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Abstract

1.

Macroclimate warming is affecting ecosystems worldwide. Tree canopies, however, can
significantly buffer temperature fluctuations, giving rise to lower maximum temperatures, higher
minimum temperatures and enhanced water availability below the canopy. These microclimate
offsets have the potential to help mitigating the effects of macroclimate warming on forest
biodiversity and functioning. Forest ecosystem offsets have been well-studied, but much less is
known about how offsets are modulated by individual tree species and species diversity and
mixing.

We installed temperature and air humidity loggers in a multi-site tree diversity experiment to
guantify the role of tree species richness and composition on below-canopy offsets and investigate
mechanisms underlying the biodiversity effects.

Forest offsets highly depended on tree species identity and diversity. Not only monocultures of
larch (L. eurolepis) and Douglas fir (P. menziesii) had a high performance for thermal buffering, but
also mixtures with species such as birch (B. pendula) and pine (P. sylvestris).

Diversity effects were only detected in the more developed forest stands. In these stands,
characterized by a high basal area, we detected a 0.4°C decrease in summertime maximum
temperature offset per tree species added to the mixture. However, the mechanisms behind this
effect (complementarity vs selection) were contrasting among sites.

Synthesis and applications. Our findings can inform the optimal design of tree plantations in the
face of climate change and have therefore important implications for minimizing climate-change
impacts on below-canopy biodiversity and functioning. Although tree species diversity affected
microclimate offsetting in different ways, increasing species richness could help to mitigate below-

canopy warming.

Key-words: biodiversity, microclimate, climate change, forest, soil temperatures, understorey
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1. Introduction

Our planet is warming significantly, affecting ecosystems worldwide. Forests, however, can buffer
macroclimate temperature and humidity changes below the canopy (De Frenne & Verheyen, 2016; Williams
et al., 2017; Zellweger et al., 2020). Both evapotranspiration and redistributions of wind and radiation in a
forest’s canopy give rise to lower maximum temperatures and higher minimum temperatures near the forest
floor. Moreover, lower temperature due to below-canopy shading leads to higher air relative humidity (RH)
in forests, assuming constant air water content (Von Arx et al., 2013). As such, forests can act as “protective
blankets”, as refugia for heat-sensitive species (Bertrand et al., 2011; Bramer et al., 2018; Castafio et al., 2018;
De Frenne et al., 2013, 2019). In the face of climate change, quantifying microclimates has become more

important than ever before (De Frenne et al., 2019; De Frenne & Verheyen, 2016).

Forest microclimates and the effects of forest structure have been studied since the beginning of the 20th
century (Cole & Geiger, 1951). More recently, the study of forest microclimates has regained attention
because of climate change and new insights on its magnitude, drivers and consequences (De Frenne et al.,
2019; Zellweger et al., 2019). These studies, for example, found that the offset of within-forest temperatures
(calculated as the difference between below-canopy and free-air temperatures; De Frenne et al., 2021)
ranges between -4.1+ 0.5 and 1.1 £ 0.2 °C compared to macroclimate maximum and minimum temperatures
(De Frenne et al., 2019), offsets that are of greater magnitude than the global warming of land and ocean
temperatures over the past century (~0.85 °C), and greater than the warming of regional surface
temperatures following deforestation (usually <1 °C). Despite its significance, the thermal insulating function
of forest canopies has been neglected in biodiversity-ecosystem functioning research so far, especially
compared to other functions such as biomass production, carbon drawdown or nutrient cycling (Gamfeldt et
al., 2013; Joly et al., 2017; Ratcliffe et al., 2017; Tilman et al., 2001). We thus do not know to what extent
forest microclimate offsets are different in monocultures vs in forests with an increasing number of tree

species.

Biodiversity can improve ecosystem functioning in communities via two mechanisms. First, if mixtures do

better than expected based on the relative abundance and the performance of its constituent species in

3
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monocultures, this is due to ‘niche differentiation’ in terms of resource partitioning, facilitation or diversity-
dependent effects, and this is referred to as complementarity effects (Turnbull et al., 2013). Second, more
diverse communities are more likely to contain high-performing species, which can also generate a positive
biodiversity effect on ecosystem functioning in case they dominate the community; this is referred to as
selection effects (Baeten et al., 2013; Loreau & Hector, 2001; Van de Peer et al., 2018; Van Der Plas et al.,
2016). Complementarity among crowns in canopy space affects light interception and use, and relates to
patterns of stem biomass overyielding, which increases with greater crown complementarity (Williams et al.,
2017). We can thus hypothesise that both mechanisms lead to a positive relationship between tree species

diversity and below-canopy temperature offsets.

Here we investigate these biodiversity effects based on data collected in a large-scale, multisite tree species
diversity experiment in Belgium (Verheyen et al., 2013, 2016), that allows disentangling complementarity
and selection effects. Within all experimental sites, we deployed 192 microclimate sensors continuously
monitoring air and soil temperatures and air vapour pressure deficits (VPD). Based on these data, we then
compare microclimatic conditions among plots that differ in tree species richness. We sought to test (1) if
microclimate buffering depends on the tree species present in the overstorey; (2) whether tree species
diversity effects play a role in microclimate buffering; (3) which mechanism are responsible for these effects

(selection vs complementarity), and (4) if higher tree species richness can amplify microclimate offsetting.

2. Materials and methods

2.1.Study area

We performed our study in a large-scale, multisite tree diversity experiment in Belgium, western Europe
(FORBIO), that included ten key tree species of European forests (Verheyen et al., 2013, 2016). Plots were
planted as monocultures and mixtures (1 up to 4 species), distributed across three research sites in
contrasting macroclimates in Belgium for a total of 120 plots and 89,000 trees: Gedinne (Ge), an upland site

with a continental climate, Hechtel-Eksel (H-E), a lowland site on sandy soils with a continental climate, and
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Zedelgem (Ze), a lowland site 15 km from the North Sea with an oceanic climate. For more details on the

site’s macroclimate see supplementary information Figure S1 and Table S1.

The first site, Ge, is located in the south of Belgium, in the Ardennes and consists of two blocks c. 2 km apart,
Gouverneurs (49°59’N 4°59’E) and Gribelle (49°60’N 4°59’E). The climate in the Ge site is colder and wetter
(mean annual temperature = 10.4°C, air relative humidity = 84.5%) compared to the climate of the other two
sites. The Ze site (51°9’N 3°7’E) and H-E site (51°10’N 5°19’E) are both located in the northern part of Belgium.
However, the climate in the Ze site (mean annual temperature = 12.1°C, air relative humidity = 83.7%) is
milder and less continental than that in the H-E site (mean annual temperature = 11.7°C, air relative humidity

= 78.7%), with higher temperatures in summer and lower temperatures in winter (see also Table S1).

The three sites all have a similar experimental design, with a pool of five species in each site, each species
occurring in the same frequency. Each site comprises 40 plots spread across two blocks in each of the three
sites, including ten monoculture plots (two plots per species composition, one in each block) and 30 mixture
plots (ten for each tree species diversity level of 2, 3 and 4). In this study, only the monoculture plots and the
2- and 4-species mixtures were considered, so that 15 treatments were selected, including five monocultures,
five four-species combinations and five two-species combinations (being a random selection of all possible
two-species combinations) in each site and block, resulting in a selection of 90 (15 x 2 x 3) plots across all
research sites (Figure S2 and Table S2). All trees were planted in 2010 (Ge and Ze) and 2012 (H-E) as 2- or 3-
year old seedlings on a 1.5 m x 1.5 m grid (planting density of 4,444 trees/ha) and were thus 10-13 years old

at the time of our measurements.
2.2. Microclimate

We installed Lascar Easylog EL-USB-1 and Lascar Easylog EL-USB-2 sensors in all selected plots, at a location
representative for the plots’ tree species composition (e.g. exactly at the crossing point of 4 groups of 3 x 3
trees of different tree species in the four-species mixtures), to monitor microclimates in the soil (temperature)
and air (temperature and relative humidity), respectively. Air temperature loggers were attached to a
wooden pole at a height of 1.0 meter and protected against solar radiation by a custom-made radiation shield.

The radiation shields were oriented towards the north. Soil temperature loggers were buried at a depth of 5
5
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cm, 10 cm away from the wooden poles. Besides the sensors below the trees, we also installed two sensors
well away from trees at each site to monitor the open-air non-forest climate. This resulted in a total of 96
measurement locations (3 sites x 2 blocks x [5 monocultures + 5 two-species mixtures + 5 four-species
mixtures + 1 reference]) and thus 192 sensors (air and soil temperatures monitored at each location). All
sensors collected data for a complete year from March 2019 to March 2020 with a temporal resolution of

one hour.

Hourly VPD was calculated as the difference between the saturated (Psq:) and the effective air pressure (P.s),
calculated based on hourly air temperature T (°C) and hourly air relative humidity RH (%) (Barrass, 1974,

Davis et al., 2019; Von Arx et al., 2013):
Psot = 0.6112 * exp((17.62 +*T)/(T + 243.12))
Pair = Psar * RH/100
VPD = Psot — Pair

Offsets were calculated as the difference between below-canopy and free-air temperatures and VPDs. We
first summarized our hourly observations into daily statistics, focusing on maximum and minimum daily
values. Next, we calculated daily offset values based on these daily maximum and minimum values

measured both in the forest and the open field plots.
2.3.Forest structure

Tree height and diameters at breast height (DBH) were measured on each sensor’s 16 neighbouring trees.
Tree height was measured with a vertex clinometer and DBH with a calliper at 1.30 m above the ground.
Measurement of tree height and DBH occurred in March 2020. Subsequently, basal area (BA, m? ha?) of
individual species was calculated based on these DBH measurements. Canopy cover was measured at exactly
the same location as the temperature loggers with a spherical densiometer (Depauw et al., 2020; Lemmon,
1956). The measurements of canopy cover were performed in August 2019, to represent canopy conditions

in the growing season.

2.4.Diversity effects
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To gain more insights into diversity effects and the possible ecological mechanisms, we here apply the
partitioning approach developed by Loreau and Hector (2001). This methodology first of all quantifies the
net diversity effect (EN), as the difference between observed functioning (e.g. yield or biomass production,
but in this case air temperature and VPD offsets) in mixtures and the expected values calculated from the
monocultures of its component species (weighted by abundance). Subsequently, the methodology allows to
attribute this net effect (EN) to either complementarity (EC) or selection effects (ES) (Loreau M. & Hector. A,

2001; Van de Peer et al., 2018; Van Der Plas et al., 2016).

To calculate these effects in our study, we calculated expected microclimate offsets in two ways. First, by
assuming that effects of species on microclimate offsetting are proportional to their basal area, and hence
assuming that complementarity effects are absent (EFep1). Next, by assuming that effects of species on
microclimate offsetting are proportional to their abundance only, hence assuming that both

complementarity and selection effects are absent (EFexp2):

S
EFexp1 = Z RYO; * M;" + F;

i=1

N
EFexpz = Z RYE; *+ N;' x F;

=1

Where S represents the species richness present in the plots, RYO;is the observed abundance of species i
(based on basal area), M;the basal area of species i grown in monoculture, F; the thermal offset in a
monoculture of species i, RYE; is the expected abundance (number of trees planted) of species i in the
mixture, N; the number of trees planted in the monoculture of species i. Based on these terms, diversity

effects were then calculated as (Loreau M. & Hector. A,, 2001; Van Der Plas et al., 2016):
EC = EFops — EFexp1
ES = EFexp1 — EFexp2
EN =EC+ ES

2.5.Data analyses
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To analyse species identity effects on microclimate offsetting, linear mixed-effects models (LMMs) were
adopted, without fixed predictor variables (intercept only) but with ‘block | plot’ as nested random terms, to
take into account the hierarchical nature of our design. To account for temporal autocorrelation of
microclimate data (Koenig & Liebhold, 2016; Ruel & Ayres, 1999), we incorporated the corAR1(form="~Day)
variance structure (Zuur et al., 2007), to test whether the value of microclimate offsetting was significantly
different from zero. We applied the Ime function of the nIme-package to fit our models (Zuur et al., 2007).
Similar analyses were applied to test whether diversity effects (EN, EC and ES) were significantly different

from zero.

Next, we assessed whether tree species richness can explain variation in the magnitude of microclimate
offsetting (T and VPD). We fitted LMMs with species richness (1, 2, or 4) as a fixed predictor and ‘block | plot’
as random-effect terms and the corAR1(form=~Day) variance structure, again to account for temporal
autocorrelation, using restricted maximum likelihood in the Ime function from the nIme-package (Zuur et al.,
2007). To test whether a model with species richness performed significantly better than the baseline
intercept-only model, we additionally performed x>-tests. Goodness-of-fit was determined by calculating

marginal and conditional R? values using the r.squaredGLMM function in the MuMIn-package (Bartén, 2014).

Similar analyses were performed to assess whether basal area and canopy cover depended on species
richness, i.e. to see whether increasing tree species diversity led to a denser forest structure, potentially
explaining our findings related to microclimate offsets. We again fitted LMMs with species richness (1, 2, or
4) as a fixed predictor and ‘1| block’ as random intercept (here plot was not needed since there were no

repeated measurements per plot). All analyses were performed in R version 3.4.44a.

3. Results

The maximum (Tmax) and minimum (Tmin) temperature offsets were highly dependent on the tree species
present in the overstorey. Cooling was most pronounced for Tmax offsets in summer and warming of Tmin

offsets in winter at the Ge site. Cooling for offsets were highest in stands dominated by Larix eurolepis (-5.56
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1 1.5 °C; Mean + SD) and Pseudotsuga menziesii (-5.25 + 1.8 °C) at the upland site (Ge). High thermal cooling
was also detected below canopies of birch (B. pendula) and pine (P. sylvestris) at both the H-E and Ze site in
both monocultures and mixtures. The highest cooling occurred within mixtures of P. menziesii and P.
sylvestris (-2.22 + 1.0 °C) at the H-E site, and monocultures of P. sylvestris (-5.61 + 1.5 °C) at the Ze site,
respectively (mixed-effects models: P < 0.05; Figure 1; Table S3). For summertime soil temperature offsets,
we detected a consistent cooling across our three research sites, with on average -2.91 °C and -1.96 °C for

maximum and minimum soil temperatures; these are reported in supplementary information Figure S5.
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Figure 1 Air temperature offsets in both monoculture and mixture plots. Bars display air temperature offset (Tmax and Tmin) in summer
(left) and winter (right) in Gedinne (a), Hechtel Eksel (b) and Zedelgem (c). Intercept-only mixed-effects model with ‘block | Plot’ as
nested random term, and corAR1(form="~Day) as variance structure to account for temporal autocorrelation, were applied to test
whether air temperature offsets in varying forest stands were significantly different from zero. Red outer lines of bars indicate that
the intercept was significantly different from zero, with P < 0.05. Full statistical results are reported in supplementary information

Table S3.
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VPD offsets were largely consistent with those reported for temperature offsets. Maximum and minimum

VPD were generally lower in both summer and winter within forests compared to free-air VPD, which

indicates moister conditions in the forest compared to the open. These offsets were most pronounced in

stands of Pseudotsuga menziesii (-1.09 + 0.5 kPa; Mean + SD) and Larix eurolepis (-1.01 + 0.4 kPa; mixed-

effects models: all P < 0.05; Figure 2, Table S4). The largest VPD offsets subsequently occurred within stands

of mixtures of L. eurolepis and P. menziesii (-1.09 + 0.5 kPa) at the upland site (Ge). In H-E, presence of pine

always resulted in a large VPD offset, e.g. as in combinations of P. sylvestris and P. menziesii (-0.56 + 0.3 kPa),

and mixtures of B. pendula, L. kaempferi, Q. petraea, and P. sylvestris (-0.52 = 0.3 kPa). In Ze, P. sylvestris and

B. pendula exhibited the highest offsets, with the largest offset for summertime VPDmax in monocultures of

P. sylvestris (-1.04 £ 0.43 kPa), followed by mixed P. sylvestris and T. cordata (-0.96 + 0.40 kPa) and P. sylvestris

and B. pendula (-0.89 + 0.38 kPa; mixed-effects models: P < 0.05; Figure 2, Table S4).
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Figure 2 VPD offsets in both monoculture and mixture plots. Bars display VPD offset (VPDmax and VPDy,in) in summer (left) and winter

(right) in Gedinne (a), Hechtel Eksel (b) and Zedelgem (c). Intercept-only mixed-effects model with ‘block | Plot’ as nested random
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Figure 3 Tree species diversity effects (overall, and separated into complementarity and selection) on air temperature offsets. Diversity
effects are based on the methodology of Loreau and Hector (2001), and here analysed with intercept-only mixed-effects models with
block | plot as nested random term, and corAR1(form="~Day) as variance structure to account for temporal autocorrelation. Bars denote
which specific diversity effects are responsible for maximum (Tmax) and minimum (Tmin) temperature offsets. Full statistical results are

reported in supplementary information Table S8. *P < 0.05; **P < 0.01; ***P < 0.001.
term, and corAR1(form=~Day) as variance structure to account for temporal autocorrelation, were applied to test whether VPD
offsets in varying forest stands were significantly different from zero. Red outer lines of bars indicate that the intercept was

significantly different from zero, with P < 0.05. Full statistical results are reported in supplementary information Table S4.

We detect, in general, negative net diversity effects for maximum temperature offsets and positive net
diversity effects for minimum temperature offsets. However, the contribution of selection and
complementarity effects to this overall biodiversity effect differed among sites (Figure 3, Table S8). In general,
complementarity effects were found to be dominant at the H-E site, while selection effects were dominant

at Ze site. No diversity effects were detected at the Ge site.

Although net diversity effects were often not significantly different from zero for VPD offsets, we observed

similar differences in the importance of complementarity and selection effects in Ze and H-E site as found for

11



239

240

241

242

243

244

245

246

Submitted version without peer-review

Summer | Winter

0.50 A
0.25 -

®

0.00 4 . — —_- g

3

-0.25+ 5]
-0.50+

0.0 4 —_ T ﬁ__l__ e m—

= -0.2 * I

g_ . §

€ 04/ &

[ m

el -0.6 @

*kKk

|
o
©

o
o
3 |
*
*
wabjapaz

*hk

-0.2+

-0.44

dekke
-0.84

Maximum daily Minimum daily Maximum daily Minimum daily

Legend . Qverall effect of biodiversity . Effects of complementarity . Effects of selection

Figure 4 Tree species diversity effects (overall, and separated into complementarity and selection) on VPD offsets. Diversity effects
are based on the methodology of Loreau and Hector (2001), and here analysed with intercept-only mixed-effects models with block
| plot as nested random term, and corAR1(form=~Day) as variance structure to account for temporal autocorrelation. Bars denote
which specific diversity effects are responsible for maximum (VPDmax) and minimum (VPDmin) VPD offsets. Full statistical results are

reported in supplementary information Table S9. *P < 0.05; **P < 0.01; ***P < 0.001.

temperature offsets (Figure 4, Table S9). Again, complementarity effects were found to be dominant at H-E,

while selection effects were dominant at Ze site. Again, no diversity effect was found in Ge site.

Our data show both decreasing (for maximum temperature) and increasing (for minimum temperature)
offsets with species richness (Figure 5a, Table S10). These trends were rather weak, but found to be
significant for summertime maximum temperature offsets in Ze, with a 0.4°C decrease in offset per tree
species added to the mixture. Similar but only marginally significant trends were detected for minimum

temperatures in winter at H-E and for minimum temperature offsets in both seasons at Ze.

12
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VPD offsets did either not respond to species richness or decreased only slightly with species richness (Figure
5b, Table S10). We only detected a marginally significant decrease in VPD offset with increasing species

richness during the summer season at Ze site.

Figure 5 Tree species diversity effect on air temperature offsets (a) and VPD offsets (b). Lines represent fitted mixed-effects models
with ‘Species richness’ as fixed-effect, ‘Block | Plot’ as nested random term, and corAR1(form=~Day) as variance structure to account
for temporal autocorrelation. Offsets were always calculated as the difference between microclimate variables inside forests minus
those recorded outside the forest. Full statistical results are reported in supplementary information Table S10. Solid black lines: P <

0.05, dashed black lines: P < 0.1, dashed grey lines: P > 0.1.
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Canopy cover significantly increased with species richness in the Ze site (Figure 6, Table S11; mixed-effects
models: 4.34 % / SR, P<0.01) and marginally significantly increased in the H-E site (mixed-effects models:
6.95 % / SR, P<0.1). No significant trend was found in the Ge site. No significant diversity effects were
detected in terms of basal area; we only found a marginally significant increasing trends with species richness

in the Ze site (mixed-effects models: 1.65 m? ha' SR, P<0. 1).
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Figure 6 Tree species diversity effects on basal area and canopy cover. The lines showed the prediction of basal area based on
mixed-effects models with ‘species richness’ as fixed effect and ‘Block’ as a random-effect term. Full statistical results are
reported in supplementary information Table S11. Solid black lines: P < 0.05, dashed black lines: P < 0.1, dashed grey lines: P >
0.1.
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4. Discussion

We here obtained mean below-canopy air temperature offsets of -1.8 + 2.6 °C (Mean + SD) and +0.6 °C +
2.1 °C for summertime maximum and wintertime minimum daily temperatures, respectively. These values
are in agreement with global mean offsets: De Frenne et al. (2019), for example, reported that maximum and
minimum air temperature below the forest canopy is, on average 4.1 + 0.5 °C cooler and 1.1 £ 0.2 °C warmer
than the macroclimate. In another study focusing on mature temperate deciduous forests across Europe,
Zellweger et al. (2019) detected offsets of -2.1 (-3.7 to 1.4) and 0.4 °C (-1.2 to 2.0), for maximum summer
temperature and minimum winter temperature, respectively. The fact that these offset values reported in
mature forests are close to those we found in young experimental forests, suggests that the buffering
capacity of a forest is not always strongly affected by forest age and can approach its maximum offsets shortly

after planting.

The mean offset values we detected differed considerably depending on the site. Microclimate offsets are
thus context dependent, potentially driven by differences in regional climatic conditions, distance to the
nearest coast and differences in stand structure (Zellweger et al., 2019). We indeed found that microclimate
offsets were negatively correlated with macroclimate (Figure S14), with the most pronounced cooling of air
temperature extremes in the research site with the highest open-field mean annual temperature (mean of
maximum temperature offset of -2.3 °C in Ze). In addition to the effect of macroclimate on microclimate
offsetting, our results also showed the importance of stand structural attributes for microclimate buffering,
with increased buffering in stands with higher basal area (Figure S15). Our findings thus evidence that forests
play an important role in the microclimate buffering, which can help for mitigating warming temperatures
and improving water availability in the face of climate change (Bertrand et al., 2011; Bramer et al., 2018;

Davis et al., 2019; De Frenne & Verheyen, 2016; Frey et al., 2016).

Tree species identity affected microclimate offsets via trees’ functional traits. The highest offsets (both air
temperature and VPD offsets) were detected in stands composed of relative fast-growing species,

characterised by a high basal area and canopy cover (Table $S16 and S17). For instance, in Ge, not only
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monocultures of L. eurolepis and P. menziesii had a high thermal buffering capacity, but also mixtures with
species such as B. pendula and P. sylvestris in the H-E and Ze site (Table S16 and S17), indicating high species

identity effects for microclimate offsetting.

In addition to tree species identity effects, also diversity effects were detected. The underlying drivers, being
either selection or complementarity effects, however, differed depending on the research site. In Ge, net
diversity effects were only observed in 12.5% of the mixtures, for both temperature and VPD offsetting
(Figure S6 and S7). Among the few mixtures with significant net diversity effects, most of them are larger
than expected based on monoculture offsets. Only in mixtures of F. sylvatica and Q. petraea offsets were
smaller than expected which can be explained by their similarities in terms of phenology and morphology,
leading to higher interspecific than intraspecific competition for nutrients and light. No overall net diversity
effect was detected in Ge, which may be attributable to slow growth of some species at that cold location
(e.g. basal area of maple and beech are currently both below 3 m?/ha; Figure S12) and could not form
considerable differences in canopy architecture in mixtures (Cardinale et al., 2007; Tilman et al., 2001; Van
de Peer et al., 2018). Given that diversity effects on stand biomass have been reported to increase linearly
through time (Tatsumi, 2020), we can expect that diversity effects on microclimate offsetting will increase

with tree age.

In H-E, net diversity effects were observed in 50% and 30% of the mixtures, for both temperature and VPD
offsetting (Figure S6 and S7). Our additive partitioning approach revealed that these diversity effects were
mainly driven by complementarity effects (Figure 3, Figure 4). We also detected overyielding of basal area,
the mechanisms behind this increased productivity, as well as the increased productivity itself, might explain
higher thermal buffering in mixed stands. A more efficient crown packing, for example, can increase both
overstorey productivity and thermal buffering, by optimising photosynthesis, the filtering of incoming
radiation and evapotranspiration at the canopy scale (Zellweger et al., 2019). Unfortunately, our study does
not allow to disentangle the individual importance of these drivers for thermal buffering in mixed stands. In
Ze, the net diversity effect was observed in 50% of the mixtures, for both temperature and VPD offsetting.

Selection effects were found to be the driving force. This was mostly due to overyielding of B. pendula, with
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c. 0.34 cm?basal area increase per tree in mixtures (Figure $13), which might have amplified microclimate

offsetting in mixtures at Ze.

Our final question was whether increasing tree species richness can amplify the buffering capacity of a forest,
in the same way species richness can increase productivity (Morin et al., 2011). In our study, however, effects
of tree species richness on microclimate offsets are contrasting among research sites. Only in Ze, a significant
increasing trend with species richness was found in summertime for Tmax Offsetting. As we detected similar
trends between basal area and species richness, again being only significant for the Ze site, we expect that
the higher buffering capacity with higher species richness can be explained by overyielding of high-
performing species in mixtures, which mainly occurred for B. pendula in Ze. Therefore, we can conclude that
species richness effects on microclimate offsetting were rather weak and highly context-dependent.
However, the fact that we detected this effect only in Ze and not in Ge and HE, both sites with a lower BA,

might also suggest that this effect can increase with tree age and stand maturity.

In sum, we here show that microclimate offsets highly depend on tree species identity and diversity. The next
step will be to incorporate tree species diversity effects into the fine-scale spatial modelling of below-canopy
temperatures for achieving better predictions about the impact of future climate change on forest
biodiversity and function. Our research underpins that higher tree species diversity can indeed amplify
thermal offsets. Forest managers and policy makers can exploit such thermal offset diversity effects as a
regulating service when developing mitigation and adaptation plans to mediate forest microclimates. This
might especially be relevant for afforestation and reforestation projects that aim to quickly create a typical

forest microclimate on currently treeless habitats such as former arable lands or clear-cut areas.

Authors’ contribution statement

SZ, KV, PDF and DL conceived and designed research. SZ led the data collection, data analysis and writing.

17



337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

Submitted version without peer-review

Data accessibility

Data will be made available upon request.

Conflict of interest

The authors have no conflicts of interest to declare.

Acknowledgements

DL was supported by a postdoctoral fellowship of the Research Foundation-Flanders (FWO).

P.D.F. received funding from the European Research Council (ERC) under the European Union’s Horizon 2020

research and innovation programme (ERC Starting Grant FORMICA 757833).
References

Baeten, L., Verheyen, K., Wirth, C., Bruelheide, H., Bussotti, F., Finér, L., Jaroszewicz, B., Selvi, F., Valladares,
F., Allan, E., Ampoorter, E., Auge, H., Avacariei, D., Barbaro, L., Barnoaiea, ., Bastias, C. C., Bauhus, J.,
Beinhoff, C., Benavides, R, ... Scherer-Lorenzen, M. (2013). A novel comparative research platform
designed to determine the functional significance of tree species diversity in European forests. In

Perspectives in Plant Ecology, Evolution and Systematics. https://doi.org/10.1016/j.ppees.2013.07.002

Barrass, T. R. (1974). Principles of Environmental Physics. Physics Bulletin. https://doi.org/10.1088/0031-

9112/25/2/025
Barton, K. (2014). MuMIn: Multi-model inference. In R package version 1.10.0.

Bertrand, R., Lenoir, J., Piedallu, C., Dillon, G. R., De Ruffray, P., Vidal, C., Pierrat, J. C., & Gégout, J. C. (2011).
Changes in plant community composition lag behind climate warming in lowland forests. Nature.

https://doi.org/10.1038/nature10548

Bramer, I., Anderson, B. J., Bennie, J., Bladon, A. J., De Frenne, P., Hemming, D., Hill, R. A., Kearney, M. R,,
Korner, C., Korstjens, A. H., Lenoir, J., Maclean, I. M. D., Marsh, C. D., Morecroft, M. D., Ohlemidiller, R.,

Slater, H. D., Suggitt, A. J., Zellweger, F., & Gillingham, P. K. (2018). Advances in Monitoring and

18



360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

Submitted version without peer-review

Modelling Climate at Ecologically Relevant Scales. In Advances in Ecological Research.

https://doi.org/10.1016/bs.aecr.2017.12.005

Cardinale, B. J., Wright, J. P., Cadotte, M. W., Carroll, I. T., Hector, A., Srivastava, D. S., Loreau, M., & Weis,
J. (2007). Impacts of plant diversity on biomass production increase through time because of species
complementarity. Proceedings of the National Academy of Sciences of the United States of America.

https://doi.org/10.1073/pnas.0709069104

J.

Castafio, C., Lindahl, B. D., Alday, J. G., Hagenbo, A., Martinez de Aragédn, J., Parladé, J., Pera, J., & Bonet, J.

A. (2018). Soil microclimate changes affect soil fungal communities in a Mediterranean pine forest.

New Phytologist. https://doi.org/10.1111/nph.15205

Cole, L. C., & Geiger, R. (1951). The Climate near the Ground. The Journal of Wildlife Management.

https://doi.org/10.2307/3797228

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.

https://doi.org/10.1111/ecog.03836

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, drivers and future research agenda. Global Change Biology.

https://doi.org/https://doi.org/10.1111/gcb.15569

De Frenne, P., Rodriguez-Sanchez, F., Coomes, D. A., Baeten, L., Verstraeten, G., Vellen, M., Bernhardt-
Rémermann, M., Brown, C. D., Brunet, J., Cornelis, J., Decocq, G. M., Dierschke, H., Eriksson, O.,
Gilliam, F. S., Hédl, R., Heinken, T., Hermy, M., Hommel, P., Jenkins, M. A,, ... Verheyen, K. (2013).
Microclimate moderates plant responses to macroclimate warming. Proceedings of the National

Academy of Sciences of the United States of America. https://doi.org/10.1073/pnas.1311190110

De Frenne, P., & Verheyen, K. (2016). Weather stations lack forest data. In Science.

19



385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

Submitted version without peer-review

https://doi.org/10.1126/science.351.6270.234-a

De Frenne, P., Zellweger, F., Rodriguez-Sanchez, F., Scheffers, B. R., Hylander, K., Luoto, M., Vellend, M.,
Verheyen, K., & Lenoir, J. (2019). Global buffering of temperatures under forest canopies. Nature

Ecology and Evolution. https://doi.org/10.1038/s41559-019-0842-1

Depauw, L., Perring, M. P., Landuyt, D., Maes, S. L., Blondeel, H., De Lombaerde, E., Briimelis, G., Brunet, J.,
Closset-Kopp, D., Czerepko, J., Decocq, G., den Ouden, J., Gawrys, R., Hardtle, W., Hédl, R., Heinken,
T., Heinrichs, S., Jaroszewicz, B., Kopecky, M., ... Verheyen, K. (2020). Light availability and land-use
history drive biodiversity and functional changes in forest herb layer communities. Journal of Ecology.

https://doi.org/10.1111/1365-2745.13339

Frey, S. J. K., Hadley, A. S., Johnson, S. L., Schulze, M., Jones, J. A., & Betts, M. G. (2016). Spatial models
reveal the microclimatic buffering capacity of old-growth forests. Science Advances.

https://doi.org/10.1126/sciadv.1501392

Gamfeldt, L., Snall, T., Bagchi, R., Jonsson, M., Gustafsson, L., Kjellander, P., Ruiz-Jaen, M. C., Fréberg, M.,
Stendahl, J., Philipson, C. D., Mikusinski, G., Andersson, E., Westerlund, B., Andrén, H., Moberg, F.,
Moen, J., & Bengtsson, J. (2013). Higher levels of multiple ecosystem services are found in forests with

more tree species. Nature Communications, 4. https://doi.org/10.1038/ncomms2328

Joly, F. X., Milcu, A., Scherer-Lorenzen, M., Jean, L. K., Bussotti, F., Dawud, S. M., Miiller, S., Pollastrini, M.,
Raulund-Rasmussen, K., Vesterdal, L., & Hattenschwiler, S. (2017). Tree species diversity affects
decomposition through modified micro-environmental conditions across European forests. New

Phytologist, 214(3), 1281-1293. https://doi.org/10.1111/nph.14452

Koenig, W. D., & Liebhold, A. M. (2016). Temporally increasing spatial synchrony of North American

temperature and bird populations. Nature Climate Change. https://doi.org/10.1038/nclimate2933

Lemmon, P. E. (1956). A Spherical Densiometer For Estimating Forest Overstory Density. Forest Science,

2(4), 314-320. https://doi.org/10.1093/forestscience/2.4.314

20



409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

Submitted version without peer-review

Loreau M., & Hector. A. (2001). Partitioning selection and complementarity in biodiversity experiments.

Nature, 412(6842), 72-76. http://www.biology.mcgill.ca/faculty/loreau/

Loreau, M., & Hector, A. (2001). Partitioning selection and complementarity in biodiversity experiments.

Nature. https://doi.org/10.1038/35083573

Morin, X., Fahse, L., Scherer-Lorenzen, M., & Bugmann, H. (2011). Tree species richness promotes
productivity in temperate forests through strong complementarity between species. Ecology Letters.

https://doi.org/10.1111/j.1461-0248.2011.01691.x

Ratcliffe, S., Wirth, C., Jucker, T., van der Plas, F., Scherer-Lorenzen, M., Verheyen, K., Allan, E., Benavides,
R., Bruelheide, H., Ohse, B., Paquette, A., Ampoorter, E., Bastias, C. C., Bauhus, J., Bonal, D., Bouriaud,
0., Bussotti, F., Carnol, M., Castagneyrol, B., ... Baeten, L. (2017). Biodiversity and ecosystem
functioning relations in European forests depend on environmental context. In Ecology Letters.

https://doi.org/10.1111/ele.12849

Ruel, J. J., & Ayres, M. P. (1999). Jensen’s inequality predicts effects of environmental variation. In Trends in

Ecology and Evolution. https://doi.org/10.1016/50169-5347(99)01664-X

Tatsumi, S. (2020). Tree diversity effects on forest productivity increase through time because of spatial

partitioning. Forest Ecosystems. https://doi.org/10.1186/s40663-020-00238-z

Tilman, D., Reich, P. B., Knops, J., Wedin, D., Mielke, T., & Lehman, C. (2001). Diversity and productivity in a

long-term grassland experiment. Science. https://doi.org/10.1126/science.1060391

Turnbull, L. A., Levine, J. M., Loreau, M., & Hector, A. (2013). Coexistence, niches and biodiversity effects on

ecosystem functioning. Ecology Letters. https://doi.org/10.1111/ele.12056

Van de Peer, T., Verheyen, K., Ponette, Q., Setiawan, N. N., & Muys, B. (2018). Overyielding in young tree
plantations is driven by local complementarity and selection effects related to shade tolerance.

Journal of Ecology. https://doi.org/10.1111/1365-2745.12839

Van Der Plas, F., Manning, P., Allan, E., Scherer-Lorenzen, M., Verheyen, K., Wirth, C., Zavala, M. A., Hector,

21



Submitted version without peer-review

433 A., Ampoorter, E., Baeten, L., Barbaro, L., Bauhus, J., Benavides, R., Benneter, A., Berthold, F., Bonal,
434 D., Bouriaud, O., Bruelheide, H., Bussotti, F., ... Fischer, M. (2016). Jack-of-all-trades effects drive

435 biodiversity-ecosystem multifunctionality relationships in European forests. Nature Communications.
436 https://doi.org/10.1038/ncomms11109

437 Verheyen, K., Ceunen, K., Ampoorter, E., Baeten, L., Bosman, B., Branquart, E., Carnol, M., De Wandeler, H.,

438 Grégoire, J. C., Lhoir, P., Muys, B., Setiawan, N. N., Vanhellemont, M., & Ponette, Q. (2013).
439 Assessment of the functional role of tree diversity: The multi-site FORBIO experiment. Plant Ecology
440 and Evolution. https://doi.org/10.5091/plecevo.2013.803

441 Verheyen, K., Vanhellemont, M., Auge, H., Baeten, L., Baraloto, C., Barsoum, N., Bilodeau-Gauthier, S.,

442 Bruelheide, H., Castagneyrol, B., Godbold, D., Haase, J., Hector, A., Jactel, H., Koricheva, J., Loreau, M.,
443 Mereu, S., Messier, C., Muys, B., Nolet, P, ... Scherer-Lorenzen, M. (2016). Contributions of a global
444 network of tree diversity experiments to sustainable forest plantations. Ambio.

445 https://doi.org/10.1007/s13280-015-0685-1

446 Von Arx, G., Graf Pannatier, E., Thimonier, A., & Rebetez, M. (2013). Microclimate in forests with varying
447 leaf area index and soil moisture: Potential implications for seedling establishment in a changing

448 climate. Journal of Ecology, 101(5), 1201-1213. https://doi.org/10.1111/1365-2745.12121

449 Williams, L. J., Paquette, A., Cavender-Bares, J., Messier, C., & Reich, P. B. (2017). Spatial complementarity
450 in tree crowns explains overyielding in species mixtures. Nature Ecology and Evolution.

451 https://doi.org/10.1038/s41559-016-0063

452 Zellweger, F., Coomes, D., Lenoir, J., Depauw, L., Maes, S. L., Wulf, M., Kirby, K. J., Brunet, J., Kopecky, M.,

453 Malis, F., Schmidt, W., Heinrichs, S., den Ouden, J., Jaroszewicz, B., Buyse, G., Spicher, F., Verheyen, K.,
454 & De Frenne, P. (2019). Seasonal drivers of understorey temperature buffering in temperate

455 deciduous forests across Europe. Global Ecology and Biogeography.

456 https://doi.org/10.1111/geb.12991

457 Zellweger, F., de Frenne, P., Lenoir, J., Vangansbeke, P., Verheyen, K., Bernhardt-R6mermann, M., Baeten,

22



458

459

460

461

462

463

464

465

Submitted version without peer-review

L., Hédl, R., Berki, I., Brunet, J., van Calster, H., Chudomelova, M., Decocq, G., Dirnbock, T., Durak, T.,
Heinken, T., Jaroszewicz, B., Kopecky, M., Malis, F., ... Coomes, D. (2020). Forest microclimate

dynamics drive plant responses to warming. Science. https://doi.org/10.1126/science.aba6880

Zuur, A. F., leno, E. N., Walker, N. J., Saveliev, A. A., Smith, G. M., Walker, Z. I., & Smith, S. (2007). Mixed
Effects Models and Extensions in Ecology with R Extensions in Ecology with R Mixed Effects. In

Ecology.

23



