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Abstract: We measured whole-tree transpiration of mature Fagus sylvatica and Picea abies trees
exposed to ambient and twice-ambient Os regimes (1xOs and 2xOs free-air fumigation). After eight
years, mean daily total transpiration did not vary with the Os regime over the 31 days of our study,
even though individual daily values increased with increasing daily Os peaks in both species.
Although the environmental parameters were similar at 1xOs and 2xOs, the main factors affecting
daily transpiration were vapour pressure deficit in 2xOs spruce and Os peaks in beech. For a
mechanistic explanation, we measured Os-induced sluggish stomatal responses to variable light
(sunflecks) by means of leaf-level gas exchange measurements only in the species where Os was a
significant factor for transpiration, i.e.,, beech. Stomata were always slower in closing than in
opening. The 2x0Os stomata were slower in opening and mostly in closing than 1xOs stomata, so that
Os uptake and water loss were amplified before a steady state was reached. Such delay in the
stomatal reaction suggests caution when assessing stomatal conductance under Os pollution,
because recording gas exchange at the time photosynthesis reached an equilibrium resulted in a
significant overestimation of stomatal conductance when stomata were closing (ab. 90% at 1xOsand
250% at 2x0s). Sun and shade leaves showed similar sluggish responses, thus suggesting that
sluggishness may occur within the entire crown. The fact that total transpiration was similar at 1xOs
and 2x0s, however, suggests that the higher water loss due to stomatal sluggishness was offset by
lower steady-state stomatal conductance at 2xOs. In conclusion, Oz exposure amplified short-term
water loss from mature beech trees by slowing stomatal dynamics, while decreased long-term water
loss because of lower steady-state stomatal conductance. Over the short term of this experiment, the
two responses offset each other and no effect on total transpiration was observed.

Keywords: sunflecks; Kranzberg; stomatal sluggishness; transpiration; tropospheric ozone; water
cycle

1. Introduction

Forests cover 30% of the world’s land surface, generate half of the global net primary
productivity, and play a significant role in regulating water supply [1]. Carbon assimilation and
water use efficiency can be impaired by ground-level ozone (Os), an air pollutant of strong concern
for forests because of its phytotoxicity and widespread distribution [2-4]. Ozone effects on forest
ecosystems include changes in carbon fixation and allocation, shifts in nutrient supply, biodiversity
changes, and higher susceptibility to natural disturbances, i.e., insects, disease, fires, wind storms and
drought [5-8]. Such changes have important implications for forest responses to climate change.
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Scalar and conceptual uncertainties limit our understanding of the basic physiological mechanisms
that underly responses of forests to Oz [9,10]. The scalar uncertainties are due to the transfer of results
from seedlings in controlled environments to mature forests in the field [11], while the conceptual
uncertainties are due to contrasting results about tree water-use responses to ambient Os (e.g., [12]).
A critical issue is thus to define stomatal responses to Os exposure in mature trees [13].

Stomatal responses to air pollutants are complex, depending on plant species, leaf and tree age,
level and length of exposure, and vary in conjunction with other environmental stressors [14,15].
There is a general consensus that stomatal closure is a response to the Os—induced damage to the
photosynthetic machinery [5]. In parallel, however, stomatal control of transpiration may be reduced
following Os exposure, leading to wider or narrower stomatal apertures and uncoupling of stomatal
conductance and photosynthesis (with effects on instantaneous water-use efficiency, WUE;; [16-21]
and allowing for Os influx at night [19,22-24]. The mechanism explaining delayed and/or slowed
closing responses of stomata to fluctuating environmental stimula under Os stress is termed stomatal
sluggishness, defined as a longer time to respond to the ‘close’ signal and a slower rate of closing
[13,15]. Paoletti [25] found that the dynamics of stomatal responses to light and water deficit slowed
following controlled Os exposure of Arbutus unedo seedlings. Sluggish stomatal responses are usually
observed when Os exposure is combined with water stress [17,25-27] or fluctuating light [25,28,29],
because steady-state stomatal conductance measurements cannot reveal sluggishness [25]. Paoletti
and Grulke [13] suggested that sluggish stomatal responses may be viewed basically as distinctly
retarded stomatal movements under changing environmental conditions. In fact, stomatal
conductance responds in general 10-100 times more slowly to changes in conditions than
photosynthesis [30]. Ozone-induced ethylene emission has been suggested to affect the sluggish
response by reducing stomatal sensitivity to abscisic acid (ABA) [31]. As a consequence of stomatal
sluggishness, dynamic controls on tree water loss and stomatal Oz uptake may be impaired [32].

All the above results on sluggishness, however, were obtained with seedlings or saplings under
controlled conditions. Relatively high Os concentrations, potted plants, chamber effects, relatively
short duration of most experiments, young tree age and low light are other controlled-condition
factors that may affect upscaling of results from juvenile to mature trees [2]. In a Pinus ponderosa forest
in California, Grulke et al. [33] reported the lack of stomatal closure at night in early summer which
was greater in pole-sized than mature trees; thus there was greater total Os uptake in pole-sized trees
as a result of the greater nocturnal uptake. In mature trees from a US mixed deciduous forest,
McLaughlin et al. [9,34] examined hourly to seasonal patterns of environmental parameters, stem
growth, and sap flow velocity, and concluded that ambient Os caused a periodic slowdown in
seasonal growth patterns that was attributable in part to amplification of diurnal patterns of water
loss in tree stems. This was supported by Os—induced increases in average sap-flow rates over the
growing season. Statistically significant increases in whole-tree canopy conductance, depletion of soil
moisture in the rooting zone, and reduced late-season streamflow in forested watersheds were
concurrently detected in response to increasing ambient Os levels. In mature Populus spp. trees
protected or not by the antiozonant ethylenediurea and exposed to ambient Os in Italy, Giovannelli
et al. [35] found evidence of stomatal sluggishness only in mornings in the summer when the Os-
injured trees increased sap flow so that the internal water resources were mobilized during periods
of intense evaporative demand. Also, Sun et al. [36] found that stand sap flux of a mixed aspen-birch
community in the Aspen Os FACE increased progressively during the summer relative to ambient
air, suggesting increased stomatal opening. Conversely, mature beech trees under free-air fumigation
within the stand canopy showed the enhanced Os regime to reduce crown transpiration and
conductance in summer during late-morning through early-afternoon hours [24].

Lack of data on water-use responses of mature trees under enhanced Os exposure and on the
leaf to tree-level integration are major limitations in understanding and modeling responses of forests
to environmental changes [4,7,37]. To fill these gaps, we aimed at quantifying whole-tree
transpiration and leaf-level variable-light (flecky, where sunflecks are rapid changes in light on leaf
surfaces) gas exchange at Kranzberg Forest, where ambient and twice-ambient Os regimes had been
applied to adult trees of Fagus sylvatica and Picea abies for 8 years [38,39]. Interactions between Os and
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other environmental variables that could change transpiration by individual trees were quantified.
To investigate the mechanisms of Os action, we postulated that Os-induced sluggish stomatal
responses to fluctuating environmental parameters, namely flecky light, increase short-term water
loss from the foliage. Variable light may represent two-thirds of the incident light sums in forest
canopies [40] with relevance for productivity. As light intensity may affect sluggishness [41] and light
regimes within canopies affect leaf differentiation, we tested sun and shade leaves to explore whether
sluggishness has the potential to occur across an entire tree crown.

2. Materials and Methods

2.1. Experimental Design and Environmental Data

The site was located at Kranzberger Forst near Freising, Germany (48°25' N, 11°39’ E, elevation
485 m a.s.l.) in a mixed stand of 53 to 60-year-old Norway spruce (Picea abies) and European beech
(Fagus sylvatica).

Exposure to above-ambient Os concentrations was conducted through an Os FACE employed
within the forest canopy [42,43]. Entire crowns were exposed throughout eight growing seasons
(2000-2007) to a twice-ambient Os regime (2xOs) and compared to trees in unchanged ambient air
(1xOs) which served as controls. At 2xOs3, maximum Os concentrations were restricted to 150 ppb to
prevent the risk of acute Os injury [42]. A total of eight Os analyzers were operated across the site,
checked each day for consistency across zero lines and spans, and recalibrated as necessary (an
average, once a month). Further details about stand and exposure are in [12,39].

In July 2007, four to five dominant trees of each species within each exposure regime were
selected as described in [12,39], each individual is regarded as a replicated case study on its own [44].
1xOs and 2xO:s trees were in two separated groups. Air temperature, relative humidity of the air,
photosynthetic photon flux density and Os levels were monitored at 24 m aboveground at top of the
canopy (psychro- and baro-transmitter, ThiesClima, Goettingen, Germany; Os analyzer: ML8811,
Monitor Labs, USA). Soil moisture was recorded at 20-cm depth. Environmental data were recorded
as 10-min means (DL2e data logger, Delta-T-Devices, Burwell, Cambridge, U.K.). AOT40 was
calculated as the sum of Os concentrations exceeding a threshold of 40 ppb during daylight hours
(global radiation > 50 W m2) [45] (CLRTAP, 2017).

During the 8t year of free-air fumigation, we carried out this experiment in July 2017 (1st to
31st). Descriptors of environmental conditions during the 31-day experiment are in Figure 1 and
Table 1, and show no significant difference of environmental variables between the two Os regimes,
while Os daily means, Os daily spikes and AOT40 (hourly values exceeding 40 ppb accumulated over
the light hours of the experimental period) were significantly higher at 2xOs. Soil moisture and the
other environmental parameters were not limiting for gs of beech and spruce over the experiment.

Table 1. Mean daily environmental parameters (+Standard Error) did not differ between 1xOs and
2x0s (t-test, ns, p > 0.05, n = 31 days). Data are daily values for all parameters except photosynthetic
photon flux density (diurnal) for July 2007.

Parameter 1x03 2x0s
Air temperature (°C) 18.33+0.79 17.86 £0.80 ns
Relative humidity (%) 71.61+234 71.03+2.44 ns
Soil water content (%) 270+1.0 27.0+09 ns
Vapour pressure deficit (MPa) 787+096 6.66+091 ns

Photosynthetic photon flux density (umol m2s?) 876 +52 876 +52 ns
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Figure 1. Descriptors of ozone exposure at ambient (1xOsz) and twice-ambient ozone (2x0Os). Data are
daily means of hourly concentrations and accumulated hourly values above 40 ppb (+SE) in July 2007.
Different letters show significant differences between the ozone regimes (t-test or Mann-Whitney U
test, p <0.001, n = 31 days).

2.2. Assessment of Xylem Sap Flow and Calculation of Whole-Tree Transpiration

Sap flow was measured with 2-cm long continuously heated sap flow gauges according to
Granier [46] at 0—2 cm sapwood depth. Sensors were inserted into the tree xylem at breast height (one
sensor each at S and N-exposure) in beech and spruce trees. Additional sensors at 4 and 6 cm depth
determined the variation in sap flow across the cross-sectional sapwood area of two trees per species.
The sapwood area-related flow density at depths beyond 6 cm was linearly extrapolated towards the
heartwood area on the basis of the assessments at 2, 4 and 6 cm depth. The proportional reductions
in sap flow with increasing depths were used to express the sap flow density across the entire cross-
sectional sapwood area in relation to the sensor readings at 2 cm depth. The relationship was adapted
to all study trees in each species. The cross-sectional sapwood area was derived from increment cores
of neighboring trees with DBH similar to that of the study trees. The product of sap flow density and
cross-sectional sapwood area at breast height rendered whole-tree transpiration. Sap flow data were
recorded as 10-min means, at the same intervals as environmental data. Results are shown for the 31-
day experimental period.

2.3. Assessment of Stomatal Responses to Fleck Light

As Os resulted to be a significant factor affecting transpiration only in beech (Table 2), leaf-level
gas exchange was measured at 8-13 CET only in this species, by means of an open-flow gas analyzer
(Li-6400; Li-Cor, Inc., Lincoln NE, USA), recording data every 30 s. Twelve leaves (six sun leaves at
top of the crown and 6 shade leaves at 2 m below the top) per beech tree, three trees per each of the
two Os regimes, were selected for experimental manipulation of light. Leaves were free of visible
injury on the 3rd to 5th position from the shoot tip. According to [25], light levels were alternated
between 1500 and 100 pumol m= s, waiting for stomatal adjustment after each light level. Full
adjustment was established at two consecutive minutes of stable stomatal conductance (gs). Steady-
state in practice means that gs showed no systematic decrease or increase (+2%) over a 2 min period.
The treatment was repeated two times, under constant leaf-to-air vapour pressure deficit (<2 kPa).
Descriptors of gas exchange responses to light manipulation were calculated as average of the two
cycles per leaf: maximum and minimum gs and photosynthesis (A); span of gs and A variation, as
difference between maximum and minimum values; time gs and A reached equilibrium when
stomata closed and opened; error in recording gs at the time A reached equilibrium, calculated as
percent of steady-state gs; cumulated water loss and stomatal Os uptake, calculated as
Z:zl(Vk — Veq) * 30s during closing, and as Z:z ,(Veq — Vi) * 30s during opening, where Vi is the
mean value of each 30-s interval and Veq is the value at equilibrium. Water loss was calculated as
mmol of transpired H20 per leaf m2. Assuming that Os concentrations inside the mesophyll approach
zero [47], stomatal Os uptake was calculated by converting gs into stomatal conductance for Os and
multiplying times the concurrent Os concentrations in ambient air [48].
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2.4. Data Analysis

Data were checked for normal distribution (Kolmogorov-Smirnov D test). A one-way analysis
of variance (ANOVA) was applied to environmental and Os data, with the Os regime as a factor.
Differences between regimes were tested by a t-test for normally distributed variables and by a non
parametric Mann-Whitney U test for non-normally distributed variables, i.e., daily means of Os peaks
and AOT40. A two-way ANOVA was applied to transpiration data, with Os regime (1xOs vs. 2xOs)
and tree species (beech vs. spruce) as factors. A two-way ANOVA was applied to data from fleck
light responses, with Os regime (1xOs vs. 2x0Os) and leaf type (sun vs. shade) as factors. Linear
correlations among all the variables were tested. The effects of Os on transpiration were tested
between lines for colinearity [49]. Stepwise multiple regressions were applied to consider concurrent
influences of the daily means of 10-min Os means (ozavg), Os peaks (ozmax), vapour pressure
difference means (vpd_avg), VPD peaks (vpd_max), air temperature means (t_avg), air temperature
peaks (t_max), photosynthetic photon flux density means (ppfd), and to identify the variables that
most significantly influenced daily transpiration in beech and spruce in the two Os regimes. Tests of
significance were made at a 95% confidence level. Data were processed using the STATISTICA 10.0
package for Windows (StatSoft, Tulsa, OK, USA).

3. Results

3.1. Tree-Level Transpiration

Sap-flow measurements showed that daily total transpiration increased with increasing daily Os
concentrations (both mean and max), in both species (Figure 2, Table 3). The correlation was not
significant at 1xOs in beech, so that slope and intercept of the 1xOs and 2xOs correlation lines were
not compared while they significantly differed in spruce (Figure 2). In spruce, transpiration was more
sensitive to Oz at 1xOs than at 2xOs as supported by a higher slope. To explain this surprising result,
we focused on the environmental parameters, as other-than-Os factors may have affected this result.
Although environmental parameters were similar at 1xOs and 2xOs3(Table 1), most of the investigated
variables (daily means of 10-min transpiration, Os means, Os peaks, VPD means, VPD peaks, air
temperature means, air temperature peaks, photosynthetic flux density means) were inter-correlated,
with the notable exception of (mean and peak) Os and beech transpiration at 1xOs (Table 3). A
multiple linear stepwise regression was thus applied to quantify the relative contribution of each
factor to transpiration. The main factors affecting transpiration were light (in both species and Os
regimes) and VPD (in spruce) (Table 2). Ozone peaks affected transpiration (5-8% of the variance)
only in beech.
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800 ° = 1.9433x + 433.91
oo R2 =006ns m 250 °
. o 2o cSJ = u - y=24519x + 02562
c | = 1 R2=065** ®
.S 600 [ ] - £ 200
£ o@%’h R e £ .
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E !83'%% - E 150 " "/l/
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Y-intercept: *
0 T T T ] 0 r ' y
0 50 100 150 200 0 50 100 150 200
Daily O; peak, ppb Daily O; peak, ppb

Figure 2. Daily total transpiration (DTT) increased with increasing daily ozone peaks in mature trees
of European beech and Norway spruce exposed to ambient (o solid line) and twice-ambient Os
regimes (m, dashed line) (July 2007). Each point is the average of 4-5 trees. Asterisks show the
significance of the analysis: ***, p <0.001; **, p <0.01; *, p <0.05; ns, p > 0.05.



Forests 2020, 11, 46 6 of 16

Table 2. Summary of a stepwise multiple linear regression to quantify the effects of the daily 10-min
means of Os concentrations (ozavg), Os peaks (0zmax), vapour pressure difference means (vpd_avg),
VPD peaks (vpd_max), air temperature means (t_avg), air temperature peaks (t_max), photosynthetic
photon flux density means (ppfd), on mean daily total transpiration in beech at spruce at different
ozone regimes. Bold p values are significant at p <0.05.

Regression Variables Multiple R? Variance Explained at Each Step, % F p-Level
1xOs beech

ppfd 0.32 32 14.26  0.0007
Ixozmax 0.40 8 3.97  0.0556
vpd_avg 0.43 3 1.69  0.2034
t_avg 0.48 5 2.89  0.1000
t_max 0.53 5 2.86  0.1024
1xOs spruce
vpd_max 0.84 84 167.09 <0.0001
ppfd 0.88 4 10.67  0.0027
t_max 0.90 2 5.08  0.0319
vpd_avg 091 1 3.45  0.0738
t_avg 0.92 1 426  0.0487
2x0s beech
ppfd 0.54 54 36.03  <0.0001
2xozmax 0.62 5 3.84  0.059
2xozavg 0.57 3 190 0.1778
2x0s spruce
ppfd 0.79 79 120.17  <0.0001
t_max 0.85 6 11.74  0.0018
vpd_avg 0.86 1 207  0.1e611
t_avg 0.88 2 3.04  0.0924
vpd_max 091 3 8.30  0.0077
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Table 3. Correlation coefficient (r) and level of significance (p) in the correlation matrix among daily values of total transpiration in beech (BTr) and spruce (STr)

and 10-min means of Os concentrations (ozavg), Os peaks (ozmax), vapour pressure difference means (vpd_avg), vapour pressure deficit peaks (vpd_max), air

temperature means (t_avg), air temperature peaks (t_max), photosynthetic photon flux density means (ppfd) at ambient (1x) and twice-ambient ozone (2x). Bold p

values are significant at p <0.05.

1xBTr 1xSTr 1xOzavg 1xOzmax 2xBTr 2xSTr 2xo0zavg 2x0Ozmax Vpd_Avg Vpd_Max t_Avg t_Max Ppfd
1xBTr 1.0000
p=-—
1xSTr r=0.5951 1.0000
p <0.001 p=-—
Ixozavg ns r=0.7631 r=1.0000
p <0.001 p=-—
1xozmax ns r=0.8052 r=0.9153 r=1.0000
p <0.001 p <0.001 p=---
2xBTr r=0.8815 r=0.7909 r=0.5012 r=0.4664 1.0000
p <0.001 p<0.001 p=0.003 p=0.006 p=--
2xSTr r=0.6790 r=0.9743 r=0.6916 r=0.7399 r=0.8132 1.0000
p <0.001 p <0.001 p <0.001 p <0.001 p <0.001 p=--
2xozavg ns r=0.4383 r=0.5850 r=0.5000 r=04719 r=0.3502 1.0000
p=0.011 p<0.001 p=0.003 p=0.006 p=0.046 p=--—-
2x0zmax ns r=0.5874 r=0.6790 r=0.7152 r=0.4270 r=0.4919 r=0.8724 1.0000
p<0001  p<0001  p<000l  p=0013  p=0004  p<0.001 p=-—-
vpd_avg r=0.4640 r=0.9038 r=0.8138 r=0.8202 r=0.6423 r=0.8628 ns r=0.4613 1.0000
p=0007  p<0001  p<0001  p<0001  p<0.001  p<0.001 p=0.007 p=-—
vpd_max r=0.4433 r=0.9184 r=0.8199 r=0.8689 r=0.6450 r=0.8648 r=0.4627 r=0.6013 r=0.9503 1.0000
p=0010  p<0001  p<0001  p<0001  p<0001  p<0001  p=0007  p<0.001 p<0.001 p=-—
t_avg ns r=0.8545 r=0.8297 r=0.8430 r=0.5005 r=0.7798 r=0.4029 r=0.5424 r=0.8803 r=0.8986 1.0000
p<0001  p<0001  p<0001  p<0001  p<0001  p=0020  p=0.001 p<0.001 p <0.001 p=-—
t_max r=0.3311 r=0.9079 r=0.8095 r=0.8632 r=0.5953 r=0.8506 r=0.4546 r=0.6068 r=0.8744 r=0.9420 r=0.9671 1.0000
p=0060  p<0001  p<0001  p<0001  p<0001  p<0001  p=0008  p<0.001 p<0.001 p<0.001 p<0.001 p=-—
ppfd r=0.5613 r=0.8817 r=0.7394 r=0.7652 r=0.7332 r=0.8916 r=0.4401 r=0.5622 r=0.8190 r=0.8405 r=0.7096 r=0.7883 1.0000
p=0001  p<0001  p<0001  p<0001  p<0001  p<0001  p=0010  p<0.001 p<0.001 p<0.001 p<0001  p<0001  p=--
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When analyzing total transpiration with Os regime as a factor, the 2xOs regime did not induce a
significant reduction in transpiration (Figure 3). The reduction was in agreement with 2xOsleaf-level
steady-state measurements showing lower gs than 1xOs (Figure 4A).
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2-w ANOVA (p
Species (<0.001)

03 (0.058)

Species x 03 (0.176)

1x03
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Figure 3. Mean daily total transpiration (+SE) calculated from sap flow measurements in beech and
spruce trees. Each bar is the average of 4-5 trees in 31 days (July 2007). The inset shows the levels of
significance from a two-way (tree species x Os regime) analysis of variance (n = 31 days).
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Figure 4. Summary of stomatal and assimilatory responses to fleck light in beech (+ SE): (A) max and
min stomatal conductance (gs) and span of gs variation (A); (B) time gs and A reached equilibrium
when stomata closed and opened (T); (C) max and min photosynthesis (A) and span of A variation
(A); (D) error in measuring gs at the time A reached equilibrium when stomata closed and opened
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(error); (E) relative stomatal ozone uptake during opening and closing (uptake); (F) relative water loss
during opening and closing (loss). The insets show the results of a two-way (Os regime x Sun/Shade
leaf) ANOVA: ns, p > 0.05; %, p <0.05; **, p < 0.01; ***, p <0.001. Each bar is the average of two cycles
on six leaves (1 = 6).

3.2. Leaf-Level Flecky Light Responses

At both Os regimes, beech stomata were slower in closing (Tclose gs) than in opening (Topen
gs), with no significant difference depending on the leaf light exposure level (i.e., sun vs. shade;
Figure 4B). The 2xOs stomata were slower in opening and—in particular—in closing than 1xOs
stomata, again with no significant difference between leaf light exposure level. As a result, cumulated
stomatal Os uptake before stomata reached equilibrium was 1.7 (during opening) and 4.6 times
(during closing) greater in 2xOs leaves than in 1xOs leaves, both for sun (+236% and +527%,
respectively) and shade leaves (+109% and +272%, respectively) (Figure 4E), while Os concentrations
were just 0.6 times greater at 2xOs than that at 1xOs (Figure 1). Cumulated water loss during stomatal
adjustment was also greater at 2xOs than at 1xOs, although the difference was significant only during
stomata closing (Figure 4F). Shade and sun leaves showed similar responses, except for the maximum
and minimum values of gs and A, which were lower in shade leaves (Figure 4A,C). A number of
unresponsive 2xOs leaves were detected. After shutting down, the stomata of unresponsive leaves
did not reopen regularly (Figure 5). Data from unresponsive leaves were discarded because a steady
state was not reached. If gs was recorded at the time A reached an equilibrium, an error was
generated (Figures 4D and 6). This error was larger when measurements were carried out from high
to low light (on average, +174%) than from low to high light (-6%). This error was much larger in
2x0s leaves (+256% and -8% during closing and opening, respectively) than in 1xOs leaves (+93% and
—-5%). The error during stomatal closure was higher in shade than sun leaves at 1xOs (230% vs. 282%)
and vice versa at 2xOs (149% vs. 37%).

250 4
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o
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-
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o
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2

Figure 5. Examples of unresponsive 2xOs beech leaves. Stomata closed regularly when the light was
off (full arrows) but did not re-open when the light was on (dotted arrows).
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Figure 6. Example of fleck light responses in sun and shade leaves of beech trees. When stomatal
conductance (gs) achieved equilibrium, the light intensity was sharply decreased from 1500 to 100
pmol m=2 s until equilibrium, and then increased again. The treatment was repeated two times. Full
symbols show the time equilibrium was reached, i.e., gs or A (photosynthesis) values were stable in
the following two minutes. Full lines show examples of calculation of the time to open and to close
stomata (in min). Dotted lines show examples of calculation of the error in recording gs at the time A
reached equilibrium (as percent of steady-state gs). Slashed surfaces show examples of cumulated
water loss and stomatal Os uptake when stomata closed (/) and opened (\).

4. Discussion

4.1. Responses of Tree-Level Transpiration

By regulating evapotranspiration, forests play a key role in the global hydrologic cycle [50] and
how Os affects transpiration via stomata is thus critical to modeling efforts [13]. Drought stress has
often been reported to mitigate the negative impacts of Os on young tree physiology and growth
under controlled conditions [11,51-53]. However, empirical evidence from mature trees including
physiological [33,35,54] and growth measurements [9,34] suggests that drought effects are
exacerbated, not reduced, by the combination with elevated Os, which would challenge forest
capacity to buffer extreme hydrological events [36]. To investigate the reasons for this dichotomy, we
measured whole-tree transpiration of mature beech and spruce trees that had been exposed for 8
years to ambient and twice-ambient Os regimes. Over the 31 days of our summer study, mean daily
total transpiration did not vary with the Os regime, because the slight reductions from 1xOs to 2xOs
(-11% in beech and —8% in spruce) were not significant, although a tendency was found (p = 0.058).
Our current study conducted in 2007 contrasted with findings by Matyssek et al. [24] during the
summer months of 2006, reporting on distinct decreases of crown-level transpiration and
conductance around noon in beech under 2xOs, suggesting a major role of environmental factors in
regulating Os impacts.
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When individual daily values were correlated with daily Os peaks, daily transpiration was
found to increase with increasing daily values of Os in both species (but insignificant in beech at
1xOs). An analysis carried out with mean Os values and non-linear approaches gave very similar
results (not shown). However, Os levels are known to co-vary with a number of environmental factors
(e.g., VPD, SWC; [55] that may remarkably affect plant transpiration as confirmed in our experiment.
A multiple linear regression demonstrated the role of Os in affecting transpiration in beech (5-8% of
the total variance) but not in spruce. Such species-specific differential responses are typical of Os
[56,57]. In particular, spruce is usually considered more Os-tolerant than beech [58] as it is the case
for most conifers, characterized by lower gas exchange and Oz uptake and higher antioxidant capacity
than broadleaf trees. A meta-analysis by Li et al. [5] found that the plant functional type has a major
role in affecting the growth, physiological, and biochemical responses of woody species to Os.

4.2. Steady-State and Dynamic Responses of Leaf-Level Gas Exchange (Sun/Shade)

It is well known that stomata close because of higher intercellular CO2 concentration following
Osattack to the photosynthetic membranes [5]. In our beech experiment, the responses of steady-state
gs and A to Os varied in tandem, suggesting coupling and decrease of transpiration and carbon
assimilation, although effects on the latter were minor [59]. Several previous studies found an
uncoupling of gs and A under Os, in that A decreased and gs did not vary [17-21,60]. The even higher
decline of steady-state gs (-44% and —19% in sun and shade leaves, respectively; in consistency with
Matyssek et al. [24]) than of A (-21% and —11%) when comparing 2x0Os with 1xOsleaves, is the result
of the rather long time we waited before actual steady-state of gs was reached: 15-17 min to open and
15-25 min to close at 1xOs and 23-20 min to open and 29-29 min to close at 2x0Os in sun-shade leaves.
Equilibrium of A, in fact, required shorter times, namely 13-14 min to open and 4-3 min to close at
1xOs and 15-13 min to open and 2-2 min to close at 2xOs in sun-shade leaves. These results are in
agreement with Morison [30] that stomata require more time to reach equilibrium than A. Recording
gs when A reaches equilibrium, however, it is a common practice. In response to flecky light, this
practice may generate significant overestimations of gs when measurements are carried out during
stomatal closing movement (ab. 90% at 1xOs), and especially when stomatal responses to enhanced
Os exposure are investigated (ab. 250% at 2xOs). Such delay in stomatal responsiveness suggests
caution when assessing gs under Os pollution. Steady-state A is typically measured within 2-5 min
from changing conditions [61,62], because longer measurement times would affect the steady-state
activation of Rubisco and introduce errors [61]. Parameterizing gs is a pillar of flux-based Os risk
assessment for vegetation [63,64]. Therefore, we recommend separate recordings i.e., first for steady-
state A and then for steady-state gs, especially when leaves are exposed to Os.

Timespans of gs equilibration confirmed a significant slowdown of the stomatal dynamics at
elevated Os [25]. During such extended periods, stomata absorbed more Os (3.4 and 2.1 times to open
and 6.3 and 3.6 times to close in sun and shade leaves, respectively) and lost more water (2.1 and 1.2
times to open and 6.4 and 1.5 times to close in sun and shade leaves, respectively) than the rapidly
responding stomata in ambient Oz (1xOs). Thus, modeling uptake and effects of future Os pollution
may result in underestimation if stomatal sluggishness is not considered [20]. The ecological
consequences of these sluggish stomatal responses were estimated for carbon and water balance of
deciduous temperate forests at global scale: enhanced Os was suggested to decrease instantaneous
water use efficiency, i.e., the ratio of net CO: assimilation to transpiration, up to 20% when stomatal
sluggishness is considered, and up to only 5% when absent [32]. Such an Os-induced decoupling of
A and gs implies that Os affects gross primary productivity more than transpiration [60]. We
postulate that the extra loss of water during sluggish stomatal responses offset part of the reduction
in transpiration due to lower steady-state gs. The combination of the two contrasting stomatal
phenomena translated into a modest 11% reduction of transpiration in beech at 2xOsrelative to 1xOs,
while steady-state gs decreased by 44% in sun leaves and 19% in shade leaves (cf. [24]).

Following Giovannelli [35], longer stomatal opening may increase sap flow and mobilizing the
internal water resources in the stem, especially during summer periods with high evaporative
demand. Stem water reserves (mainly from phloem and living bark along with capacities from the
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xylem body) are able to support daily transpiration by 8 to 20% in mature trees [65,66]. This sluggish
response supports the hypothesis that Os pollution amplifies water deficits in forest trees [33,34,54].
However, a means of buffering uncontrolled water loss by sluggish stomata leaves in premature
shedding of severely injured leaves [67]. We did not assess leaf shedding in our study, although
autumnal leaf shedding was accelerated annually to the variable extent under 2xOs throughout the
eight-year experiment [42]. Additional buffering of water loss factor may be provided by
unresponsive leaves that did not reopen their stomata after shutting down. Understanding the
mechanisms of stomatal responsiveness under Os stress will help the upscaling of stomatal responses
to Os from the leaf to the tree crown and regional level [48].

Gas exchange of shade leaves was less responsive to Os exposure than that of sun leaves (in this
experiment, but see also [58]). In addition, sluggishness is enhanced at high light availability [41].
Nevertheless, our hypothesis that stomatal sluggishness occurred only in the peripheral crown needs
to be rejected. Sluggish responses were similar between Os regimes and leaf types, and in the absence
of significant interactions. We conclude that sluggishness may occur across an entire crown,
independently on the leaf type.

5. Conclusions

Stomatal sluggishness occurred under Os stress across entire crowns, independent of leaf type.
Hence, short-term water loss from mature beech trees was amplified by slowed stomatal dynamics,
while long-term water loss was restricted because of decreased steady-state stomatal conductance.
Over the short term of our observations, the two responses appeared to offset each other with a
tendency of declining whole-tree transpiration. Whether stomatal sluggishness is a means for
buffering gs decline and, hence, mobilizing internal water resources, or a collateral effect of Os-
perturbed hormonal relationships [31] remains an intriguing question.

The elevated Os concentrations simulated in our experiment (55 ppb as daily average) are similar
to those predicted for large areas of the most polluted world regions by RCP8.5 [68]. Increased water
use of mature forest trees under episodically high Os events may exacerbate the adverse effects of
climatic changes on forest growth and hydrology. As climate change increases the risk of drought
and flooding, hydrological consequences of contrasting stomatal Oz responses should be evaluated
in the longer term and for more species, as only beech transpiration was significantly affected by Os
in this experiment.
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