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Tree species matter for forest
microclimate regulation
during the drought year 2018:
disentangling environmental
drivers and biotic drivers

Ronny Richter23*‘, Helen Ballasus*, Rolf A. Engelmann'?, Christoph Zielhofer*,
Anvar Sanaei® & Christian Wirth%2>

Tree canopies are considered to effectively buffer climate extremes and to mitigate climate change
effects. Droughts, which are predicted to become more frequent in the course of climate change,
might alter the microclimatic cooling potential of trees. However, our understanding of how
microclimate at the tree canopy level is modulated by environmental and tree characteristics and
their interactions is still limited. Here, we investigated canopy temperature regulation for five
mature co-occurring tree species for two contrasting hydrological situations during the severe
drought in 2018. Even though we observed a significant drought-induced decline in canopy cover and
transpiration across tree species, we found evidence that differences in the water use strategies of
trees affected cooling mechanisms differently. Although a large share of the variations in the cooling
potential of trees was explained by direct and indirect effects of meteorological factors, we identified
a gradual shift in importance from latent heat flux to components defining the magnitude of sensible
heat flux on the energy budget of tree as the drought gained severity. The decrease in latent heat
fluxes, approximated by sap flow rates, furthermore resulted in a reduced cooling potential and an
equalization of tree species canopy temperatures.

Forest ecosystems have been shown to effectively buffer climate extremes and mitigate climate change effects
below the canopy'™ as they create a distinct microclimate, which is decoupled from their surrounding with
substantial deviations between ambient air temperature and temperatures within and below the canopy>*%-°.
Globally, understory temperatures in forests were found to be on average 1.7 £0.3 °C (mean) and 4.1+0.5 °C
(maximum), cooler than ambient temperatures?, which is of greater magnitude than the global warming of land
and ocean temperatures (0.99 °C) over the past century'®. However, the magnitude of this cooling effect differs
between forest stands. Forest composition appears to play a major role for cooling®!! as tree species differ sub-
stantially in morphological and physiological characteristics influencing the energy balance'®. The tree species
influence is expected to be highest in the canopy and in mixed stands, which may result in a three-dimensional
mosaic of distinct microclimates®!®. These create ecological thermal niches and may thus influence diversity
and composition of floristic and faunistic communities™*-"”. This complex ‘heatscape’ also feeds back on the
physiological performance of trees themselves'®!?, and thus directly or indirectly affects tree health?, ecosystem
functioning®®?! and therefore also ecosystem services provided by forest ecosystems?»?*. The capability of forests
to maintain microclimate regulation is thus of increased importance when being faced climate change®.

In general, trees cool their canopy microclimate by regulating the local energy budget via the interplay of two
contrasting mechanisms, namely by evapotranspiration, where water is converted to water vapor by extracting
energy from the local environment*, and also by absorbing and reflecting the incoming shortwave radiation at
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the top canopy which prevents the shaded canopy parts below from warming up®. While in hot and arid areas the
cooling potential of trees can largely be attributed to shading effects'"**%, cooling by transpiration may become
an important driver of canopy temperatures in the temperate zone®!!. However, more frequent and longer last-
ing hot and dry periods, recent phenomena related to climate change'®”-, typically cause a reduction in tree
transpiration rates'. Thus, for the temperate zone, the contribution of the latent heat flux to the local energy
budget might be reduced, which in turn would lead to an overall decrease in the cooling potential provided by
trees. Davis et al.? even found evidence that some forests will lose their capacity to buffer climate extremes as
sites become increasingly water limited.

Differences in the cooling effectiveness of trees species were found to be caused by complex interactions
of meteorological factors as well as leaf, canopy and hydraulic characteristics of trees'>***. The amount of incom-
ing solar irradiance being reflected or absorbed by the canopy or transmitted through the canopy, depends on
the total leaf surface area available, and thereby determines the degree of canopy warming®. Leaf temperature
needs to be regulated via transpiration to avoid leaf damage®. Tree transpiration is highest at high solar irradi-
ance, high temperatures and consequently high water pressure deficits (VPD), provided that water availability is
not limited*-*. When being exposed to water stress and high ambient temperatures, trees species as e.g. English
oak (Querucs robur L.) tend to close their stomata early on to maintain high leaf water potentials, whereas more
water spending species as e.g. European ash (Fraxinus excelsior L.) continue to transpire to maintain their photo-
synthetic activity and to provide sufficient leaf cooling*-*2. Low leaf water potentials and beginning leaf wilting,
can cause reversible changes in leaf inclination, towards a more vertical position or even leaf abscission if leaves
are irreversible damaged, which leads to higher canopy transparency and in turn reduces the potential of cooling
provided by shading®. The ability of a tree species to maintain canopy cooling during drought events might thus
be strongly related to their water use strategies and their response dynamics which are likely to induce shifts in
the species rank order of canopy temperatures as drought stress continues. However, little is known about the
species signature and temporal dynamics of the influence of extended droughts on within-canopy temperatures.

As the effects of canopy structure, tree hydraulic characteristics and the environmental template on the energy
budget are not uniform throughout the canopy, the canopy temperatures not only differ between tree species, but
also vertically in the tree crown'>*%. Canopy transparency, for instance, which is considered to have the great-
est effect in temperature regulation as it affects both shading and transpirational cooling'!***, exerts opposing
effects on temperatures at the upper and lower canopy*!. While the upper canopy surface temperature was found
to increase with canopy density due to an increase in absorption of solar radiation*’, lower canopy temperatures
decrease with increasing canopy density due to stronger radiative shielding®. Species-specific vertical gradients
of leaf morphology, leaf angle and leaf area density were found to additionally modulate the transmission of
radiation through the tree canopies*”*¢. Also, the amount of cooling provided by transpiration varies along a
vertical gradient as stomatal density per leaf area and stomatal conductance increases and the distribution of
leaf area density varies along the height of a tree*. Differences in the magnitude and the form of those gradients
affect canopy temperatures within tree crowns, but might also cause temperature differences between species at
the same height layer. For instance, Richter et al.” found frequent and pronounced interspecific temperature dif-
ferences of up to 4 °C during midday for the top and the bottom canopy, but less distinct temperature differences
for the middle position of the tree crown. However, due to the restricted access to forest canopies in most studies,
the biophysical and meteorological conditions that cause and shape those interspecific temperature variations
along the height gradient, as well as their relative importance and their interactions, remain largely unknown.

High temperatures and low soil water availability—as typical for recent hotter-drought events—additionally
modify temperature gradients within tree crowns due to their impact on physiological processes and structural
tree characteristics. Especially high midday temperatures force a strong stomatal regulation at the top canopy to
prevent leaf water loss, which could shift the transpirational cooling to occur at lower canopy layers'. Gallego®,
for example, has shown that the relative contribution of different height layers on total transpiration rates varies
with soil moisture availability. Peiffer et al.”® demonstrated for beech, a water saving species, that the vertical
gradient of stomatal conductance within the crown is strongly reduced under extreme soil water depletion,
whereas less reduction in the vertical gradient of stomatal conductance can be expected for water spending tree
species. Moreover, drought-related leaf damage or premature senescence can reduce both transpirational cool-
ing and shading’'. Whether the shift from latent heat fluxes—being under strong species-specific control—to
sensible heat fluxes as stomata close during drought conditions results in an equalization of interspecific canopy
temperatures is still debated. For example, Richter et al.” found a low interspecific variability when comparing
remotely sensed canopy temperatures in broad-leaved tree species during a moderate drought event, whereas
McGloin et al.>> and Schwaab et al.>* found an opposite tendency when comparing broad- and needle-leaved
tree species. However, in how far direct and indirect effects of tree species characteristics and the environmental
template on interspecific differences in canopy temperatures along the height gradient change as drought condi-
tions become more severe remains currently unresolved.

To predict the consequences of a changing environment on the cooling potential of forest stands, it is therefore
of high importance to capture the essential drivers of several processes in the soil-plant-atmosphere continuum
that cause and shape the variations in the cooling efficiencies of contrasting tree species'>**. In this study, we
aim at disentangling direct and indirect effects of tree characteristics and the environmental template, such as
incoming solar radiation, wind speed and ambient temperature, on the cooling potential on midday temperatures
for two contrasting hydrological situations (‘moist, ‘dry’) during the year 2018, the most severe and long-lasting
summer drought and heat wave ever recorded in Central Europe®!. We therefore measured air temperature
profiles, sap flow and canopy cover of five mature co-occurring broadleaved tree species using a canopy crane
facility which is located within a floodplain forest in Leipzig (Saxony, Germany). As both, the meteorological and
biophysical impact on the cooling potential changes with increasing distance to the top canopy'?, we expected
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Figure 1. Daily midday (12:00-14:00 CET) average of total radiation, vapor pressure deficit (VPD), wind speed
and soil moisture, as well as, total daily precipitation between May 15th and September 15th, 2018, dotted red
line separates ‘moist’ and ‘dry’ period.

those effects to not only vary between tree species and spatially within the tree crown, but also with hydrological
situations. We therefore aim at answering the following research questions:

Q1: Do vertical differences in canopy temperature of tree species change for two contrasting hydrological
situations and do these potential changes result in a changed species rank order?

Q2: What are the effects of tree species characteristics and the environmental template such as incoming
solar radiation, wind speed and ambient temperature on interspecific differences in canopy temperatures along
the height gradient?

Q3: Do the effects of tree species characteristics and the environmental template on interspecific differences
in canopy temperatures along the height gradient change as drought conditions become more severe and does
the decrease in latent heat fluxes, approximated by sap flux rates, result in an equalization of tree species canopy
temperatures?

Results

Climatic conditions and soil moisture status. With a total precipitation of 109 I/m? the investigation
period between May 15th and September 15th in 2018 was remarkably dry. In total, we recorded only 14 days
with daily sums of precipitation > 1 1/m? Nevertheless, the persistent drought could initially be buffered to some
extent by the soil water. This resulted in a constant step decrease of the initially high volumetric soil water con-
tent (~ 0.5 m*/m’) until a local limit of 0.31 m*/m® was reached on July the 10th. From this point onwards, soil
moisture remained at a low level, which reached its absolute minimum (0.25 m*/m?) close to the permanent
wilting point of vegetation reported for clay soil*® on August 24th (Fig. 1).

Based on these observations, the investigation period was classified into a ‘moist’ (61 days) and a ‘dry’ period
(62 days), with the dry period starting on July the 16th as we intended to generate a balanced dataset with an
equal number of observations for each period (‘moist; ‘dry’). Based on this classification, soil moisture was found
to be lower (by 0.13 m*/m?®) for the dry period (p<0.001). The mean midday ambient temperature during the
study period was 24.2 °C. It was significantly higher (by 3.14 °C, p<0.001) during the dry period. Thus, also
the vapor pressure deficit VPD (mean at 1.99 kPa), which is highly correlated (r=0.95, p <0.001) to ambient
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Figure 2. Overhanging branches of Q. robur in the top canopy layer during the dry period (left). Species
comparison of average daily midday (12:00-14:00 CET) sap flow density (JS) and canopy cover between May
15th and September 15th, 2018, dotted line separates moist and dry period (right).

Sap flow Cover
Species Estimate | p-value | Estimate | p-value
A. pseudoplatanus | —0.058 <0.001 | -9.04 <0.001
C. betulus —-0.038 <0.001 | -4.37 <0.001
E excelsior -0.009 <0.001 | -2.21 <0.001
Q. robur —0.069 <0.001 |-2.59 <0.001
T. cordata —0.045 <0.001 |-9.34 <0.001

Table 1. Model results when testing for the change in mean centered sap flow density (JS) and canopy cover
(%) for dry conditions being compared to moist conditions.

temperature, was found to be higher (0.55 kPa) during the dry period (p <0.001). However, radiation, windspeed
and precipitation were not found to be significantly different between both periods.

Morphological and physiological tree characteristics. In parallel with the loss in soil moisture, we
found for all tree species tested, a continuous decrease in sap flow and canopy cover over the investigation period
(Fig. 2). When comparing species-specific sap flow characteristic for the moist and the dry period (Table 1, Sup-
plementary Tables S7, S8 online), the highest reduction of sap flow was observed for the water saving species Q.
robur (0.069 ml cm™ min™!) and A. pseudoplatanus (0.058 ml cm™* min '), whereas the water spending species
F excelsior showed only a weak albeit significant reduction in transpiration (0.009 ml cm™ min™"). Notable is the
fast recovery in transpiration in the end of July, which was most pronounced for C. betulus, and might be related
to the concurrent precipitation event during this period, even though this event did not result in a remarkable
increase in soil moisture (Fig. 1). The shortage of water heavily affected the canopy structure (Fig. 2). From
mid-July onwards, we observed for Q. robur trees, due to the loss in turgor pressure, a pronounced drooping
of leaves and even branches of up to 5 cm in diameter (Fig. 2, left). The canopy cover in tree species with dense
canopies such as A. pseuoplatanus and T. cordata decreased to levels of canopy cover typical for tree species with
transparent canopies such as E excelsior and Q. robur. Irrespective of the hydrological situation, an unusually low
canopy cover was observed for C. betulus. When being compared to moist conditions, the highest decrease in
canopy cover was observed for T. cordata (by 9.34%) and A. pseudoplatanus (by 9.04%), while lowest reduction
in canopy cover was observed for E excelsior (by 2.21%).

Species-specificity of within canopy temperature profiles. Daily interspecific temperature differ-
ences (AT) were found to vary significantly between species and position within the tree crown (Fig. 3, Table 2).
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Figure 3. (a) Variations in species-specific canopy temperatures (centered per day) across height layers and (b)
comparison of intraspecific temperature differences (centered per day and height layer) at a certain height layer
for the moist and the dry period; asterisks indicate significance of intraspecific differences between the moist
and dry period resulting from Tukey-Test (*p>0.05, **p>0.01, **p>0.001).

Predictor df SS F P
Species 4 3.65 13.44 <0.001
Layer 2 344.75 2538.55 <0.001
Species:Layer 8 63.68 117.22 <0.001
Residuals 1842 125.08

Table 2. ANOVA table testing for the effect of species identity and height layer on daily differences in
canopy temperatures (AT, temperatures mean centered per day); df =degrees of freedom, SS=sum of squares,
F =F-value, p=p-value.

Among them, position (layer) was found to be the key determinant (Table 2) accounting for 64% of the total var-
iation. Across tree species the decline in median temperatures from the top to the bottom crown layer was found
to be~1 °C (Fig. 3a). A constant decline of temperature with height was observed for all tree species, except Q.
robur, for which highest temperatures were observed for the middle position of the tree crown. However, as
indicated by the significant interaction of species and layer in the ANOVA model, species effects on AT are not
constant across height layers, which causes a shift in the species temperature sorting with height. While Q. robur
and F excelsior were the species with lowest temperatures at the top of the tree crown, they had highest tempera-
tures at the bottom crown layer. An opposite height pattern was observed for A. pseudoplatanus and C. betulus,
whereas T. cordata had intermediate crown temperatures across all height layers. Furthermore, we observed a
large inter- and intraspecific variation in temperature for the top and bottom layer of the tree crown, which was
found to be diminished at the middle position of the tree crown. The interspecific temperature difference, was
highest (0.70 °C) at the top canopy and decreased towards 0.40 °C for the middle position and increased again
to 0.51 °C for the bottom position, respectively. When further testing for shifts in interspecific temperature dif-
ferences between the moist and the dry period (Fig. 3b), we found temperature differences between species to
remained largely constant for the middle and bottom position of the tree crown. However, at the top of the can-
opy, temperature differences (AT) between species became less distinguished for the dry period. Additionally,
we observed a significantly warmer canopy for Q. robur and a significantly cooler canopy for T. cordata when
comparing AT for the moist and the dry period. Therefore, T. cordata and not the water-spending F. excelsior was
found to provide the second highest cooling potential during the dry period.

Effect of environmental and tree characteristics on temperature variability between spe-
cies. When we tested for differences in the variation of species-specific temperatures (T,,,) between the moist
and the dry period (top=-0.17, p=0.022; middle =-0.13, p=0.029; bottom =—-0.11, p=0.118), we found for all
height layers a reduction in T, which was highest for the upper canopy layers. With obtained R*-values ranging
from 0.41 to 0.66 the proposed SEM framework was overall found to be well capable to explain the dissimilarities
in canopy temperatures between tree species (T,,,) across height layers (top, middle, bottom) and hydrological
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Figure 4. Graphical representation of estimated effect sizes of the biotic and environmental template on
microclimatic variability between species (T,,,) and on the moderating transpirational performance of trees
under moist and dry conditions using the SEM framework. Circle diameters corresponds to the strength of
the effect; positive relationships are color-coded in green, negative relationships in red; insignificant paths are
indicated by open circles, significant paths by filled circles. The effects sizes of the indirect (via sap flow) and

total effects on T,,, can be found in the supplement (Supplementary Tables S4-S6 online).

periods (dry, moist). In general, we found the variance in the response variable T,,, to be best explained for the
top (moist R*=0.66; dry R?=0.61) and the bottom crown layer (moist R?=0.65, dry R?=0.62). Under moist
conditions earlier in the growing season, which served as a reference in this study, the dissimilarity in canopy
temperatures (T,,,), was primarily directly controlled by the environmental template (Fig. 4). In particular solar
radiation was found to exert a strong positive control on T,,,, which decreased towards the sheltered bottom
of the tree crown. While wind speed was negatively correlated to T,,, at the more exposed top and the bottom
positions of the tree crown, a negative relationship to ambient temperature (T,,;,) became important at the more
shielded middle position of the crown. Tree characteristics only poorly explained T,,, at the top and the middle
position of the tree crown, whereas, we found a significant effect of sap flow characteristics (SF,,; SFpean) 00 Ty
for the bottom position of the tree crown. T, was more strongly related to the interspecific variety in sap flow
performances (SF,,;) than to the mean sap flow characteristics at the stand level (SF,.,,). The environmental
template only moderately controlled SF,,, (R?=0.25), with soil moisture and canopy cover at the stand level
(COViyean) being the most important (but insignificant) predictors. SF, ., on the other hand, was well explained
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by the environmental characteristics (R*=0.67) and significantly increased with incoming solar radiation and
the interspecific variability in canopy cover.

Under dry conditions the direct impact of the environmental template on T,,, remained largely unchanged
when being compared to moist conditions, except for the high negative relationship which we observed for T,.,,
at the top canopy (Fig. 4) and the notably larger control of radiation towards lower canopy layers. But contrary to
the results obtained under moist conditions, the control of canopy cover on T, exceeded the importance of tran-
spiration as soil water availability was strongly limited. T,,, at the middle and bottom canopy layer increased with
increasing variation in canopy cover (Cov,,,), while sap flow characteristics (SF,,;, SFycan) primarily accounted
for a higher T,,, at the top canopy. Also, the indirect control of the environmental template and characteristics
of canopy cover (Cov,,,) on T, via sap flow (SF,,, SF,..,) became apparent. SF,,. was negatively affected by an
increase in the amount of incoming solar radiation and soil moisture, but increased with increasing ambient
temperature (T,,;). Sap flow at the stand level (SF,,,,), however, increased with the amount of incoming solar
radiation and with an increasing between species dissimilarity in canopy cover (Cov,,,). Detailed model results
of the SEMs can be found in the supplement (Supplementary Tables S1-S3).

Discussion

In this study we aimed at disentangling the direct and indirect effects of tree characteristics and meteorological
conditions on the interspecific canopy temperature differences of five co-occurring tree species in a temperate
floodplain forest being exposed to contrasting hydrological situations during the severe drought in 2018. As both,
the meteorological and biophysical impact on the canopy temperature regulation change with increasing distance
to the top canopy, we expected those effects to not only vary between tree species and hydrological situations, but
also spatially within the tree crown. In fact, we found evidence that a large proportion of the observed canopy
temperature differences is being explained by the position in the tree crown (0.64, p <0.001); but also a signifi-
cant tree species effect (p <0.001) on canopy temperature regulation became apparent in this study. Moreover,
our results suggest that the magnitude of those between species differences in canopy temperature are highest
at the top and the bottom of the canopy, but the effects of tree species characteristics and the environmental
template on interspecific differences in canopy temperatures vary along the height gradient. We furthermore
identified a gradual shift in importance from latent heat flux to components defining the magnitude of sensible
heat flux on the energy budget of trees which resulted in an equalization of tree species canopy temperatures as
the drought intensified.

Drought effects on tree characteristics and tree species differences in canopy tempera-
ture. Although broad-leaved tree species are considered to have a particular high potential to mitigate
hot temperatures below the canopy™, we observed an average decrease in median temperatures of only ~1 °C
(Fig. 3a) from the top towards the bottom of the canopy, which was in fact higher for C. betulus and A. pseudo-
platanus, but overall markedly lower than within canopy temperature gradients for mature trees (>5 °C;~1 °C
per 4 m gradient) reported in previous studies under less hot and/or dry conditions****>%, In line with the study
of Richter et al.%, we found pronounced temperature ranges between the coldest and warmest tree species, which
were most pronounced for the top and the bottom of the canopy (top =0.7 °C, middle =0.4 °C, bottom =0.51 °C)
but of overall smaller magnitude compared to the previous study.

In the following, we briefly introduce and discuss the observed drought effects on morphological and physi-
ological tree characteristics. The local soil water availability was shown to play a pivotal role for the ability of trees
to regulate the canopy temperatures, as it directly affects transpiration and thus indirectly tree health and canopy
cover>*®%8, For all tree species investigated, canopy cover and sap flow were found to be significantly (p <0.001,
Table 1) decreased towards drier soil moisture conditions, suggesting that also the overall cooling potential of
trees has been reduced as the drought gained severity. However, the order in which sap flow and canopy cover
decreased was found to differ substantially between tree species. The recently debated**® isohydric*~anisohy-
dric® concept®-#2%, which is assumed to reflect the stomatal regulation under water limitation, well describes
the observed reduction in sap flow (Q. robur*> A. pseuoplatanus®> T. cordata* > C. betulus®> F. excelsior®). Water
saving tree species, showed the strongest reduction in sap flow, while for water spending tree species only a minor
reduction in sap flow was observed. When analyzing sap flow reduction in the less severe drought year 2001,
the study of Holscher et al.** found a similar species ranking in sap flow reduction for the overlapping set of tree
species (T. cordata> A. pseudoplatanus > C. betulus> F. excelsior), although the species ranking of sap flow density
for the initial ‘moist’ conditions differed substantially and was overall found to be lower in our study. Leaf water
potential at turgor loss, or wilting, is classically recognized as a major physiological determinant of plant water
stress response which can lead to a reduced canopy cover®!. Thus, strategies of stomatal control were likewise
relatable to the species ranking of decrease in canopy cover (T. cordata®> A. pseudoplatanus®> C. betulus®> Q.
robur*> F. excelsior®). Due to hydraulic vulnerability of water saving tree species, drought induced premature leaf
senescence occurs as a protective measure in these species, while the osmotic adjustment of mesophyll turgor at
high stomatal conductance of water spending trees results in a larger plasticity in the water potential at turgor
loss point®2. The only exception was Q. robur, for which we found, despite the high relative reduction in sap flow,
only a moderate reduction in canopy cover. This might be partially explained by the more xeromorphic leaf
architecture of oaks being associated with a higher resistance to leaf water loss®.

Although the reduction of canopy cover and sap flow in reaction to drought point towards an overall reduced
cooling potential of tree species, the species rank order with respect to the intraspecific temperature differences
(Fig. 3b) remained, however, largely constant across height layers when comparing the two contrasting hydro-
logical situations. Also, previous studies found the species rank order in temperature to be well preserved when
analyzing time series of close-range thermal imagery data for varying environmental situations (wind, radiation,
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ambient temperature, atmospheric demand) under non-drought conditions for the top canopy**. However, con-
trary to the results of Leuzinger and Kérner*, we observed a significant change in species rank order of canopy air
temperatures for the uppermost canopy, when comparing dry and moist soil moisture conditions (Fig. 3b). The
capability to provide to provide canopy cooling (differences AT between “dry and “moist”) of Q. robur, the species
with the strongest reduction in sap flow rate, decreased towards drier soil moisture conditions. For T. cordata on
the other hand, we found a significant increase in the cooling capability, regardless of the highest reduction in
canopy cover and an intermediate reduction in sap flow. Hirons and Thomas®* described an inversion of leaves
to reveal the characteristic bright reflective underside as a typical drought response for Tilia tomentosa MOENCH.
We observed the same phenomenon for T. cordata during our field campaigns, which might have resulted in a
higher reflection of the solar radiation and lower leaf temperatures and may thus explain the increase in cooling
potential. Changes in canopy reflectivity related to changes in leaf water status and tree phenology®, were, how-
ever, not considered in our study when investigation drought induces changes in the cooling potential of trees.

Effects of tree species characteristics and the environmental template. Previous studies have
shown that characteristics of tree species, such as tree morphological and physiological characteristics including
transpiration rates, canopy size, and canopy density, as well as features of tree leaves, can influence the cooling
potential of trees'>**#>%, We expect the largest between species difference in canopy temperatures to occur at
intermediate drought and heat levels, where differences in the water use strategies of trees are most distinct.
However, there is little agreement in the scientific literature to what extent droughts result in an equalization of
tree species temperatures®*>*>%7. Under severe drought conditions, our results clearly point towards a decrease
in T,,, across all height layers as trees became more stressed by limited soil moisture availability and high atmos-
pheric demand and thermal load. The magnitude of those interspecific temperature differences, especially for
the top canopy, which largely contributes to the signal captured by thermal imagery, was shown to depend
strongly on characteristics of the environmental template and the tree species composition and their water use
strategies (see Fig. 6). Nevertheless, the relationships between environmental and biophysical characteristics are
largely missing in the previous literature. The SEM analyses revealed complex interactions between environmen-
tal and biotic drivers on differences in the cooling potential of trees (T,,,), which were found to be additionally
modulated by the level of drought. Although the influence of the environmental template (T,, wind, radia-
tion) on regulating T,,. were found to be largely constant among the two contrasting hydrological situations,
the magnitudes of these effects were larger for the dry period (with the exception of wind). While in general,
the importance of T,;, and radiation was found to be reduced towards the lower canopy layer, which is more
decoupled from the atmosphere, this pattern was, however, not observed for wind. Landsberg and James®® have
demonstrated that the reduction in wind speed is related to the canopy density, which is highest at the middle
position of the tree crown. Therefore, tree species effects on microclimate regulation decreased strongest with
increasing wind speed at the top and the bottom of the canopy supposedly caused by horizontal mixing effects
of stable air layers due to increases in air mass transport®>®. On the contrary, the mixing of air layers—due to
vertical turbulences and convections caused by the temperature gradient between the sunlit top and the shaded
bottom canopy—is highest in the middle region of the tree crown®’°, which also led to a reduction in T,,,
and likely obscured the detectability of tree species effects on cooling mechanism for this canopy region. This
phenomenon was also observed in a previous study by Richter et al.®. Variations in the warming of the air layer
enclosed in the canopy at daytime and differences in heat storage capacities and conductivities of leaves and
woody material”"7, cause a frequent increase in nocturnal between-species differences in air temperature’. The
observed negative direct relationship between T,,, and T,,;, in the upper canopy regions during midday might,
however, most likely resulted from vertical thermal convection resulting, in turn, from steep vertical tempera-
ture gradients at high ambient temperatures, which further increased with decreasing canopy cover towards the
dry period. Among the environmental drivers, the direct effect of radiation on T,,, was overall highest. As the
amount of absorbed shortwave radiation determines canopy surface temperatures and thereby the magnitude of
the sensible heat flux, the increases in air temperature are thus strongest at the sunlit top canopy'®’. The notably
higher importance of radiation towards lower canopy layers during the ‘dry’ period likely results from the higher
transmittance favored by the loss in canopy cover. However, the effect of radiation on canopy temperatures is
twofold, as a healthy tree uses the absorbed radiation energy also for transpiration, which increases the latent
heat at the expense of the sensible heat flux”. In line with Oogathoo et al.”®, we identified radiation and atmos-
pheric demand (T,,,;, being indicative for VPD) as the major driver of mean sap flow rates (SF,,,,). Due to a
stronger stomatal regulation of the water saving tree species during the period of intensified drought, SF,,,, was
not longer found to be controlled by atmospheric demand (T,,;,) for the dry period. Although between species
differences in sap flow (SF,,,) remained largely unexplained by the environmental template under ‘moist’ condi-
tions, the increase in SF,,, illustrates that species-specific water use strategies became increasingly visible when
T,mp (and VPD) was high and soil water availability further decreased under ‘dry’ conditions. The combination
of the positive effect of radiation on SF,,,, and the negative effect of radiation on interspecific differences in sap
flow characteristics (SF,,,) points towards a simultaneous upregulation of transpiration across tree species to
allow leaf cooling at high irradiation.

As the drought affected cooling mechanisms of water saving and water spending tree differently, differences
in tree characteristics were of increased importance to explainvariations in the cooling potential under ‘dry’
conditions (Fig. 4). During the moist period, where we still observed high sap flow rates across all tree species,
the relationship between sap flow characteristics and T,,, was only weak and insignificant for the upper canopy
layers, but was among the dominant drivers for the lowest canopy layer. This might be explained by the high
midday temperatures which could have caused stomatal regulation of the drought-sensitive water saving tree
species to occur at top canopy to prevent leaf water loss'®. However, it cannot be excluded that descending cold
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Species No. Individuals | Heightinm | DBH in cm
A. pseudoplatanus | 7 29.11(1.92) | 59.37 (7.65)
C. betulus 5 27.47 (2.91) | 54.82 (4.21)
E excelsior 7 32.24(1.19) | 70.26 (17.30)
Q. robur 4 30.00 (2.26) | 91.75 (34.49)
T. cordata 7 30.29 (0.72) | 65.70 (13.49)

Table 3. Morphological characteristics per species, standard deviation is given in brackets.

air masses origination from high transpiration rates at the top canopy could also have caused the relationship
between T,,, and sap flow characteristics to be detected at the lower canopy level. Despite the higher atmospheric
demand and the increased need to provide sufficient leaf cooling at higher ambient temperatures during the
‘dry’ period, we found a gradual shift in importance from latent heat flux (sap flow) to components defining the
magnitude of sensible heat flux (cover) on the energy budget of trees. Although, differences in the water use
strategies of trees on temperature regulation became visible at the top canopy when soil moisture was limited
during the dry period, differences in the latent heat flux were insufficient to compensate for components of the
sensible heat flux on the energy budget of trees, which resulted in an equalization of canopy temperatures. Dif-
ferences in water use strategies were, however, related to differences in canopy cover which was found to be of
overall high importance for temperature regulation at the lower canopy layers. These findings suggest that under
extreme drought conditions, the cooling potential of trees underneath the canopy is overall lower and largely
driven by canopy cover and thus shading (see also Fig. S4 in the supplement), as it would be expected for arid
environments, but not for humid environments as a floodplain forest'".

Consequences for the biodiversity of forest biota. Forest biota have been shown to be sensitive
towards the magnitude and the variability of forest temperatures®®””. Under changing climate, the variation of
microclimatic conditions within the same habitat provides important thermal microrefugia, allowing species to
evade temperature extremes>*’%. Vertical and horizontal gradients of microclimatic conditions within forests are
considered to shape the vertical stratification of species communities but also to impact their spatial and tempo-
ral composition®’*~%°, Especially the abundance and diversity of smaller, short-lived and less mobile organisms
is affected by the small-scale variations in micro-environmental conditions’®. As we found evidence that the
overall cooling potential of forests but also the horizontal temperature variability between tree species is reduced
during severe drought conditions, this reduces the diversity of distinct microclimatic situations available within
the forest canopy and might thus hamper the ability of forests to mitigate the climate change effects on forest
biota. The reduced canopy cover during drought conditions furthermore decreases sheltering against incoming
solar radiation, which is predicted to further increase as climate change proceeds®. This can result in warming
of canopies beyond the thermal limits of arboricol organism such as e.g. lichens, mosses and insects®>-%, but also
enhanced the magnitude of shortwave UV radiation that can elicit stress responses and it is damaging or lethal
to organisms®*¥.

Methods

Study area and tree species selection. The study was conducted at the Leipzig Canopy Crane (LCC)
research facility, which is located in the northwestern part of the floodplain forest of Leipzig (Saxony, Germany).
The prevailing climate is continental with an average annual temperature of 8.4 °C and the mean annual pre-
cipitation is 516 mm?®. However, during the vegetation period (April-September) in the drought year 2018 the
temperature in Saxony was 3.4 °C warmer than the longtime average and precipitation was reduced by 43%*’.
The dominant soil type in the study area can be characterized as Vega, the formation of which is closely linked to
upstream activities of historic human settlements and deforestation which increased soil eroding processes and
led to the accumulation of a clay layer during flood events with a thickness between 1 and 4 m*. Leipzig s flood-
plain forest, which intersects the city in northwest-southeast direction, is one of the largest floodplain forests in
Central Europe®® European ash (Fraxinus excelsior L.), English oak (Quercus robur L.), Sycamore maple (Acer
pseudoplatanus L.), European hornbeam (Carpinus betulus L.) and Small-leaved lime (Tilia cordata Mill.) are
the dominating tree species in decreasing order according to their abundances®. The LCC site, which is located
within a nature reserve of Leipzig’s floodplain forest, covers an overall area of 1.65 ha comprising approximately
800 trees from 17 species with diameter at breast height (DBH) > 5 cm®'. From those, thirty individuals from five
tree species (Q. robur, E excelsior, T. cordata, C. betulus and A. pseudoplatanus) being dominant to the floodplain
forest were selected for our study. For the selection of representatives of a tree species only mature individuals
classified as predominant to co-dominant were considered. Tree height was measured using a Vertex system
(Haglof Sweden AB, Sweden). The DBH was measured in 2015 using a diameter measurement tape at a height
of 1.3 m (Table 3). To furthermore avoid spatial clustering of tree species within our study site, tree individuals
were chosen to be distant from each other and randomly distributed. A detailed map of the tree species selected
can be found in the supplement (Supplementary Fig. S1 online).

Collection of meteorological and soil moisture data. Air temperature, wind speed, precipitation,
relative humidity and radiation were measured in 10-min intervals by installing a WXT520 weather sensor
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7x European ash (Fraxinus excelsior)

5x Hornbeam (Carpinus betulus) 30
7x Small-leaved lime (Tilia cordata)

7x Sycamore maple (Acer pseudoplatanus) .

 Soil moisture

Figure 5. Experimental setup showing measurement locations and number of spatial replicates. Temperature
sensors are highlighted in green, phenological cameras in red and the granier sap flow system in orange.

(Vaisala, Finland) and a SPN1 sunshine pyranometer (Delta-T Devices Ltd, England) in approximately 40 m
height at the top of the canopy crane (see Fig. 5). Additionally, since Meinen et al.”* reported ~70% of tree fine
root biomass to be located within the first 20 cm of the upper soil layer, we measured soil moisture (volumetric
water content) at a depth of 0.1 m in 10-min intervals using a ML3 Theta-soil moisture sensor (Delta-T Devices
Ltd, England). To reduce the effect of stemflow during precipitation events on soil moisture measurements, we
ensured a minimum distance of 3 m to the nearest tree individual when installing the sensor. Based on the soil
moisture data the investigation period was classified into two contrasting hydrological periods (see “Climatic
conditions and soil moisture status in the result section”). A moist period, where soil moisture reservoirs were
still sufficiently filled to supply the topsoil with water and dry period, where water supply was too limited to
maintain soil moisture levels being sufficient for plant growth.

Canopy air temperature measurements. In total, 90 temperature sensors (Scatter-100 DLTi/DLTc,UP
Umweltanalytische Produkte GmbH, Ibbenbiiren, Germany) were installed within the tree crowns (see Fig. 5),
with three sensors per tree at three different height layers (top, middle, bottom). While top and bottom were
defined as the highest and lowest layer of the foliated tree crown, middle was defined as the layer were light
extinction reaches 50% (Ls,). For canopies of mature broadleaf temperate forests, Ls, occurs at 3-4 m below top
canopy®. The temperature sensors were equipped with radiation shield and were calibrated prior to the installa-
tion. Sensors at the bottom and middle layer of the tree crown were mounted on poles which were horizontally
attached to the trunk, whereas the sensors at the very top of the tree crown were fixed at the outermost twigs
using nylon cord. The sensors recorded air temperatures at intervals of 10 min, which were stored on an internal
memory and later transferred to a data logger mounted at the top of the canopy crane via radio signal.

Tree transpiration measurements. We used relative sap flow density as a proxy for tree transpiration.
Sap flow density was measured with heat dissipation sensors (UP Sap Flow-System, SFS2 TypM, UP Umwelta-
nalytische Produkte GmbH, Germany) between April and November in 2018 for three replicates per five tree
species under investigation. The thermal probes were inserted 2.5 cm deep into the water-bearing sapwood at
the North side of a tree at 3.5 m height above the ground to prevent vandalism. All sensors were additionally
shielded against solar irradiation using reflective foil. Temperature differences (AT) between the unheated sen-
sor and the heated sensor powered by a constant current of 12 V were recorded in 10-min intervals. To correct
for temperature effects on differences in heat conductance, which can distort the zero-flow determination®,
temperature dependent conversion factors were applied to convert voltage to temperature, following the instruc-
tions in the manual. Temperature differences were converted to sap flow density (Js; ml cm™ min™!) according

to Eq. (1)*:
J —0714(<AT“‘“") - 1)1'231 (1)
s =0Vu. AT

Scientific Reports |

(2022) 12:17559 | https://doi.org/10.1038/s41598-022-22582-6 nature portfolio



www.nature.com/scientificreports/

whereby AT, is the maximum temperature difference at night where sap flow is assumed to be zero and AT is
the instant temperature difference.

Canopy cover estimation. Canopy cover was estimated based on digital photographs, which were
obtained using time laps cameras (Plant Cam-WSCA04, Wingscapes Inc, U.S.) installed facing upwards in
each tree crown (see Supplementary Fig. S2 online). Each camera was adjusted to captured five images per day
between 7 am and 7 pm which were stored on a SD-card. To minimize potential sources of distortions under
varying weather and lightening conditions (e.g. under- and overexposure) the best suited image per camera
and day was selected by visual inspection. Each image was classified into sky and canopy based on pre-defined
color-classes using the digital image analyzer WinSCANOPY Pro 2009a (Regent Instruments Inc., Canada). This
classification provides input data for the subsequent processing. Therefore, all classified images had to pass a
quality check. In case of detected misclassifications, the images were digitally postprocessed and reclassified. As
a proxy for canopy cover the percentage of pixels assigned to the class canopy was used. To correct for the influ-
ence of stems and branches on canopy cover estimation, we accounted for canopy cover obtained under leaf-off
conditions (Cover,) as follows:

Cover; — Covery
Cover = (2)
(100 — Coverp) * 0.01

However, in how far the changes in canopy cover are related to changes in canopy architecture (e.g. leaf incli-
nation) or senescence (e.g. leaf shedding) cannot be distinguished by solely monitoring canopy transparency®.

Statistical analysis. As this study is explicitly focused on the period of the midday irradiation maximum,
parameters representing climatic (temperature, wind speed, radiation), edaphic (soil moisture) and plant physi-
ological characteristics (sap flow density), were averaged on a daily basis for the time period between 12:00
and 14:00 CET prior to the analysis. As it was, due to logistical constrains, not possible to measure sap flow for
all single trees, we used daily midday averages of sap flow and canopy cover at the species level to characterize
species-specific differences in cooling mechanisms.

Detecting tree species effect on temperature variations within the canopy.  To test if interspecific tree temperatures
differ significantly within the canopy, we performed an analysis of variance (ANOVA). As we focused on detect-
ing interspecific differences in canopy air temperatures, we accounted for temporal differences in their magni-
tude via a mean-centering of temperatures per day. This resulted in temperatures (further denoted as AT) higher
than the community mean (actual average) to be positive and temperatures lower than the community mean to
be negative. The resulting model to test for the dependency of AT included species identity, layer and their first
order interactions as predictor variables because we assumed the tree species effects on AT to vary within and
among height layers. To additionally test for layerwise changes in canopy temperatures of species (AT) among
contrasting hydrological situations, temperatures were mean-centered per day for each position separately and
the hydrological situations was included as second order interaction to the ANOVA. Statistical comparisons at
the species level were subsequently assessed using the Tukey post-hoc test.

Disentangling drivers of canopy temperature variability. 'The temperature variation (T,,) between tree species
was analyzed using a structural equation model (SEM) which allows to analyze cascading effects of the environ-
mental template and tree characteristics on T,,, that would otherwise go unrecognized by any single model®”.
The environmental template included ambient air temperature (T,,,,), wind speed (wind), soil moisture (soil)
and total radiation (radiation). The biotic template was characterized using the daily mean (Cov,,cyn> SFyean) and
relative standard deviation (Cov,,, SF,,,) of the species-specific canopy cover and sap flow densities, respectively
(Fig. 6).

T, was defined as the daily relative standard deviation of species-specific mean midday air temperatures.
Thus, alow T,,, indicates a high similarity in species-specific air temperatures, while a high T, indicates a higher
variability in interspecific temperature variation. In case differences in tree species water use strategies would
affect T, a strong relationship of T,,, with SF,,; (q) can be expected, whereas a strong relationship with Cov,,, (0)
would suggest that interspecific differences in the shading potential is the dominant driver. In contrast, a strong
relationship of T,,, with Cov,,.,, (p) or SF,c., (m) would point towards a regulation mechanism at the community
level rather than tree species differences. The environmental template being characterized by daily midday aver-
ages of ambient temperature (T,,,;,), radiation, windspeed (wind), and soil moisture (soil), was included in the
analysis as it affects T,,, both directly (g, i, k) and indirectly (a—f) via moderating the transpirational performance
of the trees. While direct effects of T,,;, (i) and radiation (g) on T,,, would point towards interspecific differences
in canopy warming due to long wave radiation, indirect effects would point towards stomatal control. As the
effect of wind speed on SF,,, and SF,,..,,, was neglectable and insignificant for all models tested, this relationship
was not considered in the final model. This resulted in the following submodels:

SFyar ~ ag + aeradiation + acsoil + ag Tamp + apCovyar + ajCoViean (3)
SFmean ~ ao + agradiation + agsoil + ap Tamp + anCovyar + a1COVimean (4)
Tvar ~ a0 + a4SFyar + aoCoVyar + @mSFmean + apCoVinean + agradiation + a;wind + ag Tamp (5)
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Figure 6. Conceptual SEM structure used to test for direct effects of tree characteristics and the environmental
template on variations in canopy temperatures (T,,,) and the factors moderating transpirational performance of
trees; Cov,,, =interspecific variation in canopy cover, Cov,,.,, =mean canopy cover, SF,,. = interspecific variation
in sap flow density, SF,.., = mean sap flow density, T, =ambient temperature, wind =wind speed, soil =soil
moisture, radiation = total solar radiation.

In order to account for the non-independence of errors and to achieve unbiased estimates of the significance
of the predictors, we used generalized least squares (gls) models implemented in the R package nlme ver. 3.1-155%
to account for a temporal autocorrelation structure of order 1 (corCAR1) that included date as covariates (as
suggested by Dornelas®). As we expected these relationships to vary spatially as well as with the level of drought,
the analysis was conducted for each combination of height layer (top, middle and bottom) and hydrological
situation (dry, moist) separately. Each SEM model was evaluated using Fisher’s C statistic that can be compared
with a x 2-distribution. If the resulting P value is > 0.05, then the hypothesized causal network can be considered
to be consistent with the data!®. A test of directed separations!® was performed on the model to test for missing
possible paths, which upon inclusion would lead to an improvement of the model. We implemented SEMs using
the ‘piecewiseSEM’ package ver. 2.1.2%. All statistical analyses were conducted in R ver. 4.0.3'°".

Data availability
All data used in this article is available at https://doi.pangaea.de/10.1594/PANGAEA.944139.

Received: 24 March 2022; Accepted: 17 October 2022
Published online: 20 October 2022

References

1. Bonan, G. B. Forests and climate change: Forcings, feedbacks, and the climate benefits of forests. Science 320, 1444-1449 (2008).

2. Frey, S.]. K. et al. Spatial models reveal the microclimatic buffering capacity of old-growth forests. Sci. Adv. 2, €1501392. https://
doi.org/10.1126/sciadv.1501392 (2016).

3. Davis, K. T., Dobrowski, S. Z., Holden, Z. A., Higuera, P. E. & Abatzoglou, J. T. Microclimatic buffering in forests of the future:
The role of local water balance. Ecography 42, 1-11 (2019).

4. de Frenne, P. et al. Global buffering of temperatures under forest canopies. Nat. Ecol. Evol. 3, 744-749 (2019).

5. Zellweger, F. et al. Forest microclimate dynamics drive plant responses to warming. Science 368, 772-775 (2020).

6. Rahman, M. A, Moser, A., Rotzer, T. & Pauleit, S. Microclimatic differences and their influence on transpirational cooling of
Tilia cordata in two contrasting street canyons in Munich, Germany. Agric. For. Meteorol. 232, 443-456 (2017).

7. Rahman, M. A, Moser, A., Rotzer, T. & Pauleit, S. Within canopy temperature differences and cooling ability of Tilia cordata
trees grown in urban conditions. Build. Environ. 114, 118-128 (2017).

8. Ehbrecht, M., Schall, P, Ammer, C., Fischer, M. & Seidel, D. Effects of structural heterogeneity on the diurnal temperature range
in temperate forest ecosystems. For. Ecol. Manag. 432, 860-867 (2019).

9. Richter, R., Hutengs, C., Wirth, C., Bannehr, L. & Vohland, M. Detecting tree species effects on forest canopy temperatures with
thermal remote sensing: The role of spatial resolution. Remote Sens. 13, 135. https://doi.org/10.3390/rs13010135 (2021).

10. IPCC. Climate change 2021: The physical science basis. In Contribution of Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change (eds Masson-Delmotte, V. et al.) (Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA, In Press, 2021).

11. Rahman, M. A. et al. Traits of trees for cooling urban heat islands: A meta-analysis. Build. Environ. 170, 106606. https://doi.org/
10.1016/j.buildenv.2019.106606 (2020).

12. Rahman, M. A., Moser, A., Rotzer, T. & Pauleit, S. Comparing the transpirational and shading effects of two contrasting urban
tree species. Urban Ecosyst. 22, 683-697 (2019).

13. Joly, E-X. et al. Tree species diversity affects decomposition through modified micro-environmental conditions across European
forests. New Phytol. 214, 1281-1293 (2017).

14. Lindo, Z. & Winchester, N. Out on a limb: microarthropod and microclimate variation in coastal temperate rainforest canopies.
Insect Conserv. Divers. 6, 513-521 (2013).

15. Pincebourde, S., Murdock, C. C., Vickers, M. & Sears, M. W. Fine-scale microclimatic variation can shape the responses of
organisms to global change in both natural and urban environments. Integr. Comp. Biol. 56, 45-61 (2016).

Scientific Reports |  (2022) 12:17559 https://doi.org/10.1038/s41598-022-22582-6 nature portfolio


https://doi.pangaea.de/10.1594/PANGAEA.944139
https://doi.org/10.1126/sciadv.1501392
https://doi.org/10.1126/sciadv.1501392
https://doi.org/10.3390/rs13010135
https://doi.org/10.1016/j.buildenv.2019.106606
https://doi.org/10.1016/j.buildenv.2019.106606

www.nature.com/scientificreports/

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

Janssen, P, Fuhr, M. & Bouget, C. Beyond forest habitat qualities: Climate and tree characteristics as the major drivers of epiphytic
macrolichen assemblages in temperate mountains. J. Veg. Sci. 30, 42-54 (2019).

Welti, E. A. R. et al. Temperature drives variation in flying insect biomass across a German malaise trap network. Insect Conserv.
Divers. https://doi.org/10.1111/icad.12555 (2021).

Lin, Y.-S., Medlyn, B. E. & Ellsworth, D. S. Temperature responses of leaf net photosynthesis: The role of component processes.
Tree Physiol. 32, 219-231 (2012).

Simon, H. et al. Modeling transpiration and leaf temperature of urban trees: A case study evaluating the microclimate model
ENVI-met against measurement data. Landsc. Urban Plan. 174, 33-40 (2018).

Eamus, D., Boulain, N., Cleverly, J. & Breshears, D. D. Global change-type drought-induced tree mortality: Vapor pressure deficit
is more important than temperature per se in causing decline in tree health. Ecol. Evol. 3, 2711-2729 (2013).

Eichenberg, D. et al. The effect of microclimate on wood decay is indirectly altered by tree species diversity in a litterbag study.
J. Plant Ecol. 10, 170-178 (2017).

Brockerhoff, E. G. et al. Forest biodiversity, ecosystem functioning and the provision of ecosystem services. Biodivers. Conserv.
26, 3005-3035 (2017).

Martinez Pastur, G., Perera, A. H., Peterson, U. & Iverson, L. R. In Ecosystem Services from Forest Landscapes (eds Perera, A. H.
et al.) 1-10 (Springer International Publishing, 2018).

Smithers, R. J. et al. Comparing the relative abilities of tree species to cool the urban environment. Urban Ecosyst. 21, 851-862
(2018).

Shashua-Bar, L., Tsiros, I. X. & Hoffman, M. Passive cooling design options to ameliorate thermal comfort in urban streets of a
Mediterranean climate (Athens) under hot summer conditions. Build. Environ. 57, 110-119 (2012).

Song, J. & Wang, Z.-H. Impacts of mesic and xeric urban vegetation on outdoor thermal comfort and microclimate in Phoenix,
AZ. Build. Environ. 94, 558-568 (2015).

Meehl, G. A. & Tebaldi, C. More intense, more frequent, and longer lasting heat waves in the 21st century. Science 305, 994-997
(2004).

Christidis, N., Jones, G. S. & Stott, P. A. Dramatically increasing chance of extremely hot summers since the 2003 European
heatwave. Nat. Clim. Change 5, 46-50 (2015).

Pfleiderer, P., Schleussner, C.-E,, Kornhuber, K. & Coumou, D. Summer weather becomes more persistent in a 2 °C world. Nat.
Clim. Change 9, 666-671 (2019).

Selten, E. M., Bintanja, R., Vautard, R. & van den Hurk, B. J. J. M. Future continental summer warming constrained by the
present-day seasonal cycle of surface hydrology. Sci. Rep. 10, 4721. https://doi.org/10.1038/s41598-020-61721-9 (2020).
Gartner, K., Nadezhdina, N, Englisch, M., Cermak, J. & Leitgeb, E. Sap flow of birch and Norway spruce during the European
heat and drought in summer 2003. For. Ecol. Manag. 258, 590-599 (2009).

Speak, A., Montagnani, L., Wellstein, C. & Zerbe, S. The influence of tree traits on urban ground surface shade cooling. Landsc.
Urban Plan. 197, 103748. https://doi.org/10.1016/j.Jandurbplan.2020.103748 (2020).

Rahman, M. A., Armson, D. & Ennos, A. R. A comparison of the growth and cooling effectiveness of five commonly planted
urban tree species. Urban Ecosyst. 18, 371-389 (2015).

Bowden, J. D. & Bauerle, W. L. Measuring and modeling the variation in species-specific transpiration in temperate deciduous
hardwoods. Tree Physiol. 28, 1675-1683 (2008).

Panferov, O. et al. The role of canopy structure in the spectral variation of transmission and absorption of solar radiation in
vegetation canopies. IEEE Trans. Geosci. Remote Sens. 39, 241-253 (2001).

Lin, H., Chen, Y., Zhang, H., Fu, P. & Fan, Z. Stronger cooling effects of transpiration and leaf physical traits of plants from a
hot dry habitat than from a hot wet habitat. Funct. Ecol. 31, 2202-2211 (2017).

Fauset, S. et al. Differences in leaf thermoregulation and water use strategies between three co-occurring Atlantic forest tree
species. Plant Cell Environ. 41, 1618-1631 (2018).

Chen, L., Zhang, Z. & Ewers, B. E. Urban tree species show the same hydraulic response to vapor pressure deficit across varying
tree size and environmental conditions. PloS ONE 7, e47882. https://doi.org/10.1371/journal.pone.0047882 (2012).

Gallego, H. A., Rico, M., Moreno, G. & Santa Regina, I. Leaf water potential and stomatal conductance in Quercus pyrenaica
Willd. forests: Vertical gradients and response to environmental factors. Tree Physiol. 14, 1039-1047 (1994).

Holscher, D., Koch, O., Korn, S. & Leuschner, C. Sap flux of five co-occurring tree species in a temperate broad-leaved forest
during seasonal soil drought. Trees 19, 628-637 (2005).

Li, S. et al. Leaf gas exchange performance and the lethal water potential of five European species during drought. Tree Physiol.
36, 179-192 (2016).

Schnabel, F. et al. Cumulative growth and stress responses to the 2018-2019 drought in a European floodplain forest. Glob.
Change Biol. 28, 1870-1883 (2022).

Sastry, A., Guha, A. & Barua, D. Leaf thermotolerance in dry tropical forest tree species: Relationships with leaf traits and effects
of drought. AoB Plants 10, plx070. https://doi.org/10.1093/aobpla/plx070 (2018).

Banerjee, T. & Linn, R. Effect of vertical canopy architecture on transpiration, thermoregulation and carbon assimilation. Forests
9, 198. https://doi.org/10.3390/f9040198 (2018).

Leuzinger, S. & Kérner, C. Tree species diversity affects canopy leaf temperatures in a mature temperate forest. Agric. For. Mete-
orol. 146, 29-37 (2007).

Yi, K. et al. High heterogeneity in canopy temperature among co-occurring tree species in a temperate forest. J. Geophys. Res.
Biogeosci. 125, €05892. https://doi.org/10.1029/2020]G005892 (2020).

Hagemeier, M. & Leuschner, C. Functional crown architecture of five temperate broadleaf tree species: Vertical gradients in leaf
morphology, leaf angle, and leaf area density. Forests 10, 265. https://doi.org/10.3390/f10030265 (2019).

Raabe, K., Pisek, J., Sonnentag, O. & Annuk, K. Variations of leaf inclination angle distribution with height over the growing
season and light exposure for eight broadleaf tree species. Agric. For. Meteor. 214-215, 2-11 (2015).

Kafuti, C. et al. Foliar and wood traits covary along a vertical gradient within the crown of long-lived light-demanding species
of the Congo Basin semi-deciduous forest. Forests 11, 35. https://doi.org/10.3390/f11010035 (2020).

Peiffer, M., Bréda, N., Badeau, V. & Granier, A. Disturbances in European beech water relation during an extreme drought. Ann.
For. Sci. 71, 821-829 (2014).

Stratépoulos, L. M. E. et al. Tree species from two contrasting habitats for use in harsh urban environments respond differently
to extreme drought. Int. J. Biometeorol. 63, 197-208 (2019).

McGloin, R. et al. Available energy partitioning during drought at two Norway spruce forests and a European beech forest in
Central Europe. J. Geophys. Res. Atmos. 124, 3726-3742 (2019).

Schwaab, J. et al. Increasing the broad-leaved tree fraction in European forests mitigates hot temperature extremes. Sci. Rep. 10,
14153. https://doi.org/10.1038/s41598-020-71055-1 (2020).

Hari, V., Rakovec, O., Markonis, Y., Hanel, M. & Kumar, R. Increased future occurrences of the exceptional 2018-2019 Central
European drought under global warming. Sci. Rep. 10, 12207. https://doi.org/10.1038/s41598-020-68872-9 (2020).

Lyon, T. L., Weil, R. R. & Brady, N. C. The Nature and Properties of Soils 15th edn. (Pearson, 2017).

Zweifel, R., Bohm, J. P. & Hasler, R. Midday stomatal closure in Norway spruce—reactions in the upper and lower crown. Tree
Physiol. 22, 1125-1136 (2002).

Scientific Reports |  (2022) 12:17559

https://doi.org/10.1038/s41598-022-22582-6 nature portfolio


https://doi.org/10.1111/icad.12555
https://doi.org/10.1038/s41598-020-61721-9
https://doi.org/10.1016/j.landurbplan.2020.103748
https://doi.org/10.1371/journal.pone.0047882
https://doi.org/10.1093/aobpla/plx070
https://doi.org/10.3390/f9040198
https://doi.org/10.1029/2020JG005892
https://doi.org/10.3390/f10030265
https://doi.org/10.3390/f11010035
https://doi.org/10.1038/s41598-020-71055-1
https://doi.org/10.1038/s41598-020-68872-9

www.nature.com/scientificreports/

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

74.

75.

76.

77.
78.

79.

80.

81.
82.

83.

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Rahman, M. A., Moser, A., Gold, A., Rotzer, T. & Pauleit, S. Vertical air temperature gradients under the shade of two contrasting
urban tree species during different types of summer days. Sci. Total Environ. 633, 100-111 (2018).

Schuldt, B. et al. A first assessment of the impact of the extreme 2018 summer drought on Central European forests. Basic Appl.
Ecol. 45, 86-103 (2020).

Hochberg, U., Rockwell, E. E., Holbrook, N. M. & Cochard, H. Iso/anisohydry: A plant-environment interaction rather than a
simple hydraulic trait. Trends Plant Sci. 23, 112-120 (2018).

Leuschner, C., Wedde, P. & Liibbe, T. The relation between pressure-volume curve traits and stomatal regulation of water
potential in five temperate broadleaf tree species. Ann. For. Sci. 76, 60. https://doi.org/10.1007/s13595-019-0838-7 (2019).
Bartlett, M. K., Scoffoni, C. & Sack, L. The determinants of leaf turgor loss point and prediction of drought tolerance of species
and biomes: A global meta-analysis. Ecol. Lett. 15, 393-405 (2012).

Hartmann, H,, Link, R. M. & Schuldt, B. A whole-plant perspective of isohydry: Stem-level support for leaf-level plant water
regulation. Tree Physiol. 41, 901-905 (2021).

Alonso-Forn, D. et al. Revisiting the functional basis of sclerophylly within the leaf economics spectrum of oaks: Different roads
to Rome. Curr. For. Rep. 6, 260-281 (2020).

Hirons, A. D. & Thomas, P. A. Applied Tree Biology (John Wiley & Sons Ltd, 2017).

Richter, R., Reu, B., Wirth, C., Doktor, D. & Vohland, M. The use of airborne hyperspectral data for tree species classification
in a species-rich Central European forest area. Int. J. Appl. Earth Obs. Geoinf. 52, 464-474 (2016).

Qiu, G. et al. Effects of evapotranspiration on mitigation of urban temperature by vegetation and urban agriculture. J. Integr.
Agric. 12,1307-1315 (2013).

Meier, E. & Scherer, D. Spatial and temporal variability of urban tree canopy temperature during summer 2010 in Berlin, Ger-
many. Theor. Appl. Climatol. 110, 373-384 (2012).

Landsberg, J. J. & James, G. B. Wind profiles in plant canopies: Studies on an analytical model. J. Appl. Ecol. 8, 729-741 (1971).
Gromke, C. & Ruck, B. Aerodynamic modelling of trees for small-scale wind tunnel studies. Forestry 81, 243-258 (2008).
Baldocchi, D. D. Turbulent transfer in a deciduous forest. Tree Physiol. 5, 357-377 (1989).

Derby, R. W. & Gates, D. M. The temperature of tree trunks—Calculated and observed. Am. J. Bot. 53, 580-587 (1966).
Jayalakshmy, M. S. & Philip, J. Thermophysical properties of plant leaves and their influence on the environment temperature.
Int. ]. Thermophys. 31, 2295-2304 (2010).

Pieruschka, R., Huber, G. & Berry, J. A. Control of transpiration by radiation. Proc. Natl. Acad. Sci. US.A. 107, 13372-13377
(2010).

Meili, N. et al. Tree effects on urban microclimate: Diurnal, seasonal, and climatic temperature differences explained by separat-
ing radiation, evapotranspiration, and roughness effects. Urban For. Urban Green. 58, 126970. https://doi.org/10.1016/j.ufug.
2020.126970 (2021).

Oogathoo, S., Houle, D., Duchesne, L. & Kneeshaw, D. Vapour pressure deficit and solar radiation are the major drivers of
transpiration of balsam fir and black spruce tree species in humid boreal regions, even during a short-term drought. Agric. For.
Meteorol. 291, 108063. https://doi.org/10.1016/j.agrformet.2020.108063 (2020).

Betts, M. G., Phalan, B., Frey, S. J. K., Rousseau, J. S. & Yang, Z. Old-growth forests buffer climate-sensitive bird populations
from warming. Divers. Distrib. 24, 439-447 (2018).

Pureswaran, D. S., Roques, A. & Battisti, A. Forest insects and climate change. Curr. For. Rep. 4, 35-50 (2018).

de Frenne, P. et al. Forest microclimates and climate change: Importance, drivers and future research agenda. Glob. Change Biol.
27,2279-2297 (2021).

Woods, C. L., Cardelus, C. L. & DeWalt, S. J. Microhabitat associations of vascular epiphytes in a wet tropical forest canopy. J.
Ecol. 103, 421-430 (2015).

Nakamura, A. et al. Forests and their canopies: Achievements and horizons in canopy science. Trends Ecol. Evol. 32, 438-451
(2017).

European State of the Climate 2020, Copernicus Climate Change Service, Full report: climate.copernicus.eu/ESOTC/2020
Munzi, S. et al. Lichens as ecological indicators in urban areas: beyond the effects of pollutants. J. Appl. Ecol. 51, 1750-1757
(2014).

Kaspari, M., Clay, N. A,, Lucas, J., Yanoviak, S. P. & Kay, A. Thermal adaptation generates a diversity of thermal limits in a
rainforest ant community. Glob. Change Biol. 21, 1092-1102 (2015).

Baudier, K. M., Mudd, A. E,, Erickson, S. C. & O’Donnell, S. Microhabitat and body size effects on heat tolerance: implications
for responses to climate change (army ants: Formicidae, Ecitoninae). J. Anim. Ecol. 84, 1322-1330 (2015).

Merinero, S., Dahlberg, C. J., Ehrlén, J. & Hylander, K. Intraspecific variation influences performance of moss transplants along
microclimate gradients. Ecology 101, €02999. https://doi.org/10.1002/ecy.2999 (2020).

Ben-Yakir, D. & Fereres, A. The effects of UV radiation on arthropods: A review of recent publications (2010-2015). Acta Hortic.
1134, 335-342 (2016).

Vanhaelewyn, L., van der Straeten, D., de Coninck, B. & Vandenbussche, F. Ultraviolet radiation from a plant perspective: The
plant-microorganism context. Front. Plant Sci. 11, 597642. https://doi.org/10.3389/fpls.2020.597642 (2020).

Jansen, E. Das Naturschutzgebiet Burgaue; Staatliches Umweltfachamt: Leipzig, Germany (1999).

Sichsisches Landesamt fiir Umwelt, Landwirtschaft und Geologie (LFULG) & DWD Deutscher Wetterdienst (2019) [ed.]: 2018
Wetter trifft auf Klima. Dresden, Leipzig. https://www.klima.sachsen.de/download/Jahresrueckblick2018_A5_OeA.pdf.
Haase, D. & Gléser, ]. Determinants of floodplain forest development illustrated by the example of the floodplain forest in the
District of Leipzig. For. Ecol. Manag. 258, 887-894 (2009).

Patzak, R., Richter, R., Engelmann, R. A. & Wirth, C. Tree crowns as meeting points of diversity generating mechanisms: A test
with epiphytic lichens in a temperate forest. Preprint at: https://www.biorxiv.org/content/https://doi.org/10.1101/2020.01.03.
894303v1.full (2020).

Meinen, C., Leuschner, C., Ryan, N. T. & Hertel, D. No evidence of spatial root system segregation and elevated fine root biomass
in multi-species temperate broad-leaved forests. Trees 23, 941-950 (2009).

van der Zande, D, Stuckens, J., Verstraeten, W. W., Muys, B. & Coppin, P. Assessment of light environment variability in broad-
leaved forest canopies using terrestrial laser scanning. Remote Sens. 2, 1564-1574. https://doi.org/10.3390/rs2061564 (2010).
Kostner, B, Granier, A. & Cermak, J. Sapflow measurements in forest stands: Methods and uncertainties. Ann. For. Sci. 55, 13-27
(1998).

Granier, A. Evaluation of transpiration in a Douglas-fir stand by means of sap flow measurements. Tree Physiol. 3, 309-320
(1987).

Metzger, J. M. & Oren, R. The effect of crown dimension on transparency and the assessment of tree health. Ecol. Appl. 11,
1634-1640 (2001).

Lefcheck, J. S. piecewiseSEM: Piecewise structural equation modelling in r for ecology, evolution, and systematics. Methods Ecol.
Evol. 7,573-579 (2016).

Pinheiro, ., Bates, D., DebRoy, S., Sarkar, D. & R Core Team (2020). nlme: Linear and nonlinear mixed effects models. R package
version 3.1-151, https://CRAN.R-project.org/package=nlme.

Dornelas, M. et al. Quantifying temporal change in biodiversity: Challenges and opportunities. Proc. Biol. Sci. 280, 20121931.
https://doi.org/10.1098/rspb.2012.1931 (2013).

Scientific Reports |  (2022) 12:17559

https://doi.org/10.1038/s41598-022-22582-6 nature portfolio


https://doi.org/10.1007/s13595-019-0838-7
https://doi.org/10.1016/j.ufug.2020.126970
https://doi.org/10.1016/j.ufug.2020.126970
https://doi.org/10.1016/j.agrformet.2020.108063
https://doi.org/10.1002/ecy.2999
https://doi.org/10.3389/fpls.2020.597642
https://www.klima.sachsen.de/download/Jahresrueckblick2018_A5_OeA.pdf
https://doi.org/10.1101/2020.01.03.894303v1.full
https://doi.org/10.1101/2020.01.03.894303v1.full
https://doi.org/10.3390/rs2061564
https://CRAN.R-project.org/package=nlme
https://doi.org/10.1098/rspb.2012.1931

www.nature.com/scientificreports/

100. Shipley, B. The AIC model selection method applied to path analytic models compared using a d-separation test. Ecology 94,
560-564 (2013).

101. R Core Team (2021). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna,
Austria. https://www.R-project.org/.

Acknowledgements

We would like to thank the German Centre for Integrative Biodiversity Research (iDiv), Halle-Jena-Leipzig
for providing access to the Leipzig Canopy Crane facility. Additionally, we would like to thank the anonymous
reviewers for their comments which helped to improve the manuscript and H. Melzig for his support in image
editing. We furthermore acknowledge support from Leipzig University for OpenAccess Publishing.

Author contributions

R.R., C.W, H.B. and C.Z. conceptualized the study design. R.R, and R.A.E. collected the data. R.R. and H.B., A.S.
processed and analyzed the data. R.R. wrote the manuscript with contributions from H.B. and C.W. All authors
discussed the results and revised the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-22582-6.

Correspondence and requests for materials should be addressed to R.R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:17559 | https://doi.org/10.1038/s41598-022-22582-6 nature portfolio


https://www.R-project.org/
https://doi.org/10.1038/s41598-022-22582-6
https://doi.org/10.1038/s41598-022-22582-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Tree species matter for forest microclimate regulation during the drought year 2018: disentangling environmental drivers and biotic drivers
	Results
	Climatic conditions and soil moisture status. 
	Morphological and physiological tree characteristics. 
	Species-specificity of within canopy temperature profiles. 
	Effect of environmental and tree characteristics on temperature variability between species. 

	Discussion
	Drought effects on tree characteristics and tree species differences in canopy temperature. 
	Effects of tree species characteristics and the environmental template. 
	Consequences for the biodiversity of forest biota. 

	Methods
	Study area and tree species selection. 
	Collection of meteorological and soil moisture data. 
	Canopy air temperature measurements. 
	Tree transpiration measurements. 
	Canopy cover estimation. 
	Statistical analysis. 
	Detecting tree species effect on temperature variations within the canopy. 
	Disentangling drivers of canopy temperature variability. 


	References
	Acknowledgements


