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Abstract: Global climate change creates new environmental scenarios and selective pressures; thus, 
a better understanding of the plasticity of plant functional traits is needed to predict how plant 
species will respond to shifts in climate. Among the important functional traits for plants are their 
hydraulic properties which ultimately determine their photosynthetic capacity, growth rate, and 
survival in a changing environment. In this study, the light sensitivity of leaf (KL) and branch hy-
draulic conductance (KB) to fast changes in irradiance, and hydraulic plasticity (PIh) was studied in 
two broadleaved tree species differing in water-use strategy—silver birch (Betula pendula) and hy-
brid aspen (Populus × wettsteinii). The KL increased by a factor of 3.5 and 1.5 from minimal values 
recorded in darkness to maximal values in high light conditions for birch and aspen, respectively, 
indicating a significantly higher PIh for birch (0.72) than for aspen leaves (0.35). KB increased 1.5-
fold from dark to light conditions for both species. The high light sensitivity of KL and KB provides 
a regulatory mechanism to maintain a balance between transpirational demand and hydraulic sup-
ply. The plasticity of these traits increases the ability of plants to cope with a rapidly changing en-
vironment and to adapt to global climate change. 

Keywords: acclimation; fluctuating irradiance; hydraulic conductance; ionic effect; light sensitivity; 
plasticity; plant–water relations; xylem sap 
 

1. Introduction 
Today, plant scientists solidly acknowledge the integral role of water transfer in 

soil−plant−atmosphere systems (i.e., plant hydraulics) in understanding plant and eco-
system functioning [1,2]. Water is an essential resource that all living organisms need for 
existence. On a global scale, water availability is an important limiting factor for plants, 
determining the productivity of crops and forests that humans rely on [3,4]. The structure 
of the water transport system places a physical limit on plant functioning, as the efficiency 
of water transport through their bodies determines their leaf water status, photosynthetic 
capacity, and growth rate [5–7]. Thus, plant hydraulic properties are fundamental deter-
minants of plant fitness and their competitiveness and survival in plant communities. 
Moreover, hydraulic traits mediate the ways in which plants interact with their abiotic 
and biotic environments [1]. 

Leaf hydraulic conductance (KL) is one of the most important physiological parame-
ters in plant–water relations. It is the measure of water flow efficiency through the leaf 
(from stem to the sites of evaporation) and is defined as the water flow rate through the 
leaf per water potential difference across the leaf and generally expressed on a leaf area 
basis [8]. Leaves comprise more than 1/3 of the total hydraulic resistance of a plant, thus 
representing a major bottleneck of the water transport pathway in plants [8–10]. Any 
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changes in leaf hydraulic efficiency will have a significant impact on the water balance of 
the whole plant. 

Plants, as sessile organisms inhabiting temporally and spatially variable environ-
ments, present a sizeable capacity to acclimate to their growth environment to survive, 
grow, compete, and reproduce successfully [11]. Phenotypic plasticity is considered one 
of the major means by which plants can cope with heterogeneous and variable conditions 
[12]. By influencing the organisms’ fitness and competitive ability, phenotypic plasticity 
plays a role in the survival of individuals and persistence of populations under changing 
climate conditions [13–15]. Phenotypic plasticity is defined as the capacity of a genotype 
to produce different phenotypes in response to environmental conditions [13,16]. A vast 
number of studies show that plants are plastic in numerous functionally important traits, 
including morphology, physiology, and anatomy [16,17], and plastic adjustments occur 
in response to changes in various environmental factors, such as water availability, light 
gradients, temperature, atmospheric CO2 concentration, pollution, or combinations of 
global change drivers [18]. In terms of future perspectives, it is important to identify plant 
functional traits, the plasticity of which may play a determinant role in plant acclimation 
to global climate change [12]. 

Global climate change creates considerable geographical variability in climate, in 
which trends are different on a regional scale. For instance, although an increasing inci-
dence of climate extremes is predicted for the whole northern hemisphere, future climate 
scenarios predict wetter conditions at high latitudes, including increasing precipitation in 
northern Europe, while southern Europe will experience substantial warming and drying 
[19]. Climate change scenarios for the year 2100 predict an increase in air temperature (by 
2.3–4.5 °C) and precipitation (by 5–30%) in the Baltic region [20]. The rising amount and 
frequency of rainfall will increase soil water content, as well as air relative humidity (RH), 
on a local scale [21–23], especially within forest canopies [24]. Changes in precipitation 
and weather patterns will have significant consequences on the growth of trees and the 
functioning of forest ecosystems [25–27]. Results from the Free Air Humidity Manipula-
tion (FAHM) experiment show that under increasing atmospheric humidity, trees experi-
ence less water loss and there is weaker environmental pressure to invest resources into 
developing effective water conducting tissues, resulting in reduced hydraulic conduct-
ance in leaves [28,29]. In the case of climate extremes (heat waves, severe droughts), which 
have been predicted to become more frequent during the 21st century across Europe, re-
duced hydraulic efficiency might represent a potential threat in hemi-boreal forest eco-
systems [30]. Understanding which hydraulic traits are phenotypically plastic and to what 
extent is essential for understanding how tree species will respond to shifts in climate [31]. 

KL is a highly plastic trait, showing great variability and dynamics both between and 
within species, on different timescales, and in response to various environmental factors 
[8]. Light is one of the most important environmental factors besides water availability 
and temperature that influences leaf hydraulic conductance. KL has been shown to exhibit 
sensitivity to irradiance, e.g., [32–35], but the magnitude of the light response (i.e., plastic-
ity) varies between species [36,37]. To our knowledge, only a few studies have specifically 
quantified the hydraulic plasticity of different species. Scoffoni et al. [38] studied the plas-
ticity of KL in differential growth light environments in endemic Hawaiian lobeliads and 
found species native to higher irradiance to show greater hydraulic plasticity. In one of 
our previous studies [39], we quantified the intracanopy plasticity of KL to incident light 
in common hazel (Corylus avellana L.) and found sun-exposed leaves to be considerably 
more plastic than leaves growing in deep shade. In the context of global climate change, 
a better understanding of the plasticity of plant functional traits is necessary to predict the 
adaptations of forest ecosystems to future conditions and to elaborate appropriate man-
agement practices. As plant hydraulics represents a central hub integrating plant and eco-
system function, greater hydraulic plasticity (i.e., a fast and responsive adjustment of hy-
draulic conductance depending on environmental factors) is likely to allow trees to adapt 
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more easily to climate change. Thus, it is important to investigate the variation of the plas-
ticity of plant hydraulic traits responsible for adequate leaf water supply in more detail. 

In this study, light sensitivity and plasticity of KL was measured in silver birch (Betula 
pendula Roth) and hybrid aspen (Populus × wettsteinii Hämet-Ahti). Both species are con-
sidered typical light-demanding fast-growing species that are able to quickly colonise dis-
turbed sites [40]. Silver birch is commercially the most important fast-growing early-suc-
cessional tree species widely distributed in northern Europe [41]. Hybrid aspen is the 
fastest-growing deciduous tree species in the boreal zone and is commercially a valuable 
and promising species for short-rotation plantation forestry in northern Europe [42]. 
These two species were chosen for this study primarily because they grow at the study 
site. From an ecological perspective, these species were suitable for this study because 
they are similar in their geographical distribution and commercial importance, but at 
the same time they differ in their water-use strategy and thus might react to and cope 
with climate change differently. Silver birch represents an isohydric species with a con-
servative water-use strategy [43–45], whereas aspen inclines to anisohydric behaviour 
with a prodigal water-use strategy [40,45–47]. The objective of this study was to test 
whether and to what extent the plasticity of KL to incident light differs between tree spe-
cies with contrasting water-use strategies. Evidence is also presented on the light-medi-
ated short-term modulation of branch hydraulic conductance. The results of this research 
will improve forest management in the future by broadening the understanding of the 
ability of trees to acclimate in changing environmental conditions and by providing addi-
tional information to maintain ecologically stable, diverse, and productive ecosystems. 
Hydraulically plastic tree species are more likely to adapt to a rapidly fluctuating envi-
ronment. Hence, through forest selection and the identification of plastic genotypes, it is 
possible to shape the development of forest ecosystems that would be more stable against 
climate change. 

2. Materials and Methods 
2.1. Study Site and Sample Trees 

This study was performed in the summer of 2019 at the Free Air Humidity Manipu-
lation (FAHM) experimental site situated at Rõka village (58°14′ N, 27°17′ E, 40–48 m ASL) 
in eastern Estonia. The site belongs to the hemi-boreal forest zone and to the maritime to 
continental transitional climate zone. The mean annual precipitation in this area is 650 
mm, with a mean air temperature of 17.0 °C in July and −6.7 °C in January. The growing 
period lasts 175–180 days, from mid-April to October. The total annual global short-wave 
radiation in the region averages 3518 MJ m−2, and the annual radiation budget is 2552 MJ 
m−2 [48]. The soil type at the site is fertile Endogleyic Planosol (WRB). 

Based on climate change scenarios that predict increasing precipitation and concom-
itant rise in air relative humidity for northern Europe [19,49,50], the FAHM facility was 
established to investigate the effects of increasing air humidity on tree performance and 
the functioning of a deciduous forest ecosystem [51]. The experimental design and tech-
nical setup are described in detail by Kupper et al. [51], Tullus et al. [52], and Sellin et al. 
[53]. 

This study was performed on excised shoots of seven-year-old trees of silver birch 
(Betula pendula Roth clonal plants micropropagated from meristem cultures that origi-
nated from southern Finland, Vehmersalmi (62°45′ N, 28°10′ E); [54]) and six-year-old 
trees of hybrid aspen (Populus × wettsteinii Hämet-Ahti; root and stump regenerated off-
spring of clone C05-99–34 micropropagated from meristem culture) growing at the FAHM 
site. For hydraulic measurements, 252 shoots (14 shoots × 9 repetitions × 2 species) in total 
were sampled. 

In the evening, prior to the measurement day, 14 birch (average length 28.0 cm) or 
aspen (20.5 cm) shoots were cut, recut under water to avoid airseeding of the shoot xylem, 
and inserted into test tubes with their basal ends submerged in water. Shoots were then 
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transported to the laboratory and put into plastic flasks filled with deionised, filtered (Di-
rect-Q3 UV water purification system; Millipore SAS, Molsheim, France), and freshly de-
gassed water (T-04-125 ultrasonic-vacuum degasser; Terriss Consolidated Industries, As-
bury Park, NJ, USA). Shoots were then left to rehydrate overnight in a dark room until the 
hydraulic measurements were performed the next day. 

2.2. Measuring Hydraulic Conductance 
Hydraulic measurements were carried out by applying the water perfusion method 

using a high-pressure flow meter (HPFM; Dynamax, Houston, TX, USA) applied in quasi-
steady state mode [32]. In the morning, the first two shoots were brought sequentially 
from the dark room and immediately measured for hydraulic conductance under dark 
conditions (light treatment dark-dark, DD). The shoots were recut under water and im-
mediately attached to the HPFM apparatus. Water was perfused into the shoot until hy-
draulic conductance values became constant. Then, the leaves were removed with a razor 
blade, and the perfusion continued until again values became constant. Next, another two 
shoots were brought sequentially from the dark room and sampled for hydraulic conduct-
ance under dark conditions. Subsequently, the light was switched on, and the same shoots 
were sampled under light (PPFD 900–1000 μmol m−2 s−1) conditions (light treatment dark-
light, DL). Then, the light was switched off again, until the readings in the darkness be-
came constant again (light treatment light-dark, LD). The leaf blades were then removed, 
and new constant values were again achieved. The remaining 10 shoots to be sampled 
that day were brought into the light at the same time (light treatment light-light, LL). Two 
shoots were exposed to light for 1, 2, 3, 4, or 5 h (1 hL, 2 hL, 3 hL, 4 hL, 5 hL). Each shoot 
was sampled first under light conditions; then, the light was turned off, and the shoot was 
sampled under dark conditions. Finally, the leaves were cut off and the leafless branch 
was sampled. The irradiance level chosen for our experiment was in accordance with 
Xiong et al. [37], who showed that the light intensity level required to saturate leaf hy-
draulic conductance (KL; kg m−2 s−1 MPa−1) is around 1000 μmol m−2 s−1 for most species. 
LED Fyto-Panels (Photon Systems Instruments, Drásov, Czech Republic) consisting of 
neutral white light sources supplemented with far-red LEDs (735 nm) were used for illu-
mination prior to and in the course of the measurements. To minimise small-scale tem-
perature gradients, the air in the vicinity of the shoots was stirred with a ventilator. During 
the measurements, leaf and branch temperature were recorded with an MT2 fast response 
temperature sensor (Delta-T Devices, Burwell, UK). 

After hydraulic measurements, the shoot length was measured with a ruler. Addi-
tionally, shoot diameter was measured under bark from two perpendicular directions 
with a digital calliper for calculations of xylem cross-sectional area. The total leaf blade 
area of the shoot (AL; m2) was determined with a LI-3100C optical area meter (LI-COR 
Biosciences, Lincoln, NE, USA). Leaves were then dried in an oven at 80 °C for 48 h, and 
the total leaf dry weight of the shoot (DW; g) was recorded. Leaf mass per area (LMA; g 
m−2) was calculated for each shoot. The Huber value (HV) of each shoot was calculated by 
dividing the xylem cross-sectional area by AL. The hydraulic conductance values were 
scaled by AL and corrected for the dynamic viscosity of water at 23 °C. KL was calculated 
as follows: 𝐾 = 1𝐾 − 𝐾  (1)

where KS is the total shoot hydraulic conductance, and KB (kg m−2 s−1 MPa−1) is the hydrau-
lic conductance of the leafless branch. KL in the LL treatment represents the maximum leaf 
hydraulic conductance (KLmax), and KL in the DD treatment represents the minimum leaf 
hydraulic conductance (KLmin). 

The up-regulation time (tup; s) and down-regulation time (tdown; s) of KL were deter-
mined as the time elapsed between turning on or off the light until hydraulic conductance 
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values became constant, respectively. The up-regulation rate of KL (dKLup/dt; kg m−2 s−2 
MPa−1) was calculated as follows: 𝑑𝐾𝑑𝑡 = 𝐾 − 𝐾𝑡  (2)

The down-regulation rate of KL (dKLdown/dt; kg m−2 s−2 MPa−1) was calculated as fol-
lows: 𝑑𝐾𝑑𝑡 = 𝐾 − 𝐾 _𝑡  (3)

where KL_LD is leaf hydraulic conductance in the LD treatment. The initial up-regulation 
rate of KL (bup; kg m−2 s−2 MPa−1) was calculated as the slope of the linear part of KL vs. 
time regression. Relative hydraulic resistance residing in leaves (RL; %) was calculated as 
follows: 𝑅 = 𝐾 × 100𝐾  (4)

2.3. Plasticity Index 
The plasticity index [55] was calculated for both species and used to characterise hy-

draulic plasticity (PIh): PI  = 
𝐾 − 𝐾𝐾   (5)

where Kmax and Kmin represent the species mean maximum and minimum hydraulic con-
ductance, respectively, of leaves (KL) or leafless branches (KB). 

2.4. Data Analysis 
Statistical data analysis was performed using Statistica, Version 7.1 (StatSoft Inc., 

Tulsa, OK, USA). The normality of the data and the homogeneity of variance were 
checked using the Kolmogorov–Smirnov D-statistic and Levene’s test, respectively. Light 
exposition time (1–5 h) did not influence KL; thus, KL data from light treatments 1 hL to 5 
hL were pooled together and treated as a unitary light treatment (LL). To analyse the ef-
fects of categorical factors (species, light treatment) on leaf and branch hydraulic traits, an 
analysis of variance (ANOVA) was performed using the ‘general linear model’ module. 
Type IV sums of squares were used in the calculations. To fulfil the assumptions for 
ANOVA, logarithmic or complex transformations were applied to the data when neces-
sary. Post hoc mean comparisons were conducted using Tukey’s HSD test. Bivariate rela-
tionships between the studied characteristics were assessed by Pearson’s correlations and 
simple linear or nonlinear least-squares regressions. 

3. Results 
Morphological traits of the sampled shoots are given in Table 1. AL (p < 0.001), LMA 

(p < 0.001), and HV (p = 0.024) were significantly higher in aspen than in birch. 

Table 1. Mean values (±SE) of shoot morphological traits in silver birch (Betula pendula) and hybrid 
aspen (Populus × wettsteinii). LS—shoot length, AL—total leaf blade area of the shoot, LMA—leaf 
mass per area, HV—Huber value. 

Trait B. pendula P. × wettsteinii Statistical  
Significance 

LS (cm) 27.9 ± 0.34 20.5 ± 0.38 p < 0.05 
AL (cm2)  167 ± 3.4 338 ± 9.1 p < 0.05 

LMA (g m−2) 60.8 ± 0.64 77.8 ± 0.74 p < 0.05 
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HV (×10−4; m2 m−2) 1.24 ± 0.023 1.34 ± 0.035 p < 0.05 

Light treatment had a significant effect (p ≤ 0.001) on both leaf and branch hydraulic 
conductance (Table 2). For both species, KL was lowest in the initial dark conditions (treat-
ment DD, KLmin), intermediate a few minutes after the light was turned on (treatment DL), 
highest in light lasting over an hour (treatment LL, KLmax), and it declined again in the 
second dark period (treatment LD) (Figure 1). The mean KL for birch was 0.80 ± 0.05 × 10−4, 
1.94 ± 0.14 × 10−4, 2.82 ± 0.07 × 10−4, and 2.26 ± 0.04 × 10−4 kg m−2 s−1 MPa−1 for DD, DL, LL, 
and LD treatments, respectively. For aspen, KL averaged 1.90 ± 0.07 × 10−4, 2.23 ± 0.08 × 
10−4, 2.92 ± 0.05 × 10−4, and 2.84 ± 0.06 × 10−4 kg m−2 s−1 MPa−1 in DD, DL, LL, and LD treat-
ments, respectively. 

Table 2. Results of ANOVA for the effects of species and light treatment on leaf and branch hydrau-
lic properties. 

Trait Factor Statistical Significance 

Leaf hydraulic conductance,  
KL (kg m−2 s−1 MPa−1) 

Species 
Light treatment 

Species×Light tr. 

p < 0.001 
p < 0.001 
p < 0.001 

Branch hydraulic conductance, 
KB (kg m−2 s−1 MPa−1) 

Species 
Light treatment 

Species×Light tr. 

p < 0.001 
p = 0.001 
p = 0.174 

Up-regulation time of KL, 
tup (s) 

Species p < 0.001 

Down-regulation time of KL, 
tdown (s) 

Species p < 0.001 

Up-regulation rate of KL, 
(dKLup/dt; kg m−2 s−2 MPa−1) 

Species p = 0.667 

Down-regulation rate of KL, 
(dKLdown/dt; kg m−2 s−2 MPa−1) 

Species p < 0.001 

Initial up-regulation rate of KL, 
(bup; kg m−2 s−2 MPa−1) 

Species p = 0.193 

 
Figure 1. Mean values (±SE) of leaf hydraulic conductance (KL) depending on species and light treat-
ment. DD—initial dark conditions; DL—initial light conditions (exposure to light for less than 1 h); 
LL—light conditions (exposure to PPFD 900–1000 μmol m−2 s−1 for 1–5 h); LD—final dark conditions 
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(light turned off after exposure to light for 1–5 h). Different letters express statistically significant (p 
< 0.001) differences between light treatments within a species; asterisks denote statistically signifi-
cant (p < 0.01) differences between species within a light treatment. 

KL varied significantly (p < 0.001) between the species (Table 2); the mean KLmin in 
aspen was 2.4 times higher (p < 0.001) than that in birch (Figure 1). KL in the DL treatment 
tended to be higher in aspen, but the difference was statistically not significant (p = 0.08). 
The means of KLmax did not differ (p = 0.23) between species. In the LD treatment, KL for 
aspen was on average 1.26 times higher (p < 0.01; Figure 1) compared to birch leaves. 

The interaction between species and light treatment was significant (p < 0.001); the 
species differed in the amplitude of KL (i.e., the difference between KLmax and KLmin). KL 
increased 3.5 (p < 0.01) and 1.5 times (p < 0.01) from dark to light conditions for birch and 
aspen, respectively (Figure 1). Thus, birch leaves exhibited a greater hydraulic plasticity 
than aspen; the PIh for birch leaves (PIh_L) was 0.72 compared to 0.35 for aspen. The species 
also differed significantly in the decrease of leaf hydraulic conductance when transferring 
shoots from light to dark. Birch exhibited a 25% decrease (p < 0.01) and aspen a 3% de-
crease (p = 0.263) in KL after the light was switched off (Figure 1). KLmax was significantly 
and positively correlated to HV for both birch (r = 0.27, p = 0.017) and aspen (r = 0.26, p = 
0.014). 

Branch hydraulic conductance also responded to the application of light and differed 
between the species (Table 2). KB was lowest in the dark (DD and DL treatments) and 
reached a maximum after 3 h of light exposure (3 hL) in birch (Figure 2). In aspen, KB was 
lowest under DD treatment and reached a maximum in light lasting for one hour (1 hL; 
Figure 2). For birch, the minimal and maximal KB averaged 4.03 ± 0.29 × 10−4 and 6.06 ± 
0.54 × 10−4 kg m−2 s−1 MPa−1, respectively. For aspen, the minimal and maximal values of KB 
were 7.54 ± 0.60 × 10−4 and 11.47 ± 0.83 × 10−4 kg m−2 s−1 MPa−1, respectively. KB increased 
1.5 times (p < 0.01) from dark to light conditions for both species. Both minimal and max-
imal KB were 1.9-fold (p < 0.01) higher for aspen compared to birch. The species did not 
differ in the hydraulic plasticity of branches; the PIh for birch branches (PIh_B) was 0.33 and 
for aspen branches 0.34. KB in light conditions was significantly and positively correlated 
with HV for both birch (r = 0.54, p < 0.001) and aspen (r = 0.33, p = 0.001). In light, KB and 
KL were positively correlated in birch (r = 0.36, p = 0.001) and aspen (r = 0.40, p < 0.001), but 
they were not correlated in the dark. 
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Figure 2. Mean values (±SE) of branch hydraulic conductance (KB) depending on species and light 
treatment. DD—initial dark conditions; DL—initial light conditions (exposure to light for less than 
1 h); 1 hL–5 hL—light conditions (exposure to PPFD 900–1000 μmol m−2 s−1 for 1–5 h). Different 
letters express statistically significant (p < 0.001) differences between the light treatments within a 
species. 

The times of up- and down-regulation of KL (tup and tdown) in response to turning the 
light on and off differed significantly between the species (Table 2). The mean tup was 483 
± 32 s for birch and 150 ± 12 s for aspen (p < 0.001), and the mean tdown was 210 ± 5 s for 
birch and 251 ± 4 s for aspen (p < 0.001; Figure 3). tup and tdown differed significantly from 
each other. In birch, tup was 2.3 times longer (p < 0.01) than tdown, while the opposite trend 
was observed in aspen, in which tdown was 1.7 times longer (p < 0.01) than tup (Figure 3). 
Across species, tup was strongly and inversely related to LMA (r2 = 0.60, p < 0.001; Figure 
4). 

 
Figure 3. Mean values (±SE) of the up- (tup) and down-regulation (tdown) times of leaf hydraulic con-
ductance of silver birch (Betula pendula) and hybrid aspen (Populus × wettsteinii). Different letters 
express statistically significant (p < 0.01) differences between the means. 
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Figure 4. Relationship between leaf mass per area (LMA) and time of KL up-regulation (tup) across 
species. All data points correspond to one shoot. 

The up-regulation rate of KL (dKLup/dt) did not differ between the species; the corre-
sponding mean values were 2.94 ± 0.44 × 10−7 and 2.72 ± 0.22 × 10−7 kg m−2 s−2 MPa−1 for 
birch and aspen, respectively (p = 0.667; Figure 5). Additionally, the initial up-regulation 
rate of KL (bup) did not differ significantly between the species (p = 0.193). However, the 
down-regulation rate of KL (dKLdown/dt) differed substantially between species, and the 
corresponding means were 3.50 ± 0.47 × 10−7 and 0.83 ± 0.08 × 10−7 kg m−2 s−2 MPa−1 for birch 
and aspen, respectively (p < 0.01), exhibiting 4.2 times faster down-regulation in birch 
leaves (Figure 5). For birch, there was no significant difference between the up- and down-
regulation rates of KL, whereas for aspen, dKLup/dt was 3.3-fold faster than dKLdown/dt (p < 
0.01). 
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Figure 5. Mean values (±SE) of the rates of up- (dKLup/dt) and down-regulation of KL (dKLdown/dt) of 
silver birch (Betula pendula) and hybrid aspen (Populus × wettsteinii). Different letters express statis-
tically significant (p < 0.01) differences between the means. 

The changes in KL induced by exposure to light brought about a considerable redis-
tribution of the hydraulic resistance within the sample shoots. The relative contribution 
of leaves to the whole-shoot hydraulic resistance (RL) under dark conditions was similar 
for the two study species, averaging 83 and 80% for birch and aspen, respectively (Figure 
6). After at least 1 h of illumination, RL decreased to 65 and 77% for birch and aspen, re-
spectively, indicating a significantly greater decline in birch. 

 
Figure 6. Relative hydraulic resistance (mean ±SE) residing in leaves (RL) of silver birch (Betula pen-
dula) and hybrid aspen (Populus × wettsteinii) under dark or light conditions (exposure to PPFD 900–
1000 μmol m−2 s−1 for at least 1 h). Different letters express statistically significant (p < 0.01) differ-
ences between the means. 

4. Discussion 
4.1. Light Effects on Leaf Hydraulic Properties 

The results of this study confirm the high light sensitivity of leaf hydraulic conduct-
ance in silver birch and hybrid aspen; a rapid and substantial modulation of KL took place 
in response to switching light on and off in both species (Figures 1 and 3). Nearly 20 years 
have passed since the earliest studies on the light sensitivity of KL [32,56,57], and the en-
hancement of KL by light has been generally acknowledged and amply confirmed in var-
ious species [35–37,39,58]. The light-induced rapid enhancement of KL has been shown to 
originate from the outside-xylem compartment of the leaf [34,57] being specifically related 
to the up-regulation of aquaporins (AQPs) through enhanced gene expression and/or 
post-translational protein activation in response to irradiance. In B. pendula, a genome 
analysis has identified 33 putative genes encoding full-length AQP sequences [59]. The 
light-dependent increase of KL shows a tight correlation with AQP gene transcript abun-
dance [60–64]. The activation of AQPs by phosphorylation is also associated with en-
hanced leaf water transport capacity [65,66]. At the present time, it is not yet clear which 
mechanism is primarily responsible for light-induced rapid KL enhancement, whether it 
is AQP expression or activation. 

In the current study, KL was lowest in the initial dark conditions, intermediate after 
the light was turned on, and highest in light lasting for an hour or more (Figure 1). Varia-
tion of the exposure time from 1 to 5 h did not influence leaf hydraulic capacity. In our 
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earlier study [33], also carried out in silver birch, KL increased up to 9 h of illumination. 
This discrepancy is attributable to different experimental conditions; in that study, sub-
stantially lower irradiance was applied, which is why more time was needed for AQP up-
regulation. We propose that the rapid changes in KL that occurred directly after turning 
the light on/off probably took place through the post-translational activation of AQPs 
and/or their trafficking to the plasma membrane, whereas the maximal values of KL were 
achieved through de novo AQP synthesis. In such a context, the PIP (plasma membrane 
intrinsic protein) and TIP (tonoplast intrinsic proteins) subfamilies would be appropriate 
candidates, as their functions in water and CO2 homeostasis are very specialised [67]. Our 
present results concur with studies indicating that maximal KL values and AQP transcript 
amounts occur at least 1 h after switching on the light [60–62]. Xiong et al. [37] indicated 
that for most species the sufficient light intensity required to saturate KL is around 1000 
μmol m−2 s−1. Our results suggest that, for correct estimations of light-saturated KL, it is 
also important to take into account the time of light exposure and that 1 h of illumination 
is enough to reach maximum KL when really saturating light is applied. The light-induced 
rapid enhancement of KL is a means of maintaining stable gas exchange in the event of 
rapid increases in VPD and evaporative water loss, while avoiding water potential drop 
and xylem embolism [35,60,68]. 

The magnitude of light sensitivity of KL is highly species-specific, ranging from zero 
to a several-fold increase in KL in response to incident light [32,34,37,60]. Xiong et al. [37] 
reported the lack of light sensitivity of KL of ferns, gymnosperms, and one angiosperm, 
whereas the other angiosperms under study responded to light. In the current study, the 
species differed substantially in the magnitude of their response; KL increased 3.5 and 1.5 
times from dark to saturating light conditions for birch and aspen, respectively, reflecting 
higher hydraulic plasticity in birch compared to aspen. The differences in sensitivity of KL 
to light between the species sampled in the current study probably ensued from the ex-
travascular compartment of the leaf, specifically from species specificity in AQP gene ex-
pression and/or activation. 

Additionally, the differing distribution of resistance between the vascular and extra-
vascular compartments within leaves of different species and changes in preferential wa-
ter transport pathways with varying light conditions probably contribute to the differ-
ences in KL light sensitivity between the species. Cochard et al. [60] argued that, in the 
dark, when AQP accumulation/activation is low, hydraulic resistance of the extravascular 
(Rext) compared to the vascular (Rvasc) compartment in the leaf is high and water flows 
preferentially through the vascular and apoplasmic compartment. At the onset of light, 
AQPs start to accumulate, thus reducing Rext, and the preferential water pathway changes 
to the cell-to-cell route. The current consensus is that within the leaves the relative contri-
bution of Rvasc and Rext to total leaf hydraulic resistance is relatively equal [8], but depend-
ing on species specificity and environmental factors, either one can prevail. Trifilo et al. 
[69] reported that Rext for Populus nigra contributes about 80% to the total leaf hydraulic 
resistance under low light, while at a high irradiance Rext and Rvasc are equal. Considering 
this information, we can assume that in the current study, the higher hydraulic plasticity 
resulted, in part, from the higher proportion of Rext under dark conditions in birch leaves 
compared to aspen. 

This study revealed a strong inverse relationship between LMA and tup across the 
species (Figure 4). No doubt, this is attributable to species specificity, but leaf general mor-
phology probably also plays a role in this relationship: a lower LMA is accompanied by 
lower leaf vein density (vein length per area, VLA) in birch leaves compared to aspen 
[29,70]. The lower the VLA, the greater the contribution of the extravascular pathway and 
the smaller the role of vascular pathway in water movement in the leaf. Therefore, for 
birch leaves with lower LMA (and VLA) and thus with a higher proportion of Rext, the 
time for KL up-regulation tended to be longer. To unravel the basis of KL light sensitivity 
more deeply, future studies on KL light responses should involve the estimations of Rext 
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and Rvasc contributions to total leaf hydraulic resistance with concomitant AQP expression 
analyses. 

High hydraulic plasticity is important from many aspects of tree biology, contrib-
uting to whole-tree performance through effects on energy, carbon, and water balance of 
individual leaves in changing or spatially heterogeneous environments. A high PIh of B. 
pendula is associated with its isohydric behaviour; in addition to the strict stomatal control 
over water losses [71,72], an efficient and highly dynamic water conducting system is also 
necessary to maintain the leaf water status within definite limits. Silver birches coordinate 
their hydraulic capacity with changes in stomatal conductance depending on environ-
mental conditions to prevent leaf water potential from reaching critical values, supporting 
the isohydric water-use strategy. Moreover, this coordination can also be seen from the 
leaf anatomical structure. Leaf vascular (size of vascular bundles and vessels, vessel num-
ber and density, vein density, etc.) and stomatal traits (stomatal size, density, pore area 
index) exhibit coordinated adjustment, reflecting the balance between transpirational de-
mand and hydraulic supply in silver birch [29]. On the one hand, exposure of birch foliage 
to high irradiance (changing patterns of clouds and sun flecks within forest canopies) af-
fords, through a fast increase in KL and reduction of leaf resistance to water movement 
(Figures 1 and 6), an adequate hydraulic supply to keep stomata open, and supports evap-
orative cooling. On the other hand, the capability for efficient down-regulation of KL helps 
to prevent excessive water loss in birches in the dark (i.e., arrival of the night) or in the 
case of shade (Figures 1 and 3). 

In hybrid aspen, low PIh and dKLdown/dt and high KL in the dark (Figures 3 and 5) 
afford lavish water use at night, as evidenced by high nocturnal stomatal conductance 
and low predawn leaf water potential [45,73]. However, high KL cannot compensate for 
high water loss due to weak stomatal control day and night, which causes substantial 
native embolism (percentage loss of hydraulic conductivity 16–41%) in aspen coppice dur-
ing drought periods [74]. At the leaf level, no solid evidence of coordination was found 
between vascular and stomatal traits and hydraulic functions, which were most likely as-
sociated with the anisohydric behaviour of this species [70]. 

The up-regulation time of KL was significantly longer for birch compared to aspen; 
however, with a much bigger amplitude of KL between dark and light values, the resulting 
up-regulation rate of KL did not differ between the species (Figure 5). We measured similar 
values of dKLup/dt also in Corylus avellana, a shade-tolerant species [39]. The similar up-
regulation rates of KL among species may imply that the mechanism behind the fast light-
induced enhancement of KL is universal for vascular plants. However, birch exhibited a 
down-regulation rate over four times faster than aspen, and dKLup/dt and dKLdown/dt did 
not differ for birch, whereas for aspen, dKLup/dt was 3.3 times faster than dKLdown/dt (Figure 
5). At present, an unequivocal explanation cannot be provided for why the down-regula-
tion rate for aspen was so much slower than for birch. It may be related to aquaporin 
metabolism, principally with phosphorylation and dephosphorylation of AQP monomers 
that form the water channels in cell membranes [75,76]. The exact process of AQP activa-
tion and deactivation is subject to research even today [77]. 

4.2. Light Effects on Branch Hydraulic Properties 
The results of this study confirm the light sensitivity and light-induced rapid (time 

scale in hours) enhancement of branch hydraulic conductance. KB increased by approxi-
mately 50% from dark to light conditions for both species (Figure 2). Water movement in 
xylem was previously considered a passive process [78,79], determined only by the driv-
ing forces and anatomical features of the conducting system (i.e., density, length, diameter 
of the xylem conduits, structure of interconduit pits) and modified on a developmental 
time scale. The changes in xylem hydraulic efficiency on a short time scale were attribut-
able to embolism. Presently, there is consensus that xylem hydraulic efficiency can be 
modulated by the plant on a short time scale also through the modification of xylem sap 
ionic concentration [80–82]. This ionic effect has been considered to be responsible for the 
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rapid enhancement of KB in response to increases in incident light [43,83]. The ion-medi-
ated modulation of xylem hydraulic efficiency is related to the interaction of cations 
(mainly K+) with the pectin hydrogels of pit membranes that separate adjacent xylem ves-
sels, and which alters the hydraulic resistance of the bordered pits through changes in the 
thickness of the pit membrane [84]. The ecophysiological implication of the phenomenon 
is probably to provide a regulatory mechanism of branch hydraulics to facilitate water 
flow towards fully illuminated foliage by reducing hydraulic resistance and water poten-
tial drop, maximising stomatal aperture and photosynthesis [43,83]. This is a crucial point 
for fast-growing light-demanding species, such as silver birch and hybrid aspen, contrib-
uting to their competitive advantage. A coordinated adjustment of different segments of 
the water transport pathway is also an essential point in this context. In both species, KB 
and KL were positively correlated in the light but not in the dark, i.e., at night when sto-
mata are closed and atmospheric evaporative demand is low. 

5. Conclusions 
B. pendula and P. × wettsteinii, both fast-growing and light-demanding pioneer spe-

cies, exhibit high light sensitivity in leaf and branch hydraulic conductance that provide 
a regulatory mechanism to maintain a balance between transpirational demand and hy-
draulic supply. However, the tree species differ in their hydraulic plasticity associated 
with their different water-use strategies; B. pendula with its isohydric behaviour exhibits a 
significantly higher hydraulic plasticity, allowing for a strict control over the water bal-
ance of the plant in changing or spatially heterogeneous environments, compared to P. × 
wettsteinii inclined to anisohydric behaviour. In light of climate change one can suppose 
that hybrid aspen as a species with weak stomatal control and low hydraulic plasticity 
will be potentially more susceptible to hydraulic impairment compared to silver birch, 
which will more likely suffer from carbon starvation in case of weather extremes. From a 
future perspective, it is necessary not merely to determine the plasticity in regard to light 
conditions but also to investigate possible shifts in the plasticity of plant functional traits 
(incl. leaf hydraulic conductance) in response to changes in other environmental factors, 
because most likely they play a determinant role in plant acclimation to climate change. 
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