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Summary

1. Forest microclimate is crucial for the growth and survival of tree seedlings and understorey vege-
tation. This high ecological relevance contrasts with the poor functional and quantitative understand-
ing of how the properties of forest ecosystems influence forest microclimate.
2. In a long-term (1998–2011) trial, we investigated how temporal patterns of microclimate below
sparse and dense forest canopy related to those of nearby open areas and how this relationship was
influenced by soil moisture and seasonality. Air temperature (T), vapour pressure deficit (VPD), soil
matrix potential and leaf area index (LAI) were measured in a unique set-up of below-canopy and
open-area meteorological stations at eleven distinct forest ecosystems, characteristic of subalpine and
temperate climate zones. Data from these plots were analysed for the moderating capacity of the
canopy, that is, the differences between below-canopy and open-area microclimate, with respect to
(i) long-term means, (ii) dynamics within homogeneous moist- vs. dry-soil periods and (iii) diurnal
patterns.
3. The long-term mean moderating capacity of the canopy was up to 3.3 °C for daily Tmax and
0.52 kPa for daily VPDmax, of which soil moisture status alone accounted for up to 1.2 °C (Tmax)
and 0.21 kPa (VPDmax). Below dense canopy (LAI > 4), the moderating capacity was generally
higher when soils were dry and increased during dry-soil periods, particularly in spring and
somewhat less in summer. The opposite pattern was found below sparse canopy (LAI < 4). At the
diurnal level, moderating capacity below dense canopy was strongest in mid-afternoon and during
dry-soil conditions, whereas peak moderation below sparse canopy occurred in mid-morning and
during moist-soil conditions.
4. Synthesis. Our results suggest a threshold canopy density, which is probably linked to site-
specific water availability, below which the moderating capacity of forest ecosystems switches from
supportive to unsupportive for seedling establishment. Under supportive moderating capacity, we
understand a stronger mitigation during physiologically most demanding conditions for plant growth.
Such a threshold canopy density sheds new light on forest resilience to climate change. Climate
change may alter forest canopy density in a way that precludes successful establishment of tree
species and ultimately changes forest ecosystem structure and functioning.

Key-words: air temperature, forest ecosystems, leaf area index (LAI), plant–climate interactions,
soil matrix potential, soil moisture, Swiss Long-Term Forest Research Programme LWF, temperate
climate zone, vapour pressure deficit (VPD)

Introduction

Forest ecosystems have a distinct below-canopy microclimate,
regulated by diverse biophysical processes, and of eminent

importance to the growth and survival of understorey vegeta-
tion and seedlings. Canopy and tree stems partly shield near-
ground areas from solar radiation and reduce mixing of air.
As a consequence, below-canopy microclimate may substan-
tially differ from comparable open areas (Geiger, Aron &
Todhunter 2009). Inside forest stands, air temperature (T)*Correspondence author. E-mail: georg.vonarx@wsl.ch
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usually decreases less during the night and increases less dur-
ing daytime, whereas the tightly coupled relative humidity
(RH) shows the opposite pattern (Aussenac 2000; Morecroft,
Taylor & Oliver 1998; von Arx, Dobbertin & Rebetez 2012b;
Ma et al. 2010). This smoothing effect on daily T and RH
amplitude is not uniform, but depends on the ambient weather
situation and season (Renaud et al. 2011; von Arx, Dobbertin
& Rebetez 2012b; Grimmond, Robeson & Schoof 2000;
Morecroft, Taylor & Oliver 1998), forest structure and phys-
iographic situation such as elevation, slope and aspect
(Mitscherlich 1981; von Arx, Dobbertin & Rebetez 2012b;
Ferrez, Davison & Rebetez 2011), and distance from forest
edge (Chen, Franklin & Spies 1993; Heithecker & Halpern
2007; Meyer, Sisk & Covington 2001).
While shading by the canopy affects both soil and air tem-

perature, the direct effect on air temperature is assumed to be
smaller (Morecroft, Taylor & Oliver 1998; Porte, Huard &
Dreyfus 2004), mainly because air is mobile, as well as partly
mixed and exchanged with the open area. Consequently, for-
est soils generally warm up less than the open area (Mitscherlich
1981), leading to a diminished sensible heat flux. Further-
more, the colder below-canopy T results in a higher RH
inside the forest, when assuming constant absolute air water
content. An additional impact of soil on microclimate results
from evaporative cooling or latent heat flux. Moist soils thus
attenuate warming-up of the air and lowering of RH (Fischer
et al. 2007; Hirschi et al. 2011; Seneviratne et al. 2006; Ferr-
anti & Viterbo 2006; Jaeger & Seneviratne 2011). While
basic principles of forest microclimate and the relationships
with open-area microclimate therefore seem established, a
more functional and quantitative view on how the properties
of forest ecosystems influence below-canopy microclimate is
largely missing. Particularly, interactions between canopy
density and soil moisture throughout the year and their influ-
ence on dynamics of forest microclimate are unexplored.
The poor functional and quantitative understanding of for-

est microclimate contrasts with its high ecological relevance
for many forest ecosystem processes (Breshears et al. 1997;
Chen et al. 1999; Scharenbroch & Bockheim 2007; Vanwal-
leghem & Meentemeyer 2009; Closa, Irigoyen & Goicoe-
chea 2010). For survival and growth of young tree
seedlings, for instance, favourable T, air humidity and soil
moisture are crucial determinants, especially until the root
system is sufficiently developed and other factors such as
light conditions and nutrient availability become limiting
(Aussenac 2000; Wicklein et al. 2012; Lloret, Penuelas &
Estiarte 2005). In fact, at the initial life stage, many seed-
lings die within hours if conditions are unfavourable (Harper
& White 1974). T affects rates of metabolism and growth
and influences plant water demand. Similarly, soil tempera-
ture has been shown to influence root water uptake and thus
transpiration rates (Mellander, Bishop & Lundmark 2004).
To reduce short-term water demand, stomata often close
when soil moisture and/or air humidity are low (Aasamaa &
S~ober 2011; Ladjal et al. 2007). Effectively, stomatal con-
ductance is usually regulated by a simple negative feedback
loop between demand and supply, that is, between vapour

pressure deficit of the air (VPD) and soil moisture (Maier-
Maercker 1998). The balance of this feedback loop varies
among species depending on their specific eco-physiological
requirements and strategies. Yet, some studies also report
closed stomata in herbaceous plants and tree seedlings even
when there was ample soil moisture, if the air was consider-
ably dry and VPD consequently elevated (Leuschner, 2002;
Lendzion & Leuschner, 2008; Kupper et al., 2011). Stomatal
control and therefore photosynthetic efficiency are also influ-
enced by levels of CO2 in the air (Kramer & Boyer 1995),
which is additionally released from the forest floor by
decomposition processes and root respiration (Neufeld &
Young 2003), particularly when soils are moist and warm
(Deng et al. 2010; Lloyd & Taylor 1994; Raich & Tufek-
ciogul 2000).
The interplay of all above-mentioned microclimatic and mi-

crosite factors changes during the growing season and so does
the impact of these factors on plant processes (Wu, Jansson
& Kolari 2012; Ogle et al. 2012). Equally, the requirements
and limitations of plant growth follow seasonal patterns. Early
in the season, for example, germinating seeds and young
seedlings may depend on the moderating capacity of canopy
with respect to temperature extremes, whereas in summer,
desiccation may pose a problem. While most species in forest
ecosystems are largely adapted to the prevailing microclimatic
conditions, manipulation experiments to simulate climate
change showed differential seedling survival under altered
conditions (Lloret et al. 2009; Classen et al. 2010). Since
growing season is projected to be warmer and drier due to cli-
mate change in the study region (Appenzeller et al. 2011)
and many regions of the world (IPCC 2007), it seems impor-
tant to improve our understanding of how forest microclimate
is influenced by the key determinants air temperature, vapour
pressure deficit and soil moisture potential.
In this study, we wanted to quantify the relationships

between the moderating capacity of the canopy, canopy den-
sity and soil moisture at different time frames. Moderating
capacity of the canopy (henceforth simply referred to as
‘moderating capacity’) is defined here as the difference D
between below-canopy and open-area microclimate. We delib-
erately focused on T and VPD. While T controls rates of
many processes, VPD may be considered as the drying power
of air (Kramer & Boyer 1995) and is therefore more directly
related to plant water balance than the more frequently used
RH. Our specific questions were as follows: (i) How do can-
opy density and soil moisture influence below-canopy T and
VPD compared with the nearby open area? (ii) How does this
moderating capacity in T and VPD change during dry-soil
periods depending on canopy density? (iii) How are diurnal
patterns of DT and DVPD influenced by canopy density and
soil moisture? These questions were investigated for each sea-
son using long-term data from 11 distinct forest ecosystems
in Switzerland. Our analyses revealed several important rela-
tionships and threshold effects between forest microclimate,
soil moisture and canopy density. The results will be dis-
cussed with respect to their meaning for natural seedling
establishment in the context of future climate change.

© 2013 The Authors. Journal of Ecology © 2013 British Ecological Society, Journal of Ecology, 101, 1201–1213
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Materials and methods

STUDY SITES

We used meteorological and soil moisture data collected from 1998
to 2011 at 11 of 19 sites within the ongoing Swiss Long-term Forest
Ecosystem Research Programme LWF (Innes 1995). Sites represent a
wide range of forest ecosystems (Table 1) with respect to species
composition, stand structure, altitude and climate and may therefore
be representative for most forest ecosystems within central Europe
and other temperate climate zones.

METEOROLOGICAL DATA

Each site is equipped with one meteorological station within a forest
plot (hereafter referred to as ‘below canopy’) and one in a nearby
(<2 km) plot in a comparable physiographic setting outside of the
stand (henceforth referred to as ‘open area’). Below-canopy stations
were, on average, 185 m away from the closest forest edge, while
open-area stations were, on average, 90 m apart from any forest edge.
These distances should buffer sufficiently from edge effects (Davies-
Colley, Payne & van Elswijk 2000; Heithecker & Halpern 2007),
although some studies found edge effects extending >240 m into the
forest when winds were high (Chen, Franklin & Spies 1995; Chen
et al. 1999). The pairwise set-up was designed to investigate the
influence of forest ecosystem properties on below-canopy microcli-
mate.

Combined T and RH sensors of the type MP100A (Rotronic AG,
Bassersdorf, Switzerland) were placed 2 m above ground according
to the standards of ICP Forests (International Co-operative Pro-
gramme on Assessment and Monitoring of Air Pollution Effects on
Forests). While conditions at ground level may differ significantly
from those measured at 2 m above ground, ground-level measure-
ments are much more sensitive to small-scale heterogeneity in topog-
raphy, soil properties and vegetation and therefore only representative
for a few centimetres (Geiger, Aron & Todhunter 2009). Unlike
below canopy, ground-level temperatures in the open area are usually
higher than at 2 m (Mitscherlich 1981; Suggitt et al. 2011). Thus, the
effective ground-level moderating capacity is potentially even greater
than reported in this study. Recording intervals were set at 10 min
(T) and at 60 min (RH). All sensors were calibrated every two to
three years by Rotronic AG with an uncertainty of �0.3 °C and
�1.5%, respectively. RH and T data were quality-checked and
improved as described in the study by von Arx, Dobbertin & Rebetez
(2012a,b). Precipitation, wind speed and global radiation, as well as
other meteorological parameters were equally recorded (see Renaud
et al. 2011; for details). Hourly VPD was calculated as the difference
between saturated (Psat) and effective water pressure of the air (Pair).
Psat [kPa] was calculated as follows (cf. Monteith & Unsworth 2008;
WMO 2008):

Psat ¼ 0:6112� expðð17:62� TÞ=ðT þ 243:12ÞÞ eqn 1

Pair [kPa] was computed as (see Tetens 1930):

Pair ¼ Psat � RH=100 eqn 2

CANOPY DENSITY AND GROUND VEGETATION

Leaf area index (LAI; uncorrected for clumping, thus corresponding
to effective LAI) was assessed at each site in summer 2004 (between T
ab
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30 June and 30 August) using a portable LAI-2000 light sensor sys-
tem (LI-COR, Inc, Lincoln, NE, USA) as described in the study by
Thimonier, Sedivy & Schleppi (2010). On the basis of measured LAI
values, sites were grouped into two LAI classes: low LAI (<4) corre-
sponding to relatively sparse canopy and high LAI (>4) correspond-
ing to dense canopy. Additional LAI measurements in 1997, 2001
and 2011 confirmed the consistency of this classification; despite
some interannual variability of LAI in the range of 0.1–1.7, all sites
remained within the attributed LAI class over these years. The high
LAI forest ecosystems were mostly dominated by deciduous species
(see Table 1). Consequently, canopy density was much lower in early
spring and only reached high values after leaves were fully devel-
oped. Similarly, low-altitude sites were over-represented in the high
LAI class, which reflects a natural linkage between these two vari-
ables (see Schleppi, Thimonier & Walthert 2011). Cover of ground
vegetation in the forests was, on average, 46% below dense canopy
and 80% below sparse canopy (Table 1).

SOIL MOISTURE

Soil matrix potential (SMP), a measure for how strongly water adheres
to soil particles (Kramer & Boyer 1995), was determined manually on a
bi-weekly basis at the below-canopy sites since 1998. Measurements
were taken at five depths (15, 30, 50, 80 and 130 cm) using tensiome-
ters composed of ceramic cups (highflow porous ceramic cups, Soil-
moisture Equipment Corp. Santa Barbra, CA, USA) installed
permanently in the field. For each depth, the tensiometers were installed
at eight or more locations to get a spatially more robust average value
(except the 130 cm depth where n = 3). The range of measurement
was from water saturation until �900 hPa. At the dry site Visp (see
Table 2), volumetric soil water content was recorded hourly at three
depths (15, 50 and 70 cm) with four replicates per site using time
domain reflectometry (TDR; Tektronix 1502B cable tester, Tektronix
Inc., Beaverton, OR, USA). SMP and volumetric water content were
measured according to the manual of ICP Forests (Raspe et al. 2013).

Daily SMP was modelled for the below-canopy sites using CoupMod-
el, a coupled heat and mass transfer model for soil–plant–atmosphere

systems (Jansson & Karlberg 2004). Model input parameters were mete-
orological data (precipitation, T, RH, wind speed, global radiation), stand
characteristics (LAI, tree height, stand composition; see Table 1) and the
water retention curves (WRC) for each soil horizon. The WRC were cal-
culated using the van Genuchten parameters determined for different
classes of bulk density and soil texture (Teepe, Dilling & Beese 2003).
Table 2 gives an overview of the soil texture, the estimated water hold-
ing capacity and some other soil characteristics. The saturated hydraulic
conductivity (Ksat) was derived from pedotransfer functions (Eckelmann
2006). The model was calibrated and validated with measured SMP (or,
in the case of Visp, daily volumetric water content). The topmost soil
layer interacts the most with the atmosphere and thus also shows great
fluctuations in SMP. Nevertheless, only model outputs for the horizon
10–20 cm were considered for analysis, because measured data existed
at a depth of 15 cm for quality control.

Every day each site was classified as having moist (≥�65 hPa) or
dry (≤�350 hPa) soil. While the former threshold corresponds to field
capacity, the latter was deliberately chosen to represent moderately
dry soils to have sufficient data for the analysis. The quality control
of modelled data revealed that 0.4% of the days falling into the
‘moist’ class according to biweekly measured SMP were classified as
‘dry’ in the corresponding modelled SMP. This percentage was 8.4%
when comparing the ‘moist’ instead of ‘dry’ classification, meaning
that soils were generally modelled too wet. The obtained classification
was then smoothed by an algorithm that classified days with a mod-
elled SMP between �65 and �350 hPa as ‘dry’ if both neighbouring
days were ‘dry’ and as ‘moist’ if both neighbouring days were
‘moist’ to remove some high-frequency fluctuations.

DATA ANALYSIS

Moderating capacity of canopies on forest microclimate was assessed
at three different time levels. The dependence of long-term mean dif-
ferences in daily maximum temperatures (DTmax) and vapour pressure
deficits (DVPDmax) between below-canopy and open-area sites on
LAI and soil moisture, respectively, was determined using regression
analysis. Third-order polynomial regressions were performed and

Table 2. Characteristics of soils at the study sites: soil depth, soil type and texture (Walthert et al. 2003), estimated water holding capacity from
the surface to 100 cm depth and measured soil matrix potentials at 15 cm depth (1998–2011)

Site
Soil
depth* [m] Soil type† Humus type

Soil texture
sand-clay‡ [%]

Water
holding
capacity§
[L m�2]

Soil matrix potential¶ [hPa],
percentiles

5% 50% 95%

Bettlachstock 0.90 Rendzic Leptosol Mull 11–53 138 �540 �43 �4
Novaggio 1.30 Dystric Cambisol Moder 71–11 176 �422 �108 �37
Jussy 0.70 Eutric Gleysol Mull 20–46 145 �673 �16 +7
Lausanne 3.00 Dystric Cambisol Mull 51–18 198 �547 �49 �8
Othmarsingen 1.70 Haplic Acrisol Mull 55–12 161 �577 �39 �9
Schaenis 1.60 Eutric Cambisol Mull 45–20 232 �199 �22 �4
Vordemwald >4.50 Dystric Planosol Moder 19–20 199 �507 �42 �9
Beatenberg 0.65 Podzol Raw humus 84–8 163 �50 �14 +1
Celerina >1.00 Podzol Mull 36–12 169 �274 �69 �21
Nationalpark >0.10 Calcaric Fluvisol Moder 27–10 127 �388 �65 �13
Visp 1.05 Calcaric Phaeozem Moder 36–12 224 �3027 �863 �150

*Soil thickness down to parent material (C or R horizon).
†Following FAO (1988).
‡Soil texture between 10 and 20 cm depth.
§Estimated water holding capacity from 0 to 100 cm depth derived from pedotransfer functions (Teepe, Dilling & Beese 2003).
¶Summary for year-round bi-weekly measurements except for Visp, where modelled soil matrix potential is reported (from April to October, only,
since modelled values are less reliable when soils are frozen).

© 2013 The Authors. Journal of Ecology © 2013 British Ecological Society, Journal of Ecology, 101, 1201–1213
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reduced to second- or first-order polynomial regressions if the cubic
or quadratic terms were not significant.

Combined effects of season, LAI and soil moisture class on long-
term mean DTmax and DVPDmax were determined using t-tests and Wil-
coxon tests. T-tests were applied when normality and homoscedasticity
of residuals were met according to the Shapiro and Levene tests. Other-
wise Wilcoxon tests were performed. In an effort to avoid transitional
days between moist- and dry-soil status, only data from homogeneous
soil moisture periods (see classification above) lasting at least 10 days
and from these only data starting from the tenth day, were considered.

Linear regression analyses were performed to investigate how daily
DTmax and DVPDmax changed over 20-day homogeneous dry- vs.
moist-soil periods, depending on LAI and season. The same analyses
were performed for the subperiods of days 1–10 and 11–20 to deter-
mine whether the response would change over time.

Furthermore, diurnal courses of DT and DVPD depending on soil
moisture, LAI and season were determined using mean hourly data to
look for differences in amplitudes, timing of peaks, changes from
positive to negative effects of canopy and vice versa.

Statistical significance was assumed at P = 0.05. All statistical
analyses were performed in R version 2.14.1 (R Development Core
Team 2010).

Results

MEAN RESPONSES OF T AND VPD TO CANOPY DENSITY

AND SOIL MOISTURE

Below-canopy vs. open-area differences in daily maximum
temperature (DTmax) and vapour pressure deficit (DVPDmax)
increased with increasing canopy density of the forest stand
(LAI) and decreased with increasing desiccation of the soils

(Fig. 1). Under sparse canopy (LAI < 4) or when soils were
very dry, the difference between below-canopy and open-area
microclimate levelled off. At the moist end of the SMP scale,
DVPDmax stabilized between a soil moisture potential of
�500 to 0 hPa (Fig. 1d).
The influence of LAI on below-canopy microclimate

depended on soil moisture. The moderating capacity of dense
canopy (LAI > 4) on Tmax in summer was significantly larger
when soils were moist than when they were dry (�3.3 vs.
�2.8 °C). In contrast, for VPDmax, this effect was larger
when soils were dry (�0.52 vs. �0.40 kPa; Fig. 2). Below
sparse canopy (LAI < 4), the overall largest dependence of
moderating capacity on soil moisture was observed in
summer, when Tmax was reduced by 1.3 °C with moist soils
and only by 0.1 °C with dry soils (Fig. 2a). Similarly,
VPDmax was reduced by 0.11 kPa when soils were moist and
even increased by 0.06 kPa compared with the open area
when soils were dry (Fig. 2b). Below dense canopy, the larg-
est dependence of moderating capacity on soil moisture was
observed in spring, with a reduction of Tmax by 2.7 °C when
soils were dry and 1.7 °C when soils were moist (Fig. 2a).
Likewise, during periods of dry soils, VPDmax below dense
canopy was reduced by 0.38 kPa compared with 0.17 kPa
when soils were moist (Fig. 2b), which represented the
overall largest dependence of VPD on soil moisture. The
effects of LAI and soil moisture on below-canopy microcli-
mate also interacted with and depended on season. In spring
and summer, the strongest moderating capacity under sparse
canopy (LAI < 4) on both T and VPD was observed when
soils were moist, whereas under dense canopy, the strongest

(a) (b)

(c) (d)

Fig. 1. Difference in maximum daily
temperature (DTmax; a, c) and vapour pressure
deficit (DVPDmax; b, d) between below-
canopy (bc) and open-area (oa) plots
depending on leaf area index (LAI) and soil
matrix potential (SMP) during summer (JJA)
based on long-term (1998–2011) data from 11
contrasting forest ecosystems in Switzerland.
Third-order polynomial regressions were
performed and reduced to second- or first-
order polynomial regressions if the cubic or
quadratic term was not significant. Significant
regression curves (P ≤ 0.05) and corre-
sponding 95% confidence envelopes are given.

© 2013 The Authors. Journal of Ecology © 2013 British Ecological Society, Journal of Ecology, 101, 1201–1213
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moderating capacity was generally recorded when soils were
dry (Fig. 2). In fall, soil moisture had no significant impact
on DVPDmax, regardless of canopy density (Fig. 2b).

DYNAMICS OF T AND VPD DURING HOMOGENEOUS

PERIODS

Daily differences of Tmax and VPDmax over 20-day homoge-
neous periods of dry and moist soils showed some linear
trends that depended on LAI. Significant trends were most
frequent in spring and below dense canopy and only partly
present in fall and below sparse canopy (Fig. 3). The most
conspicuous dynamics occurred below dense canopy in
spring. While there was only a weak increase in the moderat-

ing capacity when forest soils were moist, moderating capac-
ity when soils were dry increased strongly and even more so
in the second half of the considered period (Fig. 3d,j). This is
in contrast to low-canopy-density forests. There, moderating
capacity in periods of dry soils slightly decreased and
approached zero, particularly in the second half of the consid-
ered period (Fig. 3a,g). In summer, the moderating capacity
decreased also below dense canopy when soils were dry
(Fig. 3e,k). An example of how the moderating capacity of
canopy on VPD interacted with absolute VPD values and soil
moisture is given in Fig. S1 in the Supporting Information for
the site at Jussy. While DVPDmax during the moist growing
season 2007 co-varied with VPDmax, DVPDmax decreased in
the dry summer 2006 when VPDmax increased.

(a)

(b)

(c)

Fig. 2. Mean differences in daily maximum
temperature (DTmax, a) and vapour pressure
deficit (DVPDmax, b) between below-canopy
(bc) and open-area (oa) plots depending on
soil moisture status and leaf area index (LAI)
class based on long-term (1998–2011) data
from 11 contrasting forest ecosystems in
Switzerland. Panel (c) reports the
corresponding long-term baseline data of
several relevant determinants of DTmax and
DVPDmax. Only days ≥10 within homogenous
soil moisture periods were considered.
SMPmed – median daily soil matrix potential at
bc plots; Tmax/VPDmax/Rmax – mean daily
maximum T/VPD/global radiation at oa plots.
ns, not significant; **P ≤ 0.01; ***P ≤ 0.001.
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DIURNAL COURSE OF DT AND DVPD

Diurnal patterns of DT and DVPD showed systematic range
shifts that were largely consistent with mean differences with
regard to LAI and soil moisture (Fig. 4). However, daily
amplitudes were larger in both climatic parameters when soils
were dry. There were also changes from positive to negative
effects of canopy on night-time understorey T and VPD com-
pared with the open area when soils were dry, but hardly so
when soils were moist. During daytime, maximum values
were always more moderate below canopy than in the open
area regardless of soil moisture and LAI. Timing when the
maximum differences between below-canopy and open-area T
and VPD were observed (not to be confused with DTmax and
DVPDmax, the differences of daily maximum values)
depended consistently on LAI. Below sparse canopy, the diur-
nal maximum moderating capacity was already reached at
around 9 AM in the morning, while it was only reached at
around 3 PM below dense canopy. Timing of maximum mod-
erating capacity below dense canopy therefore approximately
matched with timing of daily maximum T and VPD. In con-
trast, moderating capacity below sparse canopy was compara-
bly small at the time of daily maximum T and VPD.

Discussion

The aim of this study was to quantify the relationships
between below-canopy vs. open-area air temperature (T) and
vapour pressure deficit (VPD) depending on canopy density
(LAI) and soil moisture at different time-scales. While the
moderating capacity of forest canopy on these two important
microclimatic parameters generally increased, as expected,
with increasing LAI and soil moisture content, we also
observed some unforeseen interactions between these two
determinants. The patterns and dynamics of DT and DVPD
were mostly similar, which is an effect of the temperature
dependence of VPD. The influence of soil moisture on mod-
erating capacity was strongest in spring and summer and
weakest in fall.

INTERACTIVE INFLUENCE OF LAI AND SOIL MOISTURE

ON BELOW-CANOPY T AND VPD

Canopy density and soil moisture are partly coupled: every-
thing else being equal, forest stands with a dense canopy tran-
spire more water and therefore deplete soil moisture faster
than areas having a sparse or no canopy (Aussenac 2000;
Breshears et al. 1997; Peck, Zenner & Palik 2012; Scharenb-
roch & Bockheim 2007; cf. Fig. 3n). Conversely, dense-can-
opy forests usually grow in less water-limited regions
(Breshears et al. 1997; Schleppi, Thimonier & Walthert 2011)
where soils are mostly re-wetted before soil moisture drops
below a critical threshold.
This natural interrelationship between canopy density and

soil moisture may provide the background for understanding
the consistently lower springtime moderating capacity on daily
maximum T and VPD observed below sparse canopy when

soils were dry, while the opposite applied below dense canopy.
The small (T) and absent (VPD) moderation below sparse can-
opy probably reflects the exclusive shading effect by canopy,
whereas during moist-soil conditions evaporative cooling and
sensible heat flux added to the moderating capacity of canopy
(Geiger, Aron & Todhunter 2009). Two different effects proba-
bly explain the contrasting larger moderating capacity generally
observed below dense canopy during dry- vs. moist-soil condi-
tion. The first explanation is provided by the generally stronger
radiation, warmer T and increased VPD in those periods (see
Fig. 2), which is commonly associated with increased moderat-
ing capacity (Renaud & Rebetez 2009; Geiger, Aron & Tod-
hunter 2009). Secondly, soil water content may only have been
depleted to a point where a certain moderating effect remained.
The contrast in springtime moderating capacity between

sparse- and dense-canopy forest sites also prevailed during
periods of contrasting soil moisture. During periods of dry
soils, the moderating capacity below sparse canopy tended to
decrease and cancel out, particularly during the second half of
the 20-day periods. The opposite pattern was found below
dense canopy, where the progressive leafing of the dense-can-
opy forest ecosystems led to rising shading from solar radia-
tion. The magnitude of this progressively increasing shading
most probably corresponds to the observed increasing moder-
ating capacity during the moist-soil period. Note that this
effect is missing at the sparse-canopy sites because they were
dominated by evergreens.
There was also a contrasting seasonal pattern of moderating

capacity depending on canopy density. Unlike below dense
canopy and as commonly reported (e.g. Geiger, Aron & Tod-
hunter 2009; Renaud & Rebetez 2009; Grimmond, Robeson &
Schoof 2000; Morecroft, Taylor & Oliver 1998), the moderat-
ing capacity below sparse canopy was nearly absent (T) or even
negative (VPD) during periods of dry soils in summer, when
conditions were physiologically most demanding for plant
growth. This seasonal divergence may be explained by the high
solar altitude in summer, when radiation was more vertical and
therefore reached the soil through gaps in the sparse canopy
more easily than in the other seasons (Geiger, Aron & Todhun-
ter 2009; Mitscherlich 1981). The effect is amplified because
the crown geometries of conifers dominating in our sparse-can-
opy sites are generally conical as opposed to the more wide-
spread, horizontally distributed crowns of broadleaved species
dominating at our dense-canopy sites (Baldocchi & Collineau
1994). In addition, soil moisture reached lowest levels at
sparse-canopy sites in summer, thus contributing less to evapo-
rative cooling. During summer, T and VPD also showed the
most notable divergence, particularly at the dense-canopy sites.
Because of the coupling of VPD with T (see eqn 1), this diver-
gence must be due to differences in air humidity.
On a diurnal level, moist soils displayed more constant mod-

erating capacity than dry soils irrespective of canopy density.
This contrast was probably a consequence of energy absorption
by the water vapour in the air and evaporative cooling (Mon-
teith & Unsworth 2008), which were both more pronounced
during moist-soil conditions. The observed early peak of
moderating capacity at the sparse-canopy sites – well before

© 2013 The Authors. Journal of Ecology © 2013 British Ecological Society, Journal of Ecology, 101, 1201–1213
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daytime peaks of T and VPD were reached – no doubt goes
back to the same interaction of canopy structure, crown geome-
try and solar altitude as detailed in the previous paragraph. This
explanation is further supported by the quite consistent cancel-
ling-out peak observed at noon. Following this argument, one
would expect a second peak of elevated moderating capacity in
the afternoon. While such a peak indeed occurred, its compara-
bly small magnitude is likely due to sensible heat flux: solar
radiation during the first half of the day warmed up the top lay-
ers of forest soils, and this stored energy was released to the
atmosphere later in the day (Geiger, Aron & Todhunter 2009).

SIGNIF ICANCE FOR FOREST ECOSYSTEMS IN THE

WAKE OF CLIMATE CHANGE

When moving from dense- to sparse-canopy forests, the mod-
erating capacity on microclimate deteriorated in three different
ways. First, the mean moderating capacity decreased. Sec-
ondly, moderation was smallest or absent under low-soil-mois-
ture conditions, as well as at times of the day and the growing
season when conditions for growth of tree seedlings were most
challenging. Thirdly, moderating capacity tended to decrease
during dry-soil periods (Fig. 5). The seemingly unsupportive
properties of sparse canopy on understorey microclimate may
not be considered a serious issue, because seedlings growing
in such forest ecosystems usually belong to species adapted to
these conditions (Ellenberg 1986). However, if climate change
leads to an identical drop of moderating capacity, the time
above an assumed critical threshold during a dry period will
be much longer at a moist than a dry site (Fig. 6). In other
words, the safety margin in a sparse-canopy forest ecosystem
may be narrower, should drought events become more fre-
quent, severe and/or prolonged. Climate change scenarios for
the study region and additional regions in the temperate cli-
mate zones predict just that (Appenzeller et al. 2011; IPCC
2007). A decrease in the moderating capacity of forest ecosys-
tems, together with anticipated general warming, prolonged
dry spells in summer and greater climate variability, may over-
strain the resilience of tree seedlings, especially those growing
in physiologically marginal habitats.
On a more long-term perspective, crown defoliation in

dense-canopy forest ecosystems as direct (e.g. drought stress;
Carnicer et al. 2011; Seidling, Ziche & Beck 2012; Rood et al.
2000) and indirect responses (e.g. increased attacks by insects
and pathogens; Allen et al. 2010; Mattson & Haack 1987; Dan-
iels et al. 2011) of climate change may alter their moderating
capacity towards that of sparse-canopy forest ecosystems. Such
a shift could probably expose young seedlings from current tree
species to conditions detrimental for successful establishment,
as a manipulation experiment by Lloret et al. (2009) in

Mediterranean shrublands showed. Furthermore, sparser cano-
pies often feature greater ground vegetation cover (see
Table 1), which may increase competition by herbaceous spe-
cies (Crunkilton, Pallardy & Garrett 1992; Plamboeck, North &
Dawson 2008). While a greater share of precipitation reaches
the ground through sparser canopies, more direct solar radiation
will counteract this potential advantage by faster desiccating
the top soil layer where the young seedlings root (Castro et al.
2004).
Climate change is also associated with increasing atmo-

spheric CO2 concentrations, which may stimulate growth and
productivity (Neufeld & Young 2003) and therefore increase
canopy density. However, this only applies to regions where
there is adequate moisture or growth is currently limited by
cold (Chmura et al. 2011; Wertin, McGuire & Teskey 2012).
Moreover, higher growth would also increase competition for
nutrients between established trees and understorey vegetation
(Neufeld & Young 2003). Increasing temperatures also affect
phenology; specifically, a significant advancement of spring
has been observed (Menzel et al. 2006). Prolonged spring
growth activity may deplete soil moisture and therefore
decrease moderating capacity in summer, besides other known
risks of earlier phenology such as damage by late frost (Neu-
feld & Young 2003) and inappropriate root-to-shoot ratio to
sustain dry summer periods (Richter et al. 2012).
There were some characteristics and limitations of potential

relevance in our study. In the subset of sparse-canopy forests,
data from the dry site Visp and the moist site Beatenberg were
naturally overrepresented in the analyses of prolonged, homo-
geneous dry, respectively, moist spells. Furthermore, sparse-
canopy forests were dominated by evergreen conifer species
and dense-canopy forests by deciduous broadleaved species.
Deciduous broadleaved tree species usually have more fine
roots (Alvarez-Uria & K€orner 2011 and references therein) and
close stomata later than evergreen conifer species (Marshall &
Waring 1984). Species identity of overstorey trees may thus
alter the temporal and spatial patterns of water depletion and
therefore affect forest microclimate and establishment of seed-
lings. Finally, besides T and VPD, overstorey tree species com-
position usually also influences abiotic (soil pH, texture,
nutrient levels, litter amounts, etc.) and biotic (cover and com-
position of herbaceous vegetation) conditions in the forest floor
(Gilliam & Roberts 2003; George & Bazzaz 2003; Monnier
et al. 2012), which all affect the survivability of seedlings in
the understorey.

Conclusion

In this study, we used a unique set-up of below-canopy and
open-area meteorological reference stations replicated at a wide

Fig. 3. Dynamics of differences in daily maximum temperature (DTmax; a–f) and vapour pressure deficit (DVPDmax; g–l) between below-canopy
(bc) and open-area (oa) plots depending on leaf area index (LAI) during homogeneous 20-day periods of dry vs. moist soil based on long-term
(1998–2011) data from 11 contrasting forest ecosystems in Switzerland. Corresponding dynamics of daily soil matrix potential (SMP) are given
in m-o. Significant linear regression lines (P ≤ 0.05) are depicted for the entire 20-day period, days 1–10 and days 11–20 of each period. The
corresponding r2-values are reported in that order. Note that scales between low and high LAI panels are shifted, while depicted scale ranges are
identical.
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range of distinct forest ecosystems to investigate the influence
of canopy density and soil moisture on understorey microcli-
mate. We demonstrated that canopy density and soil moisture

interact in a complex way that depends on time-scale (seasons,
multiday periods, diurnal cycles) to create a distinct understorey
microclimate. Our results suggest that there is a threshold

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. 4. Diurnal patterns of differences in temperature (DT; a–f) and vapour pressure deficit (DVPD; g–l) between below-canopy (bc) and open-
area (oa) plots depending on leaf area index (LAI) during dry- vs. moist-soil periods based on long-term (1998–2011) data from 11 contrasting
forest ecosystems in Switzerland. Note that scales between low and high LAI panels are shifted, while depicted scale ranges are identical.
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canopy density, likely linked to site-specific water availability,
below which the moderating capacity switches from supportive
(strongest during physiologically most demanding conditions)
to unsupportive (weakest or absent during physiologically most
demanding conditions) for seedling establishment. It is possible
that crossing of such canopy-density thresholds as induced by
climate change alters below-canopy microclimate in a way that
precludes successful establishment of some tree species or lim-
its establishment to particularly favourable years, ultimately

changing forest ecosystem structure and functioning. Our
results demonstrate the importance of quantifying below-
canopy microclimate depending on different functional aspects
and time frames. Furthermore, we substantiate the need to
improve the knowledge of physiological requirements of tree
seedlings of different species to adjust management and mitiga-
tion plans in response to climate change.
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canopy on understorey microclimate. Above the threshold, the moder-
ating capacity was strongest at times (i) of the day, (ii) within periods
and (iii) of the year when conditions were physiologically most
demanding for establishing seedlings (‘supportive’). Below the thresh-
old, the timing of strongest moderating capacity and most demanding
conditions did not match (‘unsupportive’).
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Fig. 6. Conceptual model of how climate change may affect below-
canopy microclimatic moderating capacity in a moist vs. dry forest
ecosystem during a dry spell in summer. Moderating capacity at a
moist site is initially greater, but may decrease quicker (solid black
line) than at a dry site (solid grey line). After continued drought
(Dt1m/Dt1d), moderating capacity at both sites may cross a hypotheti-
cal threshold (Thcrit) below which conditions for seedling growth may
turn detrimental. An identical scale shift in moderating capacity
through climate change would shorten the time that below-canopy
microclimate remains above Thcrit much more at the dry (Dt2d) than
the moist site (Dt2m).
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Supporting Information

Additional Supporting Information may be found in the online ver-
sion of this article:

Figure S1. Comparison of below-canopy daily maximum vapour
pressure deficit and the difference to open-area vapour pressure deficit
at the site Jussy in two contrasting years.
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