™ forests MBPY

Article
Influence of Drought on Foliar Water Uptake Capacity
of Temperate Tree Species

Jeroen D.M. Schreel 1*(, Jonas S. von der Crone !, Ott Kangur 12 and Kathy Steppe !

1 Laboratory of Plant Ecology, Department of Plants and Crops, Faculty of Bioscience Engineering, Ghent

University, Coupure links 653, 9000 Gent, Belgium

Laboratory of Plant Ecophysiology, Department of Botany, Faculty of Science and Technology, University of
Tartu, Lai 40, 51005 Tartu, Estonia

*  Correspondence: Jeroen.Schreel@UGent.be; Tel.: +32-9264-9376

check for
Received: 18 April 2019; Accepted: 26 June 2019; Published: 4 July 2019 updates

Abstract: Foliar water uptake (FWU) has been investigated in an increasing number of species from a
variety of areas but has remained largely understudied in deciduous, temperate tree species from
non-foggy regions. As leaf wetting events frequently occur in temperate regions, FWU might be
more important than previously thought and should be investigated. As climate change progresses,
the number of drought events is expected to increase, basically resulting in a decreasing number
of leaf wetting events, which might make FWU a seemingly less important mechanism. However,
the impact of drought on FWU might not be that unidirectional because drought will also cause a
more negative tree water potential, which is expected to result in more FWU. It yet remains unclear
whether drought results in a general increase or decrease in the amount of water absorbed by leaves.
The main objectives of this study are, therefore: (i) to assess FWU-capacity in nine widely distributed
key tree species from temperate regions, and (ii) to investigate the effect of drought on FWU in these
species. Based on measurements of leaf and soil water potential and FWU-capacity, the effect of
drought on FWU in temperate tree species was assessed. Eight out of nine temperate tree species
were able to absorb water via their leaves. The amount of water absorbed by leaves and the response
of this plant trait to drought were species-dependent, with a general increase in the amount of water
absorbed as leaf water potential decreased. This relationship was less pronounced when using
soil water potential as an independent variable. We were able to classify species according to their
response in FWU to drought at the leaf level, but this classification changed when using drought
at the soil level, and was driven by iso- and anisohydric behavior. FWU hence occurred in several
key tree species from temperate regions, be it with some variability, which potentially allows these
species to partly reduce the effects of drought stress. We recommend including this mechanism in
future research regarding plant-water relations and to investigate the impact of different pathways
used for FWU.

Keywords: aridity; climate change; drought; foliar absorption; foliar water uptake; plant
ecophysiology; plant-water relations; temperate forests; trees; water potential

1. Introduction

Water transport within the soil-plant-atmosphere (SPAC) continuum is described by the
cohesion-tension theory, expressing a passive upward water flow due to tension on the water
column caused by transpiration at the leaf level [1]. According to this theory, water flow is driven by a
difference in hydrostatic pressure or water potential [2] and regulated by stomata at the leaf level [3].
As such, this concept results in a water flow from soil through plants into the atmosphere.

Forests 2019, 10, 562; doi:10.3390/f10070562 www.mdpi.com/journal/forests


http://www.mdpi.com/journal/forests
http://www.mdpi.com
https://orcid.org/0000-0002-6152-1307
http://dx.doi.org/10.3390/f10070562
http://www.mdpi.com/journal/forests
https://www.mdpi.com/1999-4907/10/7/562?type=check_update&version=2

Forests 2019, 10, 562 20of 11

During leaf wetting events, a water film with a water potential close to zero can be formed on the
leaf surface. Water from this film can be absorbed by leaves, i.e., foliar water uptake (FWU), depending
on leaf permeability [2,4,5]. Recent theoretical work by Vesala et al. (2017) has indicated that water
can also be absorbed by leaves in the absence of leaf wetting events through reverse transpiration
when a sufficiently high atmospheric relative humidity is reached [6]. Hydraulic redistribution of
this absorbed water results in a complete reversal of the aforementioned SPAC-flow, inducing water
transport from leaves toward stem and possibly roots [2,4,5,7,8]. The importance of FWU depends on
timing, both diurnal and seasonal [5], and length of leaf wetting events, with duration of leaf wetting
being more important than the amount of water supplied [9].

FWU has been demonstrated in an increasing number of species [4,7] originating from a variety of
areas ranging from tropical montane cloud forests [7] to mangroves [10] and dryland ecosystems [11]
but has so far been understudied in deciduous, temperate tree species from non-foggy regions. Leaf
wetting events that may potentially lead to FWU occur on average once every three days on a yearly
basis in temperate regions [5], hinting towards FWU as a frequently used mechanism by temperate
trees. Furthermore, Burkhardt and Hunsche (2013) stated that microscopic leaf wetness occurs on
almost any plant worldwide, often permanently [12]. As such, FWU might be a major underestimated
water flow in temperate tree species [13] and should, therefore, be investigated.

As climate change progresses, the number of drought events is predicted to increase [14]. However,
even when drought occurs, leaf wetting might still be present (e.g., morning dew, fog, or precipitation
events which do not substantially wet the soil). This has led to speculations about an increased
importance of FWU as climate change progresses [13]. On the one hand, a decrease in leaf water
potential during drought results in a higher water potential difference between leaf and atmospheric
water, which is the driving force for FWU [15]. On the other hand, the pathway used for FWU might
be blocked during drought, e.g., if stomata are used in FWU, and these close during drought [3],
leaves will absorb less water [4]. This makes the effect of drought on FWU not straightforward
to predict, although, in general, it is assumed that drought will lead to an increase in FWU [13].
The extent of FWU contributing to the water relations for a given species hence not only depends on its
ability to absorb water but also on the pathways used for FWU. These pathways (i.e., trichomes [16],
hydathodes [17], stomata [18], or cuticular diffusion [19]) are species-dependent and in most cases still
unclear. Furthermore, even if the number of leaf wetting events would decrease due to an increase in
the number of drought events, the relative contribution of FWU to the water budget of plants might be
more pronounced as a result of induced water shortage.

This study (i) investigates FWU-capacity in nine widely distributed key deciduous, temperate tree
species from non-foggy regions, with a variety of leaf morphologies and contrasting stomatal behavior,
which could potentially affect FWU, and (ii) compares the relative importance of FWU in these species
during drought. We hypothesize that FWU and the impact of drought on FWU are species-dependent,
with an expected general increase in FWU as drought intensifies.

2. Materials and Methods

2.1. Experimental Set-Up

Three- to four-year-old Alnus glutinosa L., Betula pendula Roth., Fagus sylvatica L., Liquidambar
styraciflua L., Quercus robur L., Robinia pseudoacacia L., Sorbus aucuparia L., and Tilia cordata
Mill. (eight trees per species, height class 150-175 cm) and two-year-old Populus tremula L. (eight
trees, height class 125-150 cm) were planted on 21 March 2018 into pots (diameter 40 cm, height
25 cm) containing organic soil (Peltracom, Belgium) enriched with 4 g.L ™! slow releasing fertilizer
(Osmocote Standard 8-9 m, Osmocote Garden, USA) in a greenhouse at the Faculty of Bioscience
Engineering, Ghent University, Belgium. Initially, all trees were well-watered by drip irrigation. On 29
May 2018, drip irrigation was removed from half of the trees per species in order to assess the effect of
climate change-driven drought on FWU-capacity (see below; Equation 2). Control and drought-treated
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trees were monitored (see 2.2) on average every four days between 9 May and 4 July 2018, until leaf
senescence or shedding of leaves occurred, indicating severe drought stress (Figure S1).

2.2. Measurements

Soil water content (SWC; %) was measured with a frequency domain reflectometer (HH2 Moisture
Meter Version 2.1, Delta-T Devices, UK) and converted to soil water potential (¥ 4j; MPa) by calibration
with a tensiometer (CV5 U, Tensio-Technik, Germany) in a pot containing both sensors, filled with
organic soil (Peltracom, Belgium) enriched with 4 g.L ! slow releasing fertilizer (Osmocote Standard
8-9M, Osmocote Garden, USA), without a tree. Based on this calibration, SWC of 10% and higher were
converted to soil water potential. Lower values were not used because of the limited measurement
range of the tensiometer (up to 800 hPa) (Figure S2). Due to limitations in the measurement range of
the tensiometers, estimated soil water potential may differ from the actual soil water potential values
under dry conditions, but the drought treatment was effective in reducing soil moisture (Figure S1)
and therefore we can still consider the temporal variations in estimated soil water potential.

—0.1898
(140.0076 x SWC) 1%

Yeoil = (1 )

A randomly selected pair of leaves per tree was cut between 8.30 and 12 am and instantaneously
used for measurements of leaf water potential (V}eor; MPa) and foliar water uptake capacity
(FWU-capacity; mg.cm ~2). Parallel sampled leaves were used because measurements would otherwise
affect one another. W, was measured with a pressure chamber (Model 1000, PMS Instruments
Company, USA). FWU-capacity was determined according to Limm et al. (2009) [20]. In short, fresh
leaves were cut from the trees. Petioles of the cut leaves were immediately sealed by non-acid vinyl
glue (Artemio, Belgium), weighed (M;; mg), taped to Petri dishes, submerged in distilled water,
avoiding contact between water and petioles, and placed in a dark room. After four hours, leaves were
patted dry, reweighed (Mjy; mg), and leaf area (A; cm?) was measured. FWU-capacity is calculated as:

M; - My

FWU-capacity = N

@
Lastly, leaves were dried in a dry oven for over 48 hours at 80 °C, after which oven-dry mass was
weighed (Mg; mg). Difference in leaf water content (ALWC; %) was calculated as:

Mxloo_wxmo ©)

ALWC =
M, M;

Water absorbed by leaves resulted in an increase in leaf water content (LWC), with LWGC;
(%.cm?.mg~!) indicating the increase in leaf water content per mg of water absorbed per unit of leaf
area, represented by the slope in a ALWC versus FWU-capacity plot. In other words, LWC; indicates
how much drought stress at leaf level is potentially alleviated by the absorbance of 1 mg of water per
unit of leaf area, allowing an interspecific comparison of FWU. However, LWC; alone is not sufficient
for interspecific comparison because the amount of water absorbed by the leaves determines the
importance of this metric. When multiplying LWC; with the maximum amount of water absorbed by
leaves (FWUax; mg.cm_z), the potential relative importance of FWU to alleviate drought stress at leaf
level (PRI; %) is obtained.

PRI = LWC; X FWUpax 4)

PRI differs from actual relative importance of FWU to alleviate drought stress (ARI; %. MPa 1) as
PRI incorporates the maximum amount of water absorbed by the leaves while ARI uses the increase
in FWU-capacity per MPa decrease in Wie,¢ (FWU;; mg.cm ~2. MPa ~!). By multiplying LWC; with
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FWU; ARI of FWU to alleviate drought stress is calculated. FWU]j is directly correlated to the effect of
drought at leaf level on FWU-capacity.

ARI = LWG; x FWU; (5)

2.3. Data-Processing and Terminology

A two-way analyses of variance (ANOVA) on all data was performed to assess the effect of (i)
species and treatment (well-watered and drought), (ii) species and soil water potential, and (iii) species
and leaf water potential on FWU-capacity, indicating a significant interaction effect (p < 0.05) for all
three analyses. This confirms that the drought treatment had a significant effect on FWU-capacity
and that there are interspecies effects on FWU-capacity due to drought at soil and leaf level. Using a
one-way ANOVA, significant differences were found in the FWU-capacity between species, both in
well-watered (p < 0.05) and drought-treated (p < 0.05) trees. Statistical difference between different
species within the same treatment was assessed by Tukey’s HSD test, both for well-watered and
drought-treated trees. Statistical difference between measured FWU-capacity and zero (i.e. no FWU)
per species within the same treatment was tested by individual t-tests. Based on the central limit
theorem, normality was assumed.

Further processing was done by distributing all data into equal intervals of the independent
variable under investigation (FWU-capacity, Wiess 0r Wgoi1), filtering out pseudoreplications (i.e., if
the same tree was measured more than once in the same interval, the mean of these measurements
was used), and calculating the mean with standard error of different trees from the same species
within the same interval. When only one measurement within an interval was present, this data point
was not used. A linear regression model was applied to each dataset of calculated means per tree
species, resulting in an intercept (3¢), slope (1), and coefficient of determination (R?) and p-values
indicating whether or not the slope and/or intercept were significant at a 95% confidence level (p <
0.05). All statistical analyses were done in RStudio (R Core Team 2016).

When (31 was significant at a 95% confidence level, a significant increase or decrease was mentioned
(Table 1). When (31 was not significant but 3y was, no linear effect was indicated. When both (31 and
Bo were not significant and R? was equal to or higher than 0.5, a tendency to increase or decrease
was indicated. When both 3; and 3y were not significant and R? was lower than 0.5, a no effect
was reported.

Table 1. table of terminology based on slope (B1), intercept (B), and coefficient of determination (R?)
of linear regression.

B1 Bo R? Terminology
Significant (p < 0.05) = Significant
Not significant Significant (p < 0.05) = No effect
Not significant Not significant >0.5 = Tendency to
Not significant Not significant <0.5 E> No effect

3. Results

The amount of water absorbed by leaves is species-dependent, resulting in statistical differences
between species in the same treatment (Figure 1). A few species (B. pendula, L. styraciflua, Q. robur)
showed no significant FWU during well-watered conditions, but only Q. robur showed no significant
FWU during drought (i.e., all measurements in drought-treated trees with W of -0.0125 MPa or lower,
until leaf senescence or leaf shedding occurred). The amount of water absorbed by leaves averaged
across all species, excluding Q. robur, was 0.52 + 0.13 and 0.46 + 0.11 mg per cm? of leaf area during
well-watered and dry conditions, respectively.
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Figure 1. amount of water absorbed by leaves in nine temperate tree species per unit of leaf area
(FWU-capacity), both during (a) well-watered and (b) dry conditions. Values for soil water potential
(Wsoi1) are means + standard error. Lower case letters indicate statistical differences between species
within the same treatment (panel a or b) at a 95% confidence level. * indicates an FWU-capacity
significantly different from zero at a 95% confidence level.

Water absorbed by leaves resulted in a LWC; ranging from 1.4% for A. glutinosa to 3.1% for
F. sylvatica, indicated by the slopes in Figure 2. Because the amount of water absorbed by leaves varied
between species, PRI was highest in F. sylvatica, T. cordata, and P. tremula, while ARI was highest in
A. glutinosa, followed by R. pseudoacacia, F. sylvatica, and P. tremula (Table 2).

Table 2. in leaf water content per mg absorbed water per unit of leaf area (LWC;; %.cm?.mg ~1),
maximum amount of water absorbed per unit of leaf area (FWUpay; mg.cm -2y, potential relative
importance of FWU (PRI; %), mean increase in amount of water absorbed by leaves per unit of area
per MPa decrease in Wie, ¢ (FWU;; mg.cm =2 MPa 1), and actual relative importance of FWU during
drought (ARL; %.MPa -1 per species. Values + standard error.

Species. WG FWUax PRI FWU; ARI
Alnus glutinosa 1.4+0.0 1.9+0.0 2.7+0.0 09+04 1.3+0.6
Betula pendula 21+0.0 0.9 +0.0 1.9 +0.0 X X
Fagus sylvatica 31+03 1.0+ 0.0 33+03 02+01 0.6+0.4
Liquidambar styraciflua 1.6 £0.0 0.3+0.0 0.5+0.0 01+0.0 02+0.0
Populus tremula 20+0.0 1.6 £0.0 32+0.0 03+01 06+0.2
Quercus robur 22+0.1 0.6 £0.1 1.3+0.3 X X
Robinia pseudoacacia 1.7+0.3 1.1+01 1.9+05 0.5+0.0 09+02
Sorbus aucuparia 1.7+ 0.0 1.4+0.0 23+0.0 X X
Tilia cordata 23+0.1 1.4+00 33+01 X X

While the majority of species indicated a significant (L. styraciflua, P. tremula, R. pseudoacacia) or
tendency to (A. glutinosa, F. sylvatica) increase the amount of water absorbed by leaves with a decrease
in W}eqaf measured prior to submergence, some species (B. pendula, Q. robur, S. aucuparia, T. cordata)
showed no effect of W}e,¢ on the amount of absorbed water (Figure 3).

About half of the species (B. pendula, F. sylvatica, P. tremula, Q. robur, S. aucuparia) showed no
effect of W, on the amount of water absorbed by the leaves (Figure 4). Three species showed a
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significant increase in (R. pseudoacacia, T. cordata) or a tendency to increase (L. styraciflua) the amount of
water absorbed as W decreased, whereas A. glutinosa showed a tendency to decrease the amount of
absorbed water with decreasing W
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Figure 2. Mean increase in leaf water content (ALWC) as a function of mean amount of water absorbed
by leaves (FWU-capacity) in nine temperate tree species. Bars represent the standard error. B¢, 1,
and R? indicate the intercept, slope, and coefficient of determination of the linear regression, respectively.
* indicates a significant intercept or slope at 95% confidence level.
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Figure 3. amount of water absorbed by leaves (FWU-capacity) in nine temperate tree species as a
function of mean leaf water potential (W}e,¢) prior to leaf submergence. Bars represent the standard error.
Bo, B1, and R? indicate the intercept, slope, and coefficient of determination of the linear regression,
respectively. Blue data indicate a significant increase in water absorbed as Wie,¢ decreased. Green data
indicate no significant trend. * indicates a significant intercept or slope at 95% confidence level.
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Figure 4. amount of water absorbed by leaves (FWU-capacity) in nine temperate tree species as a
function of mean soil water potential (Wy1). Bars represent the standard error. g, 31, and R? indicate
the intercept, slope, and coefficient of determination of the linear regression, respectively. Blue data
indicate a significant increase in water absorbed as Wyj decreased. Red data indicate a significant
decrease in water absorbed as Wy, decreased. Green data indicate no significant trend. * indicates a
significant intercept or slope at 95% confidence level.

Most species (F. sylvatica, L. styraciflua, P. tremula, Q. robur, R. pseudoacacia, S. aucuparia, T. cordata)
showed a significant decrease in Wie,f as Wi decreased (Figure 5). Whereas the slope of the linear
model between Wie, s and W, was relatively low for F. sylvatica, L. styraciflua, P. tremula, and Q. robur
(slope 8-16), this slope was relatively high for R. pseudoacacia, S. aucuparia, and T. cordata (slope 30-31).
A. glutnosa and B. pendula showed no effect of Wyoj) on Wieys.
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Figure 5. leaf water potential (W}e,¢) in nine temperate tree species as a function of mean soil water
potential (Wgy1). Bars represent the standard error. 3y, 31, and R? indicate the intercept, slope,
and coefficient of determination of the linear regression, respectively. Blue data indicate a significant
decrease in Wie,f as W, decreased. Green data indicate no significant trend. * indicates a significant
intercept or slope at 95% confidence level.



Forests 2019, 10, 562 8of 11

4. Discussion

The amount of foliar absorbed water is species-specific resulting in significant differences between
species during well-watered conditions, ranging from 0.0 to 1.0 mg of water per cm? of leaf area
in Q. robur and A. glutinosa, respectively (Figure 1a). In this treatment, six out of nine tree species
were able to absorb water via their leaves, with values corresponding to those found by Limm et al.
(2009) [20]. During drought, FWU ranged from 0.0 mg of water per cm? of leaf area in Q. robur to 1.1
mg of water per cm? of leaf area in R. pseudoacacia. While B. pendula, L. styraciflua, and Q. robur were not
able to absorb water during well-watered conditions, Q. robur was the only species that did not absorb
water in both treatments (Figure 1), resulting in eight out of nine species showing foliar water uptake.
The inability of Q. robur to absorb leaf water might be caused by the high hydrophobic trichome
densities present on Quercus spp. leaves [21]. It has been shown that reduction in transpirational
water loss by trichomes is negligible [22], which makes the facilitating effect of a trichome-induced
boundary layer on FWU less probable. However, while trichomes of some species decrease water
retention, trichomes of other species increase retention and enhance leaf wetness [4], making trichome
functionality very species-dependent.

While the amount of water absorbed by leaves is species-specific, absorption of the same amount
of water resulted in distinct differences in leaf water content between different species (Figure 2). This
indicates that the degree of drought stress at leaf level reduced by FWU (LWGC;) is also species-specific,
as quantified by the slope of the linear regressions in Figure 2. As the amount of water absorbed by
leaves varied per species, PRI and ARI allowed a ranking of potential and actual relative importance of
FWU to reduce drought stress in a given species (Table 2). As such, PRI was highest in F. sylvatica,
T. cordata, and P. tremula, whereas ARI was highest in A. glutinosa, R. pseudoacacia, F. sylvatica, and P.
tremula. These results show that the benefit of FWU is not equal in all species, identifying F. sylvatica
and P. tremula (highest PRI and average ARI) as the ones which would benefit most from leaf wetting
events leading to FWU, on a relative scale, during drought at leaf level.

Wieaf Was assumed to be the primary driving force for FWU with a lower (more negative) Wieqt
resulting in more absorption [7]. Our data demonstrate that this is valid for most species (significant:
L. styraciflua, P. tremula, R. pseudoacacia; tendency to: A. glutinosa, F. sylvatica). However, some species
(B. pendula, S. aucuparia, T. cordata) showed no tendency to change the amount of water absorbed
by leaves in response to measured leaf water potential (Figure 3). The presence or absence of a
relationship between Wje,s and FWU can partly be explained by iso- and anisohydric behavior of the
species. Isohydric species maintain a constant midday Wjey¢ to reduce the risk of embolism formation
during drought [23,24], which partly decouples Wie,f from Wy [24,25]. Anisohydric species exhibit a
progressive decrease in midday Wjeqs as Wi decreases [24], allowing them to function with a small
hydraulic safety margin, which may result in embolism formation [23]. By examining the coupling
or decoupling of Wieqs to Wi, A. glutinosa and B. pendula showed a Wieys regulation consistent with
isohydric species (no effect of Wi on Wieas) [26], while R. pseudoacacia, S. aucuparia, and T. cordata
showed anisohydric behavior (significant effect of Wi on Wie,s with a high slope) [27-30] (Figure 5).
F. sylvatica, L. styraciflua, P. tremula, and Q. robur showed an intermediate behavior (significant effect
of Wi on Wieas with a lower slope), despite indications in previous research of intermediate [30] to
anisohydric behavior in F. sylvatica [26] and isohydric behavior in the other species [25,31,32]. This
explains why FWU-capacity and Wie,f in A. glutinosa and B. pendula were not significantly correlated, as
there were no major fluctuations in Wie,¢ (Figure 3). In general, trees respond to drought stress along a
spectrum of iso- and anisohydry [23,24], making this subdivision useful but sometimes dubious because
classification depends on the considered parameters (e.g. difference between predawn and minimum
daily leaf water or slope of the regression between soil and minimum daily leaf water potential)
allowing only a minority of species, if any, to conform strictly to iso- or anisohydric behavior [24,33].

Aforementioned observations allow a rough subdivision based on soil drought into species
incapable (Q. robur) and capable of FWU. Within the group of species that absorb water via their
leaves, there are isohydric species (A. glutinosa) which have the tendency to absorb less water during
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soil drought, anisohydric species (R. pseudoacacia, T. cordata) which absorb more water during soil
drought, and the remaining species (B. pendula, F. sylvatica, L. styraciflua, P. tremula, S. aucuparia)
which are in general irresponsive to soil drought. The latter does not imply that no FWU occurs,
only that the amount of water absorbed is irresponsive to Wy;;. Whereas the effect of drought on
FWU is species-dependent, the amount of water absorbed by leaves across species remains constant
(0.52 + 0.13 and 0.46 + 0.11 mg of water.cm ~2 of leaf area during well-watered and dry conditions,
respectively). Due to the coupling between W,y and Wie,s in F. sylvatica, L. styraciflua, P. tremula,
Q. robur, R. pseudoacacia, S. aucuparia, and T. cordata, it would be expected that FWU-capacity of these
species would be significantly coupled with W;. However, Q. robur was unable to absorb water
with its leaves, resulting in no relationship between FWU-capacity and V. R. pseudoacacia and
T. cordata (significant) and L. styraciflua (tendency to) indicated an increased FWU-capacity in response
to a decrease in Wy . P. tremula (significant) and F. sylvatica showed a correlation between Ve, and
FWU-capacity, but not between W and FWU-capacity. S. aucuparia showed no effect of Wie,s on
FWU-capacity, which is puzzling and requires further research.

Other differences in FWU as a function of W}, or Wi between species might have been caused
by the pathway used for FWU. For example, if stomata are used during FWU and they close during
drought [3], leaves become less accessible to absorb water [4]. This would explain why W had an
inverse significant trend in A. glutinosa and B. pendula where a lower W resulted in a lower amount
of water absorbed by leaves (Figure 4). A decreased (A. glutinosa, B. pendula) or constant (F. sylvatica,
S. aucuparia) FWU as a function of Wie,¢ might indicate a blockage in the FWU-pathway during drought,
disabling leaves to absorb more water (Figure 4). In general, the pathway used for FWU is still unclear
and deserves further investigation.

Even though the amount of water absorbed by FWU was low, eight out of nine investigated
temperate tree species were able to absorb water with their leaves, showing that FWU appears to be a
frequently used mechanism by deciduous, temperate tree species from non-foggy regions. However,
FWU-capacities measured in this study using cut leaves are an underestimation of FWU in intact
trees as water absorbed by attached leaves will be redistributed toward the stem, and possibly the
roots, and can, therefore, be orders of magnitude larger. FWU-capacity as quantified in this paper can
be used to emphasize the general importance of FWU in certain biomes and to compare the relative
importance between species. An overall assessment of the importance of FWU, indicating how much
water is absorbed by leaves and used by trees, is best done with other methods, e.g., stable isotope
tracing and sap flow measurements [34], although caution should be taken when performing isotopic
experiments [35].

As the global importance of FWU is becoming more prevalent [13], we recommend focusing future
research on the pathways used during FWU as well as the implications of FWU in different tree species
regarding their functioning, performance, and growth. This would enable a thorough assessment
of the importance of this plant trait, and implementation of this additional water transport pathway
into terrestrial biosphere models which could help predicting climate change-induced changes in
vegetation cover.

5. Conclusions

In this paper, we present conclusive evidence that the majority of investigated temperate tree
species are able to absorb water with their leaves. These findings identify FWU as an additional water
transport pathway, also in deciduous, temperate tree species from non-foggy regions. The amount
of water absorbed by FWU and its impact on LWC is species-dependent, resulting in differences
in potential relative importance of FWU to reduce drought stress effects at leaf level. When FWU
responded to Wie,f, a classification of tree species according to their actual relative importance of FWU
to reduce drought stress at the leaf level was possible. Impact of soil drought on FWU was affected by
iso- and anisohydric traits of the different species, with isohydric species showing a lower FWU when
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Wil decreased and anisohydric and intermediate species absorbing more or a similar amount of water
when W,;; decreased.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/7/562/s1,
Figure S1: (a) Mean soil water content (%) and (b) mean soil water potential (¥soil; MPa) per species as a
function of day of the year. Figure S2: Soil water potential (¥soil; MPa) as a function of soil water content (%)
with a modified hyperbola fit (R? = 1.00) indicated in red. Shaded circles represent all data from three different
tensiometers; full circles are averaged data without pseudoreplications.
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