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g:;?i?;:te its microclimate buffering capacity has been largely neglected. We investigated the microclimates and the un-
Deadwoody derlying mechanisms of retention forests relative to clearcuts and old forests in a boreal forest landscape in

Species conservation

Retention forestry is increasingly adopted as an alternative to clearcutting practices and involves retaining
structural and compositional complexity (e.g., living and dead trees) from preharvest to postharvest. Past studies
have examined the role of retention forestry in supporting various ecosystem functions and biodiversity, whilst

central Sweden. We found that both air temperature and vapour pressure deficit (VPD) differed significantly

between the forest types. Old forests consistently exhibited the most buffered forest microclimates, followed by
retention forests, while clearcuts displayed the lowest. Basal area and canopy cover were identified as the key
determinants influencing air temperature and VPD across the forest types. Retention practices can also impact a
stand’s microclimates. Specifically, maintaining diverse tree species had the potential to lower the stand’s
maximum temperature, given its positive association with canopy cover. Large volumes of lying deadwood were
found to be negatively correlated with both basal area and canopy cover, likely contributing to increased
maximum temperatures. Furthermore, standing deadwood directly lowered the maximum temperature within
forest stands. Finally, edge effects were observed in the retention forests, with south-facing edges experiencing
significantly higher maximum temperature and VPD compared to north-facing edges and forest interiors. These
south-facing edge effects were positively associated with the difference in lying deadwood volumes between
forest edges and interiors. Our findings support the positive influence of retention practices on a stand’s
microclimate buffering, achieved through preserving diverse tree species, standing deadwood, and implementing
measures to prevent severe wind-induced tree mortality, particularly in south-facing edges (e.g. creating south-
facing buffer zones). Forest managers and policy makers can utilize these results to minimize the climate-change
impacts on below-canopy biodiversity and functioning.

1. Introduction

Our planet is warming significantly. The current surface temperature
has been risen 1.1 + 0.13 °C above the pre-industrial average
(1850-1900), and this value was expected to reach/exceed 1.5 °C in the
next two decades (IPCC, 2021; WMO, 2022). Forests, however, can
mitigate macroclimate temperature and humidity changes below the
canopy (De Frenne and Verheyen, 2016; Zellweger et al., 2020). Both
radiation and evapotranspiration modified by the forest canopy give rise
to lower maximum temperatures and elevated air humidity near the
forest floor in such a way that the microclimatic variation is lower inside
than outside the forest (macroclimatic buffering sensu; De Frenne et al.,
2019; De Frenne and Verheyen, 2016). As such, forests can serve as a
protective blanket that potentially reduces the effects of climate change
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on understorey communities (Bertrand et al., 2011; Castano et al., 2018;
De Frenne et al., 2013). Hence, determining the optimal forest man-
agement to amplify a forest’s thermal buffering capacity is of rising
importance, especially in the face of climate change.

Globally, approximate 30 percent of global forest area is used for the
production of wood and non-wood forest products (FAO, 2020). Wood
removals from these production forests, primarily through clearcutting,
aim to supply an adequate amount of forest goods, including forest foods
and fuelwood, to meet the demands for human well-being (FAO, 2014).
More recently, global biodiversity conservation and the impacts of
climate change have proposed new requirements for forests managed for
timber. For example, Closer-to-Nature Forest Management has been
proposed in the EU Forest Strategy for 2030 to improve the conservation
values and climate resilience of multifunctional, managed forests in
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Europe (Larsen et al., 2022). The Closer-to-Nature Forest Management
include principles of retention of habitat trees, special habitats, and dead
wood, promoting natural tree regeneration, partial harvests and pro-
motion of stand structural heterogeneity, promoting tree species mix-
tures and genetic diversity, and avoidance of intensive management
operations (Larsen et al., 2022). A wider adoption of Closer-to-Nature
Forest Management will require a substantial effort in knowledge
transfer from existing management efforts, to provide evidence for
practices that improve the conservation value and climate resilience of
managed forests. Retention forestry which involves retaining structures
and organisms such as live and dead trees, as well as small areas of intact
forests during harvest, is increasingly practiced as an alternative to
clearcutting in temperate and boreal forests in North America, Australia
and northern Europe (Gustafsson et al., 2012). By maintaining the
continuity of structural and compositional complexity from preharvest
to postharvest, retention forests can support higher richness and abun-
dance of forest understorey species than traditional clearcuts, but
certain ‘cold-favoured’ or ‘forest-interior’ species adapted to stable en-
vironments may not survive long-term in retention forests (Fedrowitz
et al., 2014; Jonsson et al., 2022). The ability of retention forests to
preserve biodiversity is most likely influenced by forest microclimates
(Hylander et al., 2022). However, these microclimates within retention
forests have not been quantified so far. We thus do not know to what
extent retention forests differ from clearcuts and old forests in micro-
climates. Understanding this aspect is crucial for comprehending the
ecological resilience of retention forestry to climate change and for
determining its relevance to emerging guiding principles (e.g.,
Closer-to-Nature Forest Management) and expanding its uses to forest
restoration and the management of uneven-aged forests (Ekholm et al.,
2023; Gustafsson et al., 2012).

Stand characteristics such as tree species composition, and structural
attributes such as canopy cover and basal area have been proven as the
key determinants of forest microclimate (De Frenne et al., 2021; Zell-
weger et al., 2019) and shown to shape the composition and diversity of
many organism groups (e.g. Barbier et al., 2008; Boudreault et al., 2002;
Klein et al., 2021, 2022). Retention forestry, by preserving the structural
and compositional diversity of forests, is therefore expected to have a
greater effect on macroclimate buffering compared to clearcuts. This is
due to the fact that clearcutting often results in simplified and homo-
geneous forest structures after harvesting (Franklin et al., 2000). In
retention forestry, it is common to preserve certain elements typically
found in old or intact forests, such as standing and lying deadwood, large
living trees, and species from different taxonomic groups, while these
features are rarely observed in clearcuts (Kyaschenko et al., 2022).
These retained elements, often considered as biological legacies
following natural disturbances in intact forests, have been shown to
positively affect forest dependent species (e.g. Fedrowitz et al., 2014),
and potentially affect the thermal buffering of retention forests, while
via different pathways. First of all, by leaving dead trees instead of
removing or destroying organic materials through clearcutting and
scarification, the growth of retained trees as well as regenerating trees
likely to benefit from this practice (Mayer et al., 2022). Second, by
leaving mature trees during harvest, retention forests can provide
shelters for understorey species, such as herbivorous plants, ectomy-
corrhizal fungi and soil fauna, which contribute to nutrient cycling and
in turn, facilitate the growth of the trees (Sterkenburg et al., 2019).
Finally, tree species diversity was found to have a positive impact on
forest production in numerous previous studies (e.g. Gamfeldt et al.,
2013; Van de Peer et al., 2018). Given the highly correlated relationship
between biomass production and canopy closure (Zhang et al., 2022),
and considering their crucial role in thermal buffering (Zellweger et al.,
2019), it is expected that leaving live and dead trees, as well as retaining
diverse tree species could impact the macroclimate buffering capacity of
a forest stand. The retained elements in forests should influence mi-
croclimates not only between forest stands, but also between forest
edges and interiors within a stand. This distinction is crucial due to the
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pronounced exposure of forest edges to heightened solar radiation and
wind intensity in comparison to the more sheltered conditions within
the forest interiors. Consequently, these contrasting environments
generate variations in the growth of trees, as well as the abundance of
both living and dead trees, a more pronounced difference of forest mi-
croclimates between forest edges and forest interiors is indeed expected
(e.g. Hylander, 2005; Rudolphi and Gustafsson, 2011).

Here we investigate the thermal buffering capabilities of retention
forests relative to clearcuts and old/mature forests and identify the
underlying drivers using data collected in a boreal landscape in central
Sweden, where the retention approach has been implemented for over
20 years, while the old/mature forests have likely been selectively cut
historically and regenerated naturally over a period reaching an average
forest stand age ranging from 93 to 150 years (hereafter referred to as
‘old forests’). Hence, the term ’old forests’ in this study denotes areas
that have undergone long-term (93-150 years) natural regeneration
processes without clearcutting and recent human management in-
terventions. The selected forest stands, characterized by distinct forest
types (clearcut, retention, and old forests), exhibit significant variations
in species diversity, and the abundance of living and dead trees (Kya-
schenko et al., 2022). This selection enables us to investigate whether
these elements can indeed influence microclimatic conditions between
the different forest stands. Within all research sites, we installed 130
microclimate loggers continuously monitoring air temperature and hu-
midity during the growing seasons (June, July and August) in both 2019
and 2020. Based on these data, we test (a) whether thermal buffering of
retention forests differ from clearcuts and old forests; (b) whether pre-
serving biological legacies, i.e. live and dead trees, and taxonomic tree
diversity can influence the thermal buffering of a forest stand directly or
indirectly through a more complex forest structure including canopy
cover and basal area; and (c) whether microclimates differ between the
forest edges and forest interiors and the underlying mechanisms.

2. Materials and methods
2.1. Study area

Measurement and data collection was conducted in 130 plots in a
boreal forest landscape in central Sweden (Fig. 1), with forest stands
predominately composed of Picea abies (Norway spruce), Pinus sylvestris
(Scots pine), and to a lesser extent Betula spp (birch), Populus spp (aspen),
Alnus spp (alder) and Salix spp (willow). The forest ground vegetation is
mostly dominated by ericaceous dwarf shrubs (Vaccinium myrtillus and
V. vitis-idaea) and the forest floor is typically covered by pleurocarpous
mosses (Hylocomium splendens and Pleurozium schreberi). Elevations
range from approximately 256-425 m a.s.l., mean annual temperature is
around 3.48 °C, and the region receives mean annual precipitation of
around 552 mm. The forests of central Sweden has gone through a more
than 70 year long history of intensive management, giving rise to a
mosaic of forests with different ages and clearcuts characterizing the
research landscape (e.g., Jonsson et al., 2009). In this study, the 130
plots spread across the three main forest types, i.e. larger old forests
(3.97-10.97 ha), clearcuts and smaller retention forests (patches
0.015-0.563 ha retained after final harvest), totalling to 30 research
sites. Remaining old forest stands are few in the landscape, generally
representing less than 5-10 % of the forestland in the region, and occur
isolated in the matrix of young, intensively managed forest stands (e.g.,
Jonsson et al., 2011). The old forests in our study are separated but
located nearby (within 11.1 km) from the continuous retention and
clearcut patches, we thus have ten sites for old forests, and twenty sites
for each of spatially continuous retention forests and clearcuts (Fig. 1).

2.2. Microclimate

Within each retention forest, the sampling design consist of a tran-
sect starting at the southern edge of the forest (0 m = the backside of the
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Fig. 1. Locations and layout of the 30 research sites (Site ID) in central Sweden ((a) and (b)). Specifically, there are ten sites for old forests (circles in red), and twenty
sites (circles in yellow) for each of the spatially continuous retention forests and clearcuts in (b). The detailed sampling design for spatially continuous clearcuts and
retention forests is presented in (c1) and old forests in (c2). In the (c1) panel, black triangles CC1 and CC2 represent the relative locations of plots (referred to as “Plot
location’) in the northern and southern clearcuts, respectively. In the same panel, R1, R2, and R3 indicate the plot setups in the retention forests. In the (c2) panel,
OF1, OF2, and OF3 denote the plot setups in the old forests. The black triangles in panels (c1) and (c2) indicate the locations where we installed data loggers and
collected forest structural data. Furthermore, some field photos from the sites are depicted in panels (d1) and (d2). The upper image in the (d1) panel showcases a
dense retention patch, featuring mixed tree species when viewed from the outside clearcut. The lower photo in (d1) displays another retention patch with lower
canopy cover and a reduced variety of tree species when observed from within the patch. Moving to the (d2) panel, a photo captures the essence of one of the mature,
old forests. Maps are based on the Swedish National Land Cover Database (2018) supplied by NMD, Naturvérdsverket.

line of trees at the south-facing forest edge (see Fig. 1)) and ending in the
northern edge of the forest patch (—0 m = the backside of the line of
trees at the north-facing forest edge). Along this transect, three data
loggers (Lascar Easylog EL-USB-2, accuracy at —35 to +80 °C: +0.5 °C)
were installed to monitor in-situ microclimates, i.e. air temperature and
humidity, with a temporal resolution of 6 h in 2019 (June, July and
August) and of 1 h in 2020 (June, July and August), at the following
distances of the edge:

e Plot 1: data loggers at 1.5 m,
e Plot 2: data loggers at the centre of the retention patch,
e Plot 3: data loggers at —1.5 m.

Plot 1, 2 and 3 are respectively referring to the location of R1, R2 and
R3 in Fig. 1(c1).

It is important to note that as the temporal resolution differed be-
tween 2019 and 2020, we applied hierarchy models with a consistent
random structure for variables such as 'Year’ to account for composi-
tional differences (see 2.4 Data analyses). Besides retention forests, we
additionally installed data loggers in clearcut patches (c. 30 m away
from both of the south- and north-facing edges of retention forests) and
in interior old forests (three plots spread across c. 30 m transects in the
centre of the old forests). The microclimate data collected in the clear-
cuts and old forests respectively represented scenarios of intensive forest
management (i.e. clearcutting) and without recent human disturbances
(i.e. intact forest, never clearcut and interior condition >50 m away
from a forest edge). We mounted the loggers hanging on a wooden stick
at ¢. 75 cm above ground under a white radiation shield (i.e., a small
plastic cup to protect the logger from rain and direct sunlight, while still
allowing some ventilation). It is widely acknowledged that a tempera-
ture sensor exposed to sunlight has the potential to absorb radiation.
This might not be fully overcome by our custom-built radiation shields
as the shields themselves can also absorb solar radiation, potentially
resulting in an overestimation of maximum temperatures outside forests

(e.g., Maclean et al., 2021). While this measurement bias is less pro-
nounced in shaded environments (Maclean et al., 2021), such as reten-
tion and old forests in this study, maximum temperature offsets between
retention/old forests and clear-cuts might be overestimated, especially
under sunny and low-wind conditions. However, this concern may not
be significant in our study, given the extended duration of our experi-
ment spanning two complete summer seasons in 2019 and 2020. This
timeframe incorporates a diverse range of weather conditions, effec-
tively minimizing potential biases. The coherence of this argument can
be further reinforced by the comparable coefficient of variation (CV)
observed in daily maximum temperatures across different forest types:
clear-cuts (32.8 %), retention forests (32.3 %), and old forests (28.0 %).

We applied vapour pressure deficit (VPD) as the measure of below-
canopy microclimatic moisture, calculated as the difference between
the saturated (Psat) and the effective air pressure (Pair), based on tem-
perature T (°C) and relative humidity RH (%) (Barrass, 1974; Davis
et al., 2019; Von Arx et al., 2013).

Psat = 0.6112 xexp(17'62 x T),

T +243.12
Pair = Psat x RH / 100,

VPD = Psat — Pair.

We summarized our observations into daily statistics, exclusively
focusing on maximum and minimum daily values in this study.

2.3. Forest structure

To characterize species composition and forest structure, measure-
ments were conducted for all living trees with a minimum diameter at
breast height (DBH) of 2 cm within a 5-m radius around the installed
sensors (see Fig. 1¢). DBH was measured with a calliper at 1.30 m above
the ground during May 2023. Subsequently, basal area (BA, m? ha™?) of
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individual species was calculated based on these DBH measurements.
Canopy cover (percentage layer formed by the branches and crowns of
trees) was measured at the same location of the sensors using hemi-
spherical photography with a standard angle camera lens and digital
analysis in the program ImageJ. The measurements of canopy cover
were performed during cloudy conditions in August 2020, to represent
canopy conditions in the growing season. All standing and lying dead
trees (with a DBH > 2 cm or maximum diameter >2 cm, respectively)
that originated within the plot were inventoried. A tree was considered
dead when missing living needles, leaves or buds. Dead standing tree
snags and stumps were defined as standing deadwood, while logs, pieces
of deadwood lying on the ground, and downed dead trees were cate-
gorized as lying deadwood. For standing deadwood with a height
greater than 1.30 m, the DBH was measured, while for stumps, mea-
surements were taken at the point where the tree was cut or the stem was
broken. Based on these measurements, the basal area of standing
deadwood were calculated (m?ha™?). For lying deadwood, the length as
well as the top and bottom diameter were measured to obtain their
volume (m® ha™h) using the formula for a truncated cone. The forest
structural characteristics of different forest types are reported in Table 1.

2.4. Data analyses

We applied linear mixed models (LMMs) with ‘forest type’ as a fixed
effect and ‘1 | Plot ID (depicted in Fig. 1) as a random effect to test
whether forest microclimates (T and VPD) differed between the forest
types (i.e. clearcut vs. retention vs. old forests). To account for temporal
autocorrelation of microclimate data (Koenig and Liebhold, 2016; Ruel
and Ayres, 1999), the corGaus (form = ~Date (referring to the date of
data collection by the data loggers)| Plot ID) variance structure was
incorporated in this model (Zuur et al., 2007). We applied the Ime
function from the nlme package to fit these models (Zuur et al., 2007). To
examine the potential forest edge effects, similar analyses were con-
ducted by setting ‘plot location’ as a fixed effect and ‘1 | Site ID (see
distribution in Fig. 1)’ as a random effect, to compare forest microcli-
mates among south-facing and north-facing edges and forest interiors
within each forest type.

To examine the effects of stand structural attributes, i.e. basal area
and canopy cover, on type-specific forest microclimates and microcli-
mates across all the forest types pooled, we applied multivariate linear
mixed models (multi-LMMs). For these LMMSs, normalized ‘basal area’
and ‘canopy cover’ were set as fixed effects and crossed terms ‘(~1|
Year, ~1| Plot ID)’ were set as random effects. We applied the ‘scale’
function from the ‘scale’ package to conduct normalizations.

Finally, piecewise structural equation models (pSEM) were applied
to test for direct and indirect effects of the biological legacies, i.e.,
taxonomic diversity of tree species, standing and lying deadwood, on
forest microclimates across the forest types and in each specific forest
type. We applied Shannon diversity index as a measure of taxonomic
diversity, which can also account for community species evenness.
Shannon index was calculated as:

H index = =y Pi*In(Pi)

where s is the number of tree species in the community (tree species

Table 1
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richness) and Pi is the relative proportion of species i (based on basal
area). In this study, we calculated Shannon index via the diversity
function from the vegan package. We modelled forest microclimates as a
function of the biological legacies, or indirectly via their effects on basal
area and canopy cover. Considering that stand age is a pivotal factor
influencing the growth conditions of trees and the development of trees’
crowns, we have incorporated regeneration age (defined as the time
since clearcut recording) into the random structure as a control variable
to address potential compositional variations. To be precise, for each
path in the structural equation model, we employed mixed-effect models
with “1| Regeneration age / Forest Type/ Site ID’ as the random effects.
We also added correlation structures when the global p value of this SEM
structure was found to be lower than 0.05. SEM models were fitted using
the piecewiseSEM-package (Lefcheck, 2016).

Similar pSEMs were applied to explain the detected edge effect based
on the results conducted from the LMMs. We introduced delta (A;
referring to differences between forest edges and forest interiors at each
site) as both independent and dependent variables in the model. Spe-
cifically, we modelled A forest microclimates as a function of A bio-
logical legacies, indirectly via their effects on A basal area and A canopy
cover. For each path in the structural equation model, we fitted mixed-
effect models with ‘(~1| Year, ~1| Site ID)’ as random terms. All ana-
lyses were performed in R version 4.2.3.

3. Results
3.1. Microclimates in the clearcut, retention and old forests

Forest microclimates differed significantly between the forest types
(Fig. 2). Both the below-canopy maximum temperature and VPD (Tyax
and VPDy,,x) were highest in the clearcuts (28.1 + 0.46 °C, 2.7 + 0.11
kPa (Mean =+ SE)), followed by the retention forests (22.3 + 0.38 °C, 1.6
4+ 0.09 kPa), and lowest in the old forests (17.1 & 0.56 °C, 0.7 & 0.13
kPa; all p < 0.05). Additionally, the below-canopy minimum tempera-
ture (Tpyin) was lowest in the clearcuts (6.1 + 0.17 °C), followed by the
retention forests (7.9 + 0.14 °C), and highest in the old forests (9.0 +
0.21 °C). Surprisingly, the minimum VPD (VPDy;,) was the highest in
the retention forests, which was 0.08 + 0.003 kPa, followed by the old
forests (0.06 £ 0.005 kPa), and the lowest found in the clearcut forests
(0.02 £+ 0.004 kPa). In sum, retention forests provided more buffered
microclimate conditions than clearcuts, with an average Tpax and
VPDyax in these forests being 5.78 + 0.59 °C and 1.12 + 0.14 kPa (Mean
+ SE) lower than that in clearcut forests during the growing seasons.
Notably, old forests offered the most buffered forest microclimates, with
an average Tmax 11.04 £ 0.72 °C lower than that of clearcut forests and
5.26 + 0.68 °C lower than retention forests. The impact of forest type on
below-canopy microclimates remained largely consistent between 2019
and 2020 when analyzed individually, except for VPDy,,. Nevertheless,
the differences in VPDp, between the forest types were minute and
continued to exhibit the same trend in 2019 and 2020 when considering
only the absolute values. This information is reported in Supplementary
Information Fig. S3.

Characteristics of each forest type (Clearcuts vs. Retention forests vs. Old forests). Summary data (Mean + Standard Deviation) of basal area (m? ha™!), canopy cpver
(%), Standing deadwood (m? ha™'), lying deadwood (m® ha™?), the proportion of deciduous tree species (Pgeciduous), and tree species diversity (H index) for each forest

type.
Forest type Basal area (m? ha™ 1) Canopy cover (%) Standing deadwood (m2 ha™) Lying deadwood (m® ha™) Peciduous H index
Clearcuts 4.64 + 6.13 19.4 + 23.4 3.12 + 6.74 0.57 + 2.00 0.38 + 0.38 0.39 + 0.34
Retention 30.5 + 22.6 57.8 +18.7 4.64 £13.6 6.54 +15.2 0.29 + 0.26 0.57 + 0.34
Old forests 51.4 + 16.4 719 £9.8 0.48 + 1.06 1.42 + 3.60 0.10 + 0.10 0.44 + 0.27
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Fig. 2. Air temperature and VPD in the different forest types (i.e. clearcut vs. retention vs. old forest), based on the summer microclimate data averaged between
2019 and 2020. Bars display mean air temperature (Tpyax and Tmyin) and VPD (VPDp,.y and VPDy,iy) across each forest type. Full statistical results are reported in
Table S1. Different letters denote significant differences among different forest types. Error bars display the standard error [SE] within each forest type.

3.2. The effects of canopy cover and basal area on macroclimate
buffering

Canopy cover and basal area were identified as key determinants
influencing air temperature and VPD (Fig. 3). We found canopy cover
and basal area were both significantly and negatively correlated with
Tmax and VPDp,.x while positively associated with Ty, across the pooled
forest types (all p < 0.05). Moreover, VPDp,i, exhibited a positive as-
sociation with canopy cover across the pooled forest types. Specific to
the clearcut forests, we detected that both canopy cover and basal area
were negatively associated with Ty, across the clearcut stands. In
addition, canopy cover was found being negatively associated with
VPDphax While being positively correlated with Ty, in these stands. In
the retention forests, we found that Ty, were negatively correlated with
basal area and canopy cover (both p < 0.05). Similar results were found
for VPDp,ax, which exhibited negative associations with canopy cover (p
< 0.05) and basal area (p = 0.051). Lastly, we found that basal area was
the key factor affecting the microclimates in the old forests. Specifically,
we observed a significant negative correlation between basal area and
both Tpax and VPDp,. in the old forests. However, no significant effect
of canopy cover on microclimates was found across these old-forest
stands.

3.3. Direct and indirect effects of biological legacies on microclimates

We found that biological legacies potentially impacted forest mi-
croclimates (Fig. 4). The effects of biological legacies on forest micro-
climates were first detected when analyzing data for all forest types
pooled. Specifically, the Shannon diversity index had the potential to
indirectly lower the stand’s Tpax and VPDpax while increasing Trin and
VPDpin, as it showed a positive association with both canopy cover (p <
0.05) and basal area (p = 0.071) across the pooled forest types.

Increasing volumes of lying deadwood had the potential to indirectly
increase Tyax and VPDyy ¢ while decreasing T and VPDy,ip, given their
negative relationship with both canopy cover and basal area (both p <
0.05). However, increasing volumes of lying deadwood also directly
increased T, and VPDpy,, potentially increasing air temperature and
dryness during cooler time periods such as nights. Similarly, increasing
standing dead trees directly lowered Tp.x and increased Tn, and
VPDphi, within these forest stands.

In the retention forests, maintaining diverse tree species had the
potential to indirectly lower the stand’s Tpax and VPDp.x, while
increasing Tpi, and VPDy,;, through its positive impact on basal area (p
< 0.05). Conversely, large volumes of lying deadwood, negatively
associated with both canopy cover and basal area (both p < 0.05), may
potentially contribute to increased Tpax and VPDp,ax as well as lowered
Tmin and VPDypn. Furthermore, increasing standing dead trees directly
lowered Timax and VPDpax and increased T, and VPDp, in the reten-
tion forests. Finally, positive correlations between basal area and canopy
cover were consistent in both retention forests and across the forest
types pooled. The effects of the listed biological legacies on microcli-
mates in individual clearcut forests and old forests are shown in Sup-
plementary Information Figs. S1 and S2.

3.4. Edge effects

We detected that T in the south-facing edges (24.1 + 0.58 °C;
Mean + SE) were significantly higher than Tp,.x in the north-facing
edges (21.9 £+ 0.59 °C) and the forest interiors (21.0 + 0.58 °C) in
retention forests (Fig. 5a). Similar results were found for VPDy,,x, where
the VPDp,ax in the south-facing edges (1.96 + 0.11 kPa) were signifi-
cantly higher than that in the north-facing edges (1.50 & 0.11 kPa) and
the forest interiors (1.36 + 0.11 kPa) of retentions. No differences were
detected for Tpyin and VPDp,i, between retention forest edges and forest
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Fig. 3. Standardized estimates and 95 % confidence intervals of the effect sizes of forest structural attributes (i.e. basal area and canopy cover) for the estimation of
microclimates (i.e. Tmax, Tmin» VPDmax, and VPDpyin). For these LMMs, normalized ‘basal area’ and ‘canopy cover’ were set as fixed effects and crossed terms ‘(~1|
Year, ~1| Plot ID)’ were set as random effects. Full statistical results are reported in Table S2. The symbols in black indicate the effect sizes of the key drivers (p <
0.05) and the symbols in grey represent the effect sizes of non-significant variables (p > 0.05).

interiors (Fig. 5a). Additionally, no significant differences were detected
for forest microclimates between different locations in clearcut forests as
well as in old forests (Fig. S4).

Lastly, we detected that the difference in lying deadwood volumes
was positively associated with both Tpax and VPDy,. differences (both p
< 0.05) between south-facing edges and interiors in the retention forests
(Fig. 5b). The difference in standing deadwood tended to be positively
correlated with the difference in Tiax between south-facing edges and
forest interiors (p < 0.1).

4. Discussion

The continuing/escalating global increase in temperature and the
induced rising VPD (Hatfield and Prueger, 2015) emphasize the pressing
need to comprehend the thermal buffering provided by various land-use
management practices. These factors have significant ramifications for
water resources, as well as the intricate interplay between plants and
water in ecological systems (Grossiord et al., 2020). Here, we try to
bridge this knowledge gap for forest management practices by studying
the microclimate of clearcut, retention and old forests in a boreal
landscape in Sweden, where retention forestry have been practiced for
20-30 years. Not only did we find that retention forests make significant
contributions to macroclimate buffering, we also uncovered the under-
lying mechanisms behind this phenomenon. When retention practices
preserve biological legacies of both live and dead standing trees, as well
as higher tree species diversity, this may directly or indirectly via higher
canopy cover and basal area, influence forest microclimates. Our results
also indicate that the south-facing edges in the retention forests expe-
rienced more severe hot and dry weather conditions than forest in-
teriors, despite the relatively small size of the retained patches

(0.015-0.563 ha). Implementing measures to prevent wind-induced tree
mortality, especially in the south-facing edges of retention forests where
lying deadwood is likely to accumulate, can mitigate such negative edge
effects. Our results have important implications for integrating retention
practices into actions aimed at mitigating macroclimate warming.

4.1. Forest macroclimate buffering and the underlying mechanisms

First of all, we showed that the T, in the retention forests was on
average 5.78 + 0.59 °C (Mean =+ SE) lower than in the clearcut forests
during the growing seasons. This value is of greater magnitude than the
global warming over the pre-industrial (1850-1900) averages (1.1 +
0.13 °C (IPCC, 2021)), and greater than the cooling effect of the global
forests on maximum temperatures (4.1 + 0.5 °C (De Frenne et al.,
2019)), suggesting the importance of retention forests in mitigating
warming temperatures and increasing water availability below the
canopy. In addition, we showed that the old forests had the lowest Ty,
with an average of 11.04 £ 0.72 °C lower than the clearcut forests and
5.26 + 0.68 °C lower than the retention forests. The maximum VPDs, as
well, were detected at their lowest in the old forests (0.7 &+ 0.13 kPa),
with an average of 2.06 & 0.17 kPa lower than the clearcuts and 0.94 +
0.16 kPa lower than the retention forests, indicating that the old forests
exhibited the best buffering capacity against summer droughts. The
differences in maximum temperatures and VPDs between the forest
types can be attributed to variations in basal area and canopy cover
(Table 1), which have been identified as key drivers of thermal buffering
in other studies as well (Von Arx et al., 2013; Zellweger et al., 2019;
Zhang et al., 2022). The fact that the old forests provide the superior
thermal buffering for maximum temperatures and VPDs suggests that
the thermal buffering capacity of a forest is greatly influenced by its age.
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Fig. 4. Direct and indirect effects of retention practices including preserving tree species from different taxonomic groups (Shannon diversity index, denoted as H
index in the panel), standing and lying deadwood, as well as forest structural attributes (i.e. basal area and canopy cover) on microclimates (T and VPD) in the
retention forests and across the three forest types pooled. Marginal (R*m) and conditional (R%c) R? of fitted linear regression models showed below each estimator.
Positive effects are illustrated with green arrows, while negative relationships are indicated by red arrows. The dashed and solid arrows respectively represent the
non-significant and significant effects, and the varying widths of the solid arrows denote the strength of the detected significant effects. The numbers associated to
each arrow indicate the standardized estimates of the fitted models. Labels *, **, *** indicate significance at the p < 0.05, p < 0.01 and p < 0.001 levels, respectively.

Interestingly, past studies have suggested that relatively high tempera-
ture offsets (the difference between below-canopy and free-air temper-
atures) can be realised shortly after planting, once a canopy cover of c.
75 % is attained (Zellweger et al., 2019), implying that forest age has
minimal effect on thermal buffering (Zhang et al., 2022). We showed
that thermal buffering increased with the canopy cover of planted for-
ests on clearcuts, but was still substantially lower after two decades
compared to retention forests and old forests. Hence, our own research
highlights the significance of old forests (both as retained patches of
older forests and especially as larger intact old forests) in macroclimate
buffering, with great implications for heat-sensitive species conservation
and biodiversity in the face of global climate change (Hylander et al.,
2022; Malis et al., 2023).

We identified stand structural attributes as key determinants of forest
microclimates, with increased thermal cooling observed in stands
characterized by greater basal area and canopy cover. This finding
supported the hypothesis that leaving large living trees can efficiently
impact forest microclimates. However, the relative importance of these
drivers varied depending on the forest type. We noticed that the impact
of canopy cover was more pronounced in the clearcut microclimates,
whereas it became negligible in the old-forest microclimates. This
absence of the canopy cover effect in the old forests can be attributed to
their consistently dense canopy, averaging 71.9 + 9.8 %. This finding
aligns with the research by Zellweger et al. (2019), which reported a
threshold of c. 75 % canopy cover, below which a forest’s buffering
capacity rapidly decreases. Instead, increasing basal area was associated
with lower maximum temperatures and VPDs in the old forests. This
basal area effect is indeed expected since a stand’s basal area is a mea-
sure of a stand’s density and the trees’ growth conditions, and that is
highly correlated with crown volume, leaf area index, and other factors
known to influence light interception and macroclimate buffering in the
canopy (De Frenne et al., 2021). Nevertheless, the basal area effect in the
clearcut forests was limited, showing significance only for maximum

temperatures. This limitation is most likely due to the fact that the
regenerating trees in the clearcuts remained quite small at the time of
investigation (4.6 + 6.1 m? ha~1). The differences in basal area between
the stands were thus insufficient to explain variations in forest micro-
climates. In the retention forests, both increased basal area and canopy
cover substantially lowered Tyax and VPDpay. This can be attributed to
the significant variation in stand attributes among the retention forests,
characterized by a relatively higher range of basal area (30.5 + 22.6 m>
ha™') and canopy cover (57.8 + 18.7 %).

4.2. Impact of biological legacies on forest microclimates

The next question addressed whether biological legacies can have an
impact on forest microclimates directly and/or indirectly. It is important
to reiterate that the primary objective of this study is to provide specific
guidelines for practices in retention forests, while also offering general
suggestions for forest management to mitigate warming temperatures
and induced summer droughts. Therefore, we comprehensively exam-
ined these effects within the context of retention forests as well as
considering all forest types collectively. As the clearcut and/or old for-
ests exhibited minimal variations in certain biological legacies, such as
the negligible influence of lying deadwood on thermal buffering
(Fig. S1), attributed to the low volumes of lying deadwood (0.57 + 2 m3
ha™1) found in the clearcut forests, we opted to only report and discuss
the notably inconsistent findings observed within stands of these two
forest types.

We found that tree species diversity is likely to contribute indirectly
to thermal cooling, as a positive correlation was found between the H
index and canopy cover for all forest types pooled and between the H
index and basal area in the retention forests. This outcome is indeed
expected, as tree species diversity often results in high forest production
(e.g. Van de Peer et al., 2018). Within a mixed stand, diverse tree species
that differ in phenology and morphology likely also result in crown
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Fig. 5. Edge effects on microclimates and the underlying mechanism in retention forests. (a) air temperature and VPD in the two forest edges (south- and north-
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complementarity (Pretzsch, 2014). This complementarity caused by
neighbouring species can lead to higher efficiency in light interception
and use, subsequently enhancing forest productivity (Pretzsch, 2014;
Van de Peer et al., 2018). The mechanism behind this increased pro-
ductivity, as well as the increased productivity per se, can explain the
enhanced thermal buffering observed in retention forests with higher
tree species diversity. Notably, the diversity effect on thermal cooling
based on data collected across different types with a wide range of
regeneration ages (c. 3-150 years) were found via the same effect on
both basal area and canopy cover. These findings align with and rein-
force the research conducted by Zhang et al. (2022) in young forest
plantations, indicating the potential generality of the detected tree
species diversity effect. However, it is essential to note that the observed
diversity effect showed inconsistencies in old forests, as depicted in
Fig. S2. Surprisingly, an increase in tree species diversity in these older
forests led to an unexpected decrease in both basal area and thermal
buffering capacity. This phenomenon can be attributed to the positive
correlation between the proportion of deciduous tree species (based on
basal area) and tree species diversity (measured using the Shannon di-
versity index). Our study focused on boreal forests in central Sweden,
where evergreen coniferous species, predominantly Norway spruce,
followed by Scots pine, dominated the research area. In general, the
proportion of deciduous species was positively associated with tree
species diversity (the statistical results related to these relationships are

reported in Table S3), except in clearcuts, where birch and spruce were
almost equally regenerated. The pronounced composition effect, spe-
cifically a high proportion of deciduous species, only resulted in
decreased basal area in the old forests (see Fig. S5). This finding is most
likely due to the significant size disparity between deciduous tree spe-
cies (e.g., birch) and evergreen tree species (e.g., Norway spruce and
Scots pine), which reaches its maximum in old stands. Moreover,
pioneer deciduous tree species typically regenerate in forest gaps with
reduced basal area after small-scale disturbances (e.g. Konig et al.,
2022). Consequently, the increased presence of deciduous tree species
and the induced increase in tree species diversity led to decreased stand
basal area, as well as a reduced thermal buffering capacity in the old
forests.

Additionally, our results support the hypothesis that deadwood leg-
acies can affect macroclimate buffering, although the standing and lying
deadwood contributed in different ways. The presence of standing
deadwood consistently lowered maximum temperatures and increased
water availability in retention patches. Our findings are in line with the
research by Castro et al. (2011), Kovacs et al. (2017), Marcolin et al.
(2019), and Thom et al. (2020), which suggest that standing deadwood
with bare crowns can still shield the ground from insolation, and thus
reduce energy input and amplify thermal cooling. On the other hand, the
presence of lying deadwood may negatively impact macroclimate
buffering for solar radiation, as a negative correlation was observed
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between lying deadwood and both canopy cover and basal area. This
corroborates the findings of Thom et al. (2020), which reported a sig-
nificant increase in light reaching the forest floor due to specific dead-
wood disturbances, with a relative radiation increase of 306.7 %
compared to undisturbed plots (i.e., intact forests). The increased tree
death and associated canopy openness in our study could have allowed
more heat energy to enter the forest floor, leading to a reduction in
thermal buffering and an intensification of summer drought conditions
(Schmidt et al., 2017; Thom et al., 2020). Notably, we also observed
direct positive correlations between the volume of standing and lying
deadwood and both minimum temperature and VPD in forests, indi-
cating that both standing and lying deadwood contributes to warmer
and drier conditions during nights. This finding aligns with the research
of Spears et al. (2003) and Zalamea et al. (2016), which detected that
minimum soil temperatures under decaying lying deadwood were
higher than those away from the logs. Indeed, while deadwood with
bare crowns may not cast much shade, it acts as a ground barrier,
slowing the loss of heat from the soil (cf. Geiger et al., 2003), which, in
turn, leads to increased warmth and dryness of the understory during
summer nights. Hence, both standing and lying deadwood can absorb
heat during the day and trap some of this heat in the understory at night,
thereby being related to increasing night-time Ty, and VPDp,. This
phenomenon can potentially contribute to stabilizing daily climate
variability within forest soil (Spears et al., 2003; Zalamea et al., 2016)
and the understory (as demonstrated in this study). Increasing basal area
of standing deadwood in retention patches was related to both reduced
daytime Tpax and VPDpx and increased night-time Ty, and VPDpp,
both leading to narrower climate ranges and thus stabilized daily
climate cycles. We acknowledge that the role of deadwood in climate
buffering can be difficult to disentangle from the effects of other related
factors such as canopy cover and sapling regeneration. Lying deadwood
might create favourable microhabitats, such as nurse logs and beneficial
light conditions, increased water and nutrient availability for saplings
(Marangon et al., 2022; Seibold et al., 2015), and shelters of saplings
against ungulate browsing (Hagge et al., 2019), which may in turn in-
fluence shade conditions and microclimate. Hence, forest disturbance
can yield both positive outcomes, such as increased canopy openness
and light availability fostering tree regeneration, and negative conse-
quences, including diminished microclimatic buffering and heightened
drought reducing tree regeneration (Thom et al., 2023). These effects
are likely contingent upon factors such as tree mortality severity, gap
size, and time since disturbance. Importantly, our results do not endorse
the removal of standing and lying deadwood, such as salvage logging.
Instead, they underscore the critical need to implement preventive
measures against severe wind-induced tree mortality in small and
exposed retention forests. This emphasis is rooted not only in the
essential role that lying deadwood plays as a substrate for below-canopy
organisms, including bryophytes, lichens, and fungi, but also in our
findings indicating that basal area and canopy openness are the main
drivers of microclimates in retention forests.

4.3. Edge effects on macroclimate buffering

The last question addressed whether edge effects on macroclimate
buffering are present. We found that edge effects were pronounced in
the retention forests, with south-facing edges experiencing warmer
temperatures and more dry conditions than forest interiors and north-
facing edges. This finding corroborates Buras et al. (2018), Chen et al.
(1993), Matlack (1993) and Young & Mitchell (1994), suggesting edge
effects to be most pronounced at southern expositions. Indeed, the
south-facing edges receive more direct sunlight throughout the day in
the northern hemisphere, resulting in higher temperatures and greater
temperature fluctuations compared to edges in other orientations. We
also explored the efficacy of retention practices in alleviating edge ef-
fects, and our results highlight that the difference in lying deadwood
volumes between south-facing edges and forest interiors significantly
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contributes to the observed warmer and drier south-facing edges. This
observation aligns with numerous previous studies, e.g., Buras et al.
(2018) and Young and Mitchell (1994), indicating pronounced differ-
ences in lying deadwood volumes between forest edges and interiors.
Given the prevailing south-westerly winds in Sweden and the small sizes
of the retained forests, differences in lying deadwood emerges as a
plausible explanation for the observed edge effects on forest microcli-
mates. Differences in tree diversity (H index) between south-facing
edges and forest interiors was associated with greater differences in
basal area between these locations, presumably the result of a greater
number of small and young early successional deciduous trees estab-
lishing in south-facing edges compared to the interiors. These differ-
ences in H index and basal area between locations may also have
contributed to microclimatic differences, although no significant re-
lationships could be statistically established.

5. Management implications and conclusion

In summary, our findings demonstrate that retention forests have a
greater capacity to buffer macroclimate compared to clearcut forests,
and the retention practices effectively influence microclimates within
stands. Particularly, old forests exhibit the superior macroclimate buff-
ering capacities. Stand structural attributes, i.e. basal area and canopy
cover, can be treated as key determinants of forest microclimates. This
further suggests the preservation of large living trees can indeed increase
thermal buffering of forests. Besides, preserving tree species diversity
has the potential to increase thermal cooling and mitigate dry condi-
tions, given its positive association with both basal area and canopy
cover. Conversely, large volumes of lying deadwood are found to be
negatively correlated with canopy cover and basal area, potentially
leading to a decreased stand’s capacity to buffer solar radiation and
provide thermal cooling. However, standing deadwood can directly
lower maximum temperatures and increase water availability. Notably,
edge effects are pronounced in the south-facing edges, implementing
measures (e.g., leaving buffer zones with partial harvests, retaining a
mixture of tree species) to prevent wind-induced mortality should be
considered especially in the south-facing edges. Our findings are valid
not only for short-term retention forests but also for forests intended to
persist for centuries, given that our results encompassed forests span-
ning a wide range of regeneration ages (3-150 years). Foresters and
policy makers should exploit our findings in the practices aimed at
mitigating macroclimate warming in production forests, with great
implications for heat-sensitive species conservation and below-canopy
biodiversity and functioning.
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