the probability of absence first 

(zero-inflated part; ZI part) and then the cover, conditional on the presence of the species, with a beta-

distribution (beta-part) (Damgaard & Irvine, 2019). For both the zero-inflated part and the beta part a “logit” 

link function was used and for the additional precision parameter of the beta-distribution (phi) a “log” link 

function was used. For Geum urbanum, the zero-inflated distribution did not produce a good model fit, and for 

Geranium robertianum, the model did not converge. For these two species regular beta distributions were used 

without zero-inflation. For Geranium sylvaticum, covers and presence were too low to fit a converging model. A
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To analyse relationships between species characteristics and treatment responses, we used linear models (LMs) 

with the species coefficient estimates for the light and warming treatment as response variables and species 

characteristics as predictor variables (colonizing capacity index (CCI) and thermal niche optimum). The 

standard errors on the model estimates were taken into account by the model, which is specified in the brms 

package as an addition to the response term (‘|se (standard error response)’) (equation 2). For Geranium 

sylvaticum there was no CCI available, therefore sample sizes for the LMs with CCI were n=11 (n=10 for SLA 

due to missing estimate for Anemone nemorosa) and n=12 for LMs with thermal niche optima (n=11 for SLA). 

The model estimates used for the regressions represent the situation with all other predictors at reference level 

(no light, no warming, complex structure, interior, Belgium). When more than one species showed a significant 

interaction between the treatment and another predictor variable, we changed the reference category of this 

predictor and re-assessed the LMs (Fig. 5 (see later), Fig. S12, S13, S14). 

Estimate | se (standard error of estimate) ~ 1 + species characteristic    equation 

2

All our models (LMMs, GLMMs and LMs) were fitted with the brms package, which uses the probabilistic 

programming language Stan (Bürkner, 2017; Bürkner, 2018). We used four chains, consisting of 2000 iterations 

after a warm-up of 2000 iterations and used default priors. Convergence and mixing of chains were visually 

inspected. Using the r2_bayes function, we calculated Bayesian R2 values for all models: a marginal R2 for the 

variance explained by fixed effects and a conditional R2 for the variance explained by fixed and random effects 

(Lüdecke et al., 2020). Model parameters are reported as posterior means with 95% credible intervals, the 

interval in which the parameter would lie with a 95% probability, given the evidence of the observed data 

(Hespanhol et al., 2019).
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Results

1. Community responses to the warming and light treatments (Hypotheses 1 & 2)
We found no significant community responses to the warming treatment, nor any interactions with the light 

treatment, forest structure, edge vs. core position or macroclimate conditions. However, we found the 

understorey strongly responding to the light treatment in interaction with the forest structure and edge vs. 

interior gradients regarding plant height and cover (Fig. 2). The understorey communities increased their plant 

height and cover in response to light, but only (plant height) or mostly (cover) in plots with a complex forest 

structure and, for cover, also in the forest interior (Fig. 3). Additionally, the forest structure had a strong impact 

on the three traits: the communities in plots with a simpler forest structure generally had a lower CWM SLA 

and higher cover and, in Belgium, also a higher CWM plant height. The regional interactions indicate that forest 

structure effects were strongest in Belgium (Fig. S15), which was expected as the structural difference between 

the ‘complex’ and ‘simple’ forest structure plots was largest in this region (Table S1). Interestingly, for the total 

plant cover, we noted an opposite pattern in Italy, where the cover was lower in the stands with a simple forest 

structure (Fig. S15). Moreover, the CWM SLA was lower at the forest edge compared to the interior in 

Belgium, whereas this decrease was smaller in Sweden and we even noted an increase in Italy (Fig. S16). The 

cover of the communities was higher in the forest interior compared to the edge in Belgium, whereas there was 

no clear difference in Italy, and in Sweden the cover was higher in the forest edge (Fig. S16). Finally, the traits 

changed significantly over time. We found a decrease in CWM SLA, an increase in CWM plant height and 

species’ plant height in 2020 compared to 2019 (Fig. 2, Fig. S17-S20). Additionally, the total cover in the 

mesocosms in 2020 was lower than in 2019 and survival rates were lower for all species except the spring 

geophyte Allium ursinum (Fig. 2, Table 1). When assessing the relation between the functional traits, we found 

that the CWM plant height and total cover of communities were positively correlated (Pearson correlation of 

0.52), whereas there was no relation between the CWM SLA and plant height (Pearson correlation of 0.02), or 

total cover (Pearson correlation of 0.17) (Fig. S21).  

2. Species responses related to species’ characteristics (hypothesis 3)
In general, responses differed strongly among species (Fig. S17-S20). We observed several significant 

correlations between the response to the light treatment and the species’ colonizing capacity index (CCI) (Fig. 

4). The generalists (with a lower CCI) tended to decrease their SLA and increase their cover more than forest 

specialists under the light treatment (Fig. 4). We also found that species with a colder thermal niche optimum 

did not decrease their SLA as much as species with a warmer thermal niche optimum in response to light (Fig. 

4). Furthermore, we found significant interactions between the plant height response to light and the forest 

structure for several species (Fig. S17-S20). However, there were no significant regressions of plant height 

response to light with species’ CCI or thermal niche optimum irrespective of forest structure (Fig. S12). A
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Nevertheless, the response to light also changed for some species depending on the region (Fig. S17-S20) and 

re-assessing the regression with Italy or Sweden as reference value for estimates showed that in Sweden and 

Italy, the cold-adapted species increased their plant height more in response to light than the warm-adapted 

species (Fig. S13).

Species responses to the warming treatment were generally not significant. We did not find strong general 

correlations with the species’ colonizing capacity index, nor thermal niche optima (Fig. 5, Fig. S22). However, 

we did find significant interactions with the region and edge vs. interior position for several species (Fig. S17-

S20). Interestingly, cold-adapted species grew less tall in the warming treatment, but only in Italy (Fig. S14). 

Furthermore, we noticed a trend of specialists and cold-adapted species to decrease their cover when the 

warming treatment was applied at the forest edge, but not in the forest interior (non-significant slope, but high 

R2 values) (Fig. 5).

Discussion
1. Forest structure determines the effect of light addition

Our findings strongly support the decisive role of forest structure for understorey communities’ responses to 

light (Tinya & Odor, 2016; Tsai et al., 2018; Lelli et al., 2019; Govaert et al., 2020). In structurally simpler forests, 

the understorey receives more light and warmth, stimulating growth and resulting in a denser cover (Tinya & 

Odor, 2016; Tinya et al., 2019) and taller communities due to higher competition (Tinya et al., 2019; Blondeel et 

al., 2020b). Recently Gilliam (2019a, 2019b)  found that canopy openings only have a positive effect on 

herbaceous vegetation cover in cases of N excess. As we used potting soil at all sites, our study was not 

designed to differentiate responses based on soil characteristics. Nevertheless, soil properties might impact 

responses to light in natural conditions. The CWM plant height also significantly increased from 2019 to 2020, 

probably due to the higher survival of taller species and a lower investment in belowground biomass in 2020. 

The total cover in the mesocosms, however, decreased, as mortality increased, possibly due to increased 

competition for belowground space in the mesocosms. 

Regarding SLA, plants have smaller, thicker leaves in structurally simpler forests because an increase in 

photosynthetic surface area does not outweigh the advantage of a larger mass investment per leaf increasing the 

number of chloroplasts and photosynthetic capacity per unit leaf surface (Evans & Poorter, 2001; Burton et al., 

2017; Chelli et al., 2019; Blondeel et al., 2020b). We report similar responses of the community to the light 

treatment (see Fig. 2), corroborating light availability as driver of understorey responses to forest structure. 

CWM SLA decreased when the forest structure was simpler (compared to complex), but the response to light 

addition was not so strong, nor significant (Fig. 2). This could be explained by the larger contrast in light A
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availability caused by different forest structural types than by the light treatment itself (15.11 vs. 5.59 µmol m-2 

s-1 PAR). 

The composition and cover of tree and shrub layer differed by region, which is reflected in the regional 

dependence of understorey responses to forest structure (Fig. 2 and Fig. S15). Furthermore, macroclimatic 

differences by region interacted with microclimatic differences due to forest complexity. For example, total 

plant cover of the communities was higher in the plots with a simple forest structure, but not in the warmest 

region (Italy) (Fig. S15). Probably, the less buffered microclimate (Fig. S7) amplified drought effects and 

temperature extremes in this region. Additionally, forest structure determined the strength of the cover and 

plant height responses to the light treatment. The light availability is generally higher at the forest edge, in a 

stand with a simpler structure, or in early- to mid-successional forests (Matlack, 1993; Neufeld & Young, 2014; 

Tsai et al., 2018). Therefore, an addition of light by a tree fall or forest management will not be of such high 

significance, relatively speaking, for the understorey as it is in dense, shady forests (Valladares et al., 2016). 

Hence baseline conditions regarding light matter for a similar increase in light availability. 

2. Warming did not affect the understorey community

We expected increases in plant height and cover and a decrease in SLA under the warming treatment as 

reported in experimental (Blondeel et al., 2020a; Blondeel et al., 2020b) and observational studies (Moles et al., 

2014; Chelli et al., 2019; Maes et al., 2020). However, the warming treatment did not cause such response, even 

though the plants experienced an increase of ± 1.5 °C for two growing seasons, an increase which can be 

expected to occur in Europe within this century (Gutiérrez et al., 2021). Some experimental studies reported a 

stronger response of understorey communities to light addition than to short-term experimental warming (Ma 

et al., 2018; Blondeel et al., 2020b; Kennard et al., 2020). Another study, including woody species, noted that 

light addition amplified the response to warming (De Frenne et al., 2015; Govaert et al., 2021). Even when light 

was added to the warming treatment, we recorded no response in community traits or cover. This result 

suggests a stronger impact of a relatively small addition of light (compared to the light increase after large-scale 

canopy disturbances) for the herbaceous understorey than a rise in sub-canopy temperature of 1.5 °C, predicted 

for Europe in this century (Gutiérrez et al., 2021). Furthermore, plant height and cover are related to species’ 

growth, and photosynthesis is directly dependent on light availability, especially in the shady understorey, 

photosynthetic rates would increase strongly for each increase in PAR (Smith & Smith, 2012). Temperature acts 

more as a regulator of the process, affecting the rate of photosynthesis for a given amount of PAR (Lewis et al., 

1999; Smith & Smith, 2012). The relationship between photosynthesis (and growth-related measures) and 

temperature might thus not be as straightforward and plants might respond to warming through other 

characteristics, such as phenology or reproductive output (Jacques 2015, Willems 2021).

Nevertheless, climate change happens at a slower and more continuous pace than our experimental treatment 

and several studies already showed that long-term global warming changed understories over the last decade(s) A
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(Becker-Scarpitta et al., 2019; Zellweger et al., 2020; Govaert et al., 2021; Richard et al., 2021) but see Becker-

Scarpitta et al. (2017). Our results show that understorey communities might not respond to warming, or at 

least not respond immediately regarding cover or functional traits. A time-lag in response to warming, also 

called ‘climatic debt’ (Bertrand et al., 2011; Richard et al., 2021) is possible and could cause a discrepancy 

between short-term experimental warming results, long-term observational or environmental gradient studies 

and climate change. Such differences are not uncommon. Wolkovich et al. (2012), for example, found globally 

much smaller phenological responses to short-term experimental than to long-term observed climate warming 

(and see Elmendorf et al. (2015)). However, experiments would need to span longer to assess the duration of a 

time-lag or the continued resistance of understorey communities (Cusser et al., 2021).  Furthermore, we only 

measured adult individuals, whereas warming could impact other life stages (e.g. germination, establishment) 

significantly and influence long-term community composition. Additionally, the total cover in the mesocosms 

decreased from 2019 to 2020, and for all species (except Allium ursinum) survival rates dropped. As a 

consequence, our sample size decreased, lowering our statistical power to detect subtle responses.

Moreover, in our study, the warming treatment was only applied during the growing season and some plants 

might respond to growing season length or warming outside the growing season for dormancy breaking or seed 

germination (Walck et al., 2011; Orru et al., 2012; Flanigan et al., 2020; Newton et al., 2020), affecting species’ 

reproduction and the community composition over a longer time period. Additionally, experimental warming 

inherently reduces soil moisture (Ettinger et al., 2019), as in our experiment (Fig. S7), whereas natural 

precipitation patterns are variably affected by climate change (Dore, 2005; Dagan et al., 2019). But perhaps most 

importantly, climate change does not affect plant communities in isolation. In reality, indirect effects are 

simultaneously acting with warming. The latter can affect herbivores, pathogens, mycorrhiza and pollinators as 

well as soil processes, all of which impact understorey plants and could influence responses to climate change 

(Kudo & Ida, 2013; Gaudio et al., 2015; Velásquez et al., 2018; Bennett & Classen, 2020; Hamann et al., 2021). 

Also, in our experiment we found a high variation in mortality among species, sites and years which we could 

not attribute to the studied traits or treatments (Table 1, Table S2). Therefore, it is necessary to acknowledge 

the artificiality when interpreting findings of experiments. Even though they are highly useful to study the 

single effect of warming, complementation with long-term observational and environmental gradient studies is 

necessary (De Frenne et al., 2013a).      

3. Life history syndrome dictates species responses to light

The community response to light is driven mainly by generalists, such as Urtica dioica and Alliaria petiolata, which 

increased in cover and decreased their SLA. The generalists are fast colonizers, typically among the first to 

colonize early-successional forests, they are stronger competitors and adapted to a wider range of light 

conditions, as they occur in both forests and more open habitats (Verheyen et al., 2003; Heinken et al., 2019). 

Having a lower SLA, they tend to allocate more resources to rapid growth in height while sustaining sufficient A
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leaf area for photosynthesis in an illuminated environment. This provided a competitive advantage over forest 

specialists, such as Vinca minor or Oxalis acetosella, which tend to have a more stress-tolerant strategy (Hermy et 

al., 1999) and did not show significantly lower SLA or increased cover as response to the light treatment. 

Contrarily, Chelli et al. (2021) found that forest specialists showed greater intraspecific variation in SLA. Also 

phenology and leaf physiology could be important here. Three out of six forest specialists in this experiment 

are spring ephemerals, growing before tree canopy flush (shade avoiders). Possibly, the light treatment did not 

add an ecologically significant amount of light for these species during spring. Shade-tolerant species, contrarily, 

have generally lower light saturation and compensation points, enabling them to sustain photosynthesis in the 

darker understorey, but resulting in lower photosynthesis rates in bright conditions (Taylor & Pearcy, 1976). 

Perhaps, forest specialists have lower light saturation and compensation points compared to generalists. 

Furthermore, for some shade-tolerant herbs, photosynthetic acclimation to brighter periods (e.g. spring) has 

been shown (Rothstein & Zak, 2001). Thus, investigating the potential photosynthetic acclimation of forest 

specialists and generalists would be highly interesting.

In the future, the habitat and cover of generalists is likely to increase as canopies are expected to open up by 

storms, disturbances, pest-outbreaks, drought or thinning (Sohn et al., 2016; Jump et al., 2017; Jactel et al., 2019; 

Senf & Seidl, 2020). This could lead to biotic homogenization of the forest understorey and potentially cause a 

decline in biodiversity at the biome-scale (Staude et al., 2020). For spring ephemeral forest specialists, such as 

Anemone nemorosa, an increase in summer-flowering generalists might not necessarily increase above-ground 

competition due to different temporal niches (Bratton, 1976; Pigott, 1982). However, generalists might 

outcompete summer-flowering forest specialists and eventually cause their disappearance from those 

communities. Therefore, it is important to protect larger forests with forest interior conditions and to preserve 

dense canopies to complement the expected future increase in forest gap and edge conditions. As such, 

temperate forests might keep providing a mosaic of light levels and conserve both generalists and specialists in 

the understorey.

4. Species responses to warming are small, context- and species-dependent 

Even though there were no significant community-responses to warming, some species did respond to 

warming, though responses varied with macro- or microclimate. In the warmest region (Italy), we found that 

cold-adapted species, such as Oxalis acetosella and Deschampsia cespitosa, responded more negatively to the 

experimental microclimate warming compared to warm-adapted species regarding plant height (Fig. S14). For 

some of the cold-adapted species, Italy is directly at the southern distribution edge (Fig. S1). This finding 

suggests that southern edge populations of cold-adapted species will first experience negative implications of 

climate change (Jump et al., 2006; Lesica & Crone, 2017). However, we used plants of Belgian and German 

provenances, southern populations might be better adapted to warmer temperatures, cancelling our result. A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Therefore, including individuals from different climatic provenances and performing a reciprocal transplant 

experiment is timely to investigate local climate adaptation (Palacio-Lopez et al., 2015).

Additionally, we noted that in the forest edge both specialists and cold-adapted species tended to decrease in 

cover with microclimate warming. The regressions were not significant (but had a high R2 value, suggesting a 

potential lack of statistical power given the low sample size: N = 11 or 12). For Oxalis acetosella and Poa 

nemoralis, the interaction between warming and distance to the forest edge was significant, it is worrisome that 

these cold-adapted species already showed declines of plant cover at the forest edge after only two years of 

microclimate warming. Cold-adapted forest specialists might respond first, whereas cold-adapted generalists 

might also lose cover with more warming over time. For cold-adapted forest specialists, forest interior 

conditions with a dense canopy might provide refugia from rising temperatures (Greiser et al., 2020).

5. Conclusion and outlook

Our results underpin that light, on the short term, strongly determines understorey plant cover and species’ 

functional traits such as plant height and SLA. Changes in light levels often happen instantaneously and change 

understorey communities thoroughly and for an extended time period (Tsai et al., 2018). We might expect that, 

on the short term, indirect impacts, via the effects of climate change on canopy disturbances due to droughts, 

windstorms or insect attacks (Sohn et al., 2016; Jump et al., 2017; Jactel et al., 2019; Dietz et al., 2020; Senf & 

Seidl, 2020) might be as strong or even stronger on understorey vegetation than direct effects of rising 

temperatures on the understorey plants. 

Despite the large number of transplanted individuals, the different microclimate gradients, the full-factorial 

light and warming treatment and continental scale, our study still has some limitations. To infer more general 

relationships between climate change sensitivity and species’ characteristics, data on a larger number of species 

is necessary as well as long-term data (de Bello et al., 2020; Govaert et al., 2021). We welcome further multi-

species experiments to explore the effect on forest understorey communities of different levels, duration and 

timing of warming, as well as combinations with precipitation regimes. Furthermore, given the local adaptation 

of plants and their seeds, it would be highly interesting to explore the effects of warming on plants from 

sources across the latitudinal gradient. Finally, the long-term impact might differ strongly from short-term 

responses and could depend on local microclimates, as suggested by Zellweger et al. (2020). To complement 

long-term observational studies, we advocate long-term warming experiments, such as the international tundra 

experiment (ITEX) (Henry & Molau, 1997; Edwards & Henry, 2016), but stress the need to include differences 

in forest structure and microclimate. It is striking that there are actually very few forest-floor warming 

experiments, despite the importance of forest understories for ecosystem functioning and biodiversity (Gilliam, 

2007; Landuyt et al., 2019). Additionally, it is crucial to expand the timespan of available microclimate data. The 

start of global microclimate sensor networks, such as SoilTemp, will provide interesting opportunities to relate A
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long-term understorey responses to measurements of the local microclimate in a very detailed way in the future 

(Lembrechts et al., 2020; Lembrechts et al., 2021).

Supporting information

Additional supporting information may be found in the online version of this article. 
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treatments.

Fig. S10 Violin plots of soil temperature measured by lascar loggers in all treatments and significant differences 

between treatments.

Fig. S11 Timeline of start and measurements during the experiment.

Fig. S12 Linear regressions of the species-specific plant height responses to the light treatment for simple and 

complex forest structures.

Fig. S13 Linear regressions of the species-specific plant height responses to the light treatment for different 

regions.

Fig. S14 Linear regressions of the species-specific plant height response to the warming treatment for different 

regions.

Fig. S15 Violin plots of CWM SLA, plant height and total cover and significance of the effect of the forest 

structure and region according to the LMMs.

Fig. S16 Violin plots of CWM SLA and total cover and significance of the effect of the interior vs. edge 

position and region according to the LMMs.A
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Fig. S17-S20 Estimates and 95% credible intervals for species models for SLA, plant height and cover for the 

cold-adapted forest specialists (S17), warm-adapted forest specialists (S18), cold-adapted generalists (S19) and 

warm-adapted generalists (S20).

Fig. S21. Pearson correlations of the CWM SLA, plant height and total cover.

Fig. S22. Linear regressions of the species-specific responses to the warming treatment with the species’ 

colonizing capacity index and thermal niche optimum.

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting information 

supplied by the authors. Any queries (other than missing material) should be directed to the New Phytologist 

Central Office.
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Figure 1. Experimental design. (a) The studied macroclimatic gradient of mean annual temperature (MAT) 

(Fick & Hijmans, 2017) with experimental sites in Sweden, Belgium and Italy. The temperate broadleaf and 

mixed forest biome (Olson et al., 2001) is outlined and hatched. (b) Each experimental site contains four 

locations along two microclimatic gradients: two locations in a complex structured forest, two in a simple 

structured forest and for each forest, one is situated at the forest edge and one in the forest interior. (c) At each 

experimental location, four treatments are applied to four experimental units: a warming; light; combined 

warming and light; and a control treatment. (d) Each treatment is applied to an experimental unit consisting of 

nine mesocosms with understorey plant communities. (e) Each mesocosm contains 16 plants: four individuals 

of four different species placed in a randomized position. Two species are relatively more warm-adapted (red) 

and two are relatively more cold-adapted (blue), and within each of these two pairs, one is a generalist and one 

a forest specialist.

Figure 2. Estimates and 95% credible intervals for the explanatory variables in the LMMs we ran for the 

community weighted mean (CWM) SLA, plant height and total cover. Non-significant variables (credible 

interval overlapping zero) are made transparent. The marginal and conditional R2 of the three models are given 

below the titles. The intercept term is set to “no light / no warming / complex structure / core position / 

Belgium” with its estimate significantly deviating (or not) from the zero value while all other estimates are 

showing significant deviation (or not) from the intercept term.

Figure 3. Violin plots of the community weighted mean (CWM) data for plant height and of the total plant 

cover grouped by forest structure and presence or absence of light treatment. This figure illustrates the 

significant negative interaction between the light treatment and forest structure on the plant height and total 

cover of the plant communities. A post-hoc test (Tukey multiple comparison) was performed to assess 

significant differences between groups given by letters above the violin plots.

Figure 4. Linear regressions of the species responses to the light treatment with the species’ colonizing 

capacity index and thermal niche optimum. Positive (respectively negative) parameter estimates reflect that 

plant traits and cover (beta-part expressing a change in cover given the presence of the species) responded 

positively (negatively) to the enhanced illumination. Black points and lines give the model estimates and 

standard errors for the light treatment for each species (G)LMMs, with all other factors at reference level (no 

warming, forest interior, complex forest structure and Belgian region). Full and dashed regression lines 

represent significant (credible interval not overlapping zero) and non-significant slopes respectively. Shading 

corresponds to 95% credible intervals.  A
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Figure 5. Linear regressions of the species’ cover response to the warming treatment for forest interior and 
forest edge with the species’ colonizing capacity index and thermal niche optimum. These are estimates of the 

beta-part expressing a change in cover given the presence of the species. Black points and lines give the model 

estimates and standard errors for the warming treatment for each species (G)LMMs. Model estimates are given 

for the forest edge and forest interior positions, with all other factors at reference level (no additional light, 

complex forest structure and Belgian region). Dashed regression lines represent non-significant slopes. Shading 

corresponds to 95% credible intervals. 
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