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Abstract: High ozone (O3) pollution impairs the carbon and water balance of trees, which is of
special interest in planted forests. However, the effect of long-term O3 exposure on tree growth
and water use, little remains known. In this study, we analysed the relationships of intra-annual
stem growth pattern, seasonal sap flow dynamics and xylem morphology to assess the effect of long
term O3 exposure of mature O3-sensitive hybrid poplars (‘Oxford’ clone). Rooted cuttings were
planted in autumn 2007 and drip irrigated with 2 liters of water as ambient O3 treatment, or 450 ppm
ethylenediurea (N-[2-(2-oxo-1-imidazolidinyl)ethyl]-N0-phenylurea, abbreviated as EDU) solution as
O3 protection treatment over all growing seasons. During 2013, point dendrometers and heat pulses
were installed to monitor radial growth, stem water relations and sap flow. Ambient O3 did not affect
growth rates, even if the seasonal culmination point was 20 days earlier on average than that recorded
in the O3 protected trees. Under ambient O3, trees showed reduced seasonal sap flow, however,
the lower water use was due to a decrease of Huber value (decrease of leaf area for sapwood unit)
rather than to a change in xylem morphology or due to a direct effect of sluggish stomatal responses
on transpiration. Under high evaporative demand and ambient O3 concentrations, trees showed a
high use of internal stem water resources modulated by stomatal sluggishness, thus predisposing
them to be more sensitive water deficit during summer. The results of this study help untangle the
compensatory mechanisms involved in the acclimation processes of forest species to long-term O3

exposure in a context of global change.
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1. Introduction

Tropospheric ozone (O3) is considered a serious health issue for forests [1] in many areas
of the world [2]. Regional-scale assessments showed that the dominant trend in North America
during 1995–2014 was a significant decrease in O3, while there was no change in Europe and a
significant increase in East Asia [2]. Studies under controlled or semi-controlled conditions have
demonstrated negative impacts of O3 on tree biochemistry [3], functionality [4], molecular responses [5]
and growth [6], as reviewed by Li et al. [7]. Therefore, O3 pollution has the potential to affect
the services provided by forest ecosystems, such as carbon sequestration and wood production.
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One of the major unanswered questions about O3 impacts on mature trees, however, is still about
growth under real-world conditions [8]. The assessment of the long-term O3 effect on forest stand
productivity still remains insufficiently detailed [9] and contrasting results were often reported in the
literature. Net primary productivity (NPP) of aspen trees was insensitive to long-term O3 fumigation
treatments [10] and similar results were reported for Picea abies (L.) H. Karst. forest stands [9]. On the
contrary, 8-year free-air O3-fumigation of a beech forest induced a decline of 10 m3 ha−1 y−1 of
woody biomass [11]. However, the net primary productivity of three forest communities composed of
trembling aspen, paper birch and sugar maple was unaffected by long-term O3 fumigation, because
the growth of O3-tolerant genotypes compensated the reduction of NPP of O3-sensitive genotypes [12].
These results suggested that the sensitivity to O3 is species-specific, and within a species can be
genotype dependent [13]. Thus O3-sensitive species or genotypes were successfully used to detect tree
response to elevated O3 concentration in Betula pendula Roth. [14], Populus tremuloides Michx. [12] and
Populus maximoviczii Henry × berolinensis Dippel. [15].

A full understanding of O3 impacts on forest growth is constrained by the complexity of
field studies. In particular, long-term studies with adult trees lack a traditional control plot
under O3-free conditions. To overcome this issue, treatments with the chemical ethylenediurea
(N-[2-(2-oxo-1-imidazolidinyl)ethyl]-N0-phenylurea, abbreviated as EDU) are recommended [16,17].
Repeated applications of EDU at concentrations of up to 400 ppm are recognized to sufficiently protect
against O3 phytotoxicity [18,19]. In previous papers we showed that the long term exposure of the
O3-sensitive hybrid poplar ‘Oxford’ clone decreased stem growth and leaf total area [20] with an early
leaf shedding [21] and reduced above- [15] and below-ground biomass [22] relative to trees protected
by EDU. Thus the combined use of O3-sensitive poplar genotype and EDU protective treatment is an
advantageous strategy to study tree response to O3.

Forest stand productivity is commonly estimated by growth models based on the annual increment
of stem basal area (stem area surface at breast height). Although the annual stem diameter increment
is considered the most suitable proxy of forest productivity [23], recent findings showed that it is
not sufficient to detect the impact of environmental stress on tree growth [11]. The analyses of
the intra-annual radial growth pattern (i.e., the change of basal area per unit of time) is already
successfully used to assess forest health and tree vigor, as well as to investigate the response of trees to
changing environment [24,25]. Point dendrometers are commonly used to monitor intra-annual stem
growth pattern. Dendrometers signals (i.e., stem radial variations) are analysed through empirical
methods [26], mathematical functions [27,28] or fitting models [29,30] to extrapolate information
about growth rates, phenology or tree response to the environment. The dendrometers permit a
high time and space resolution data acquisition (micrometric stem radial changes are recorded over a
reduced time period—minutes or hour) thus providing both detailed stem growth pattern over the
year (irreversible changes) and hourly or daily stem radial changes (reversible changes) related to
the tree water status [25,31,32]. Amplitude and duration of the stem daily radius variations (MDS,
maximum daily stem shrinkage) were used to assess tree water status in response to drought [33–35],
low temperatures [36], warming [37] and water deficit combined with warming [38,39]. Although
point dendrometers are widely used in studying the ecophysiology of woody species, they have rarely
been used to assess the effect of O3 on stem growth and water relations of trees. The decrease of daily
stem growth rates under episodically high O3 concentration was recorded by stem cycle analyses in
a mixed deciduous natural stand Appalachian forest [40]. The growth reduction was mediated by
an increase of daily stem shrinkage, showing that O3 increased the tree sensitivity to water stress as
already previously reported for yellow poplar [41]. These results highlighted the potential role of
dendrometers to assess the effect of O3 on forest health and tree sensitivity to environmental constraints.

Sap flux density is commonly used as a suitable proxy of canopy conductance [42] and can give
useful information on stomatal behaviour [43]. As O3 uptake and transpiration are strictly correlated,
the whole-tree O3 uptake can be estimated by sap flow based approach [44,45]. In addition, the sap
flow measurement was used to assess the effect of elevated O3 concentration on tree water use in
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different forest species and communities with contrasting results. Previous findings based on the
simultaneous measurements of stem radius and sap flux density revealed synchronization of water
storage and transpiration dynamics in olive [27] and Picea abies (L.) H. Karst [46]. These results support
the hypothesis that the simultaneous use of stem radius changes and sap fluxes could address the
issues of synchronization between plant signals and environmental variables, thus giving important
information about the acclimation strategy to high O3.

The effect of long term O3 exposure on wood traits has rarely been addressed in forest species.
In a tree, the hydraulic efficiency depends on xylem traits, and lumen vessel diameter is linearly
related to sap fluxes and transpiration [47]. In a recent work, we did not observe significant changes in
the physical wood structure of the ‘Oxford’ poplar clone after six years of ambient O3 exposure [20].
On the contrary, O3 treatments induced a reduction of fiber cell wall thickening and the number of
cambial initials in hybrid poplar as result of a higher wood lignin content of the treated trees than that
of the control [48]. Increasing O3 concentration induced changes in vessel frequency distribution in
silver birch, but this effect was genotype-dependent [49]. These results highlight the need to deepen
the investigation on the role of xylem traits in the response of trees to O3.

In this study, we aimed at analyzing the relationships of intra-annual stem growth pattern, seasonal
sap flow dynamics and xylem morphology to assess the effect of long-term ambient O3 exposure on
mature O3-sensitive poplar trees protected and unprotected by EDU. We hypothesized that: (1) the
recurrent O3 leaf injury affected stem growth during periods with high level of O3 pollution and water
deficit; (2) unprotected trees had a lower sap flow than the EDU-protected ones; (3) the decrease of sap
flow under O3 was a direct effect of the reduced leaf gas exchange, rather than of a reduction of xylem
hydraulic conductivity.

2. Materials and Methods

2.1. Site and Treatment Description

One-year-old cuttings of the O3-sensitive clone ‘Oxford’, Populus maximoviczii Henry × berolinensis
Dippel, were planted in Autumn 2007 at the Antella experimental site in central Italy (43◦44′ N,
11◦16′ E, 50 m a.s.l.). For this clone, a critical range of stomatal O3 uptake and visible injury was already
defined over a prolonged ozone exposure [6].

The study area is sited on post-agricultural area and according to the Köppen and Geiger climate
classification, the site is classified as Csa (temperate-dry summer-hot summer) with mean annual
temperature of 14.7 ◦C and total annual precipitation 1200 mm [21]. The original forest ecosystem was
mainly represented to broadleaved forest dominated by Quercus pubescens Willd., Quercus robur L.,
Fraxinus ornus L. and Ostrya carpinifolia Scop. typical of the Tuscany landscape.

Trees were cultivated as single-trunk free-canopy individuals at a spacing of 1 m× 3 m. Every week
during the growing season (April to October) each tree was drip irrigated with 2 L of water (WAT or
watered treated trees) as ambient O3 treatment, or 450 ppm EDU solution (EDU or protected trees)
as O3 protection treatment. A general description of the site, experimental design, EDU treatments,
and results of biomass growth after 3 and 6 years is already reported [15,20,22,50]. Heat pulse sensors
and dendrometers were installed on 5 WAT trees and 5 EDU trees in 2012 and 2013, respectively.
Results presented in this paper refer to the year 2013, i.e., when the trees were 7 years old and mean
plant height and stem diameter at breast height (DBH) were 7.4 ± 0.5 m and 7.7 ± 0.5 cm for WAT and
8.4 ± 0.6 m and 10.5 ± 1.7 cm for EDU, respectively.

2.2. Environmental Variables

Hourly means of air temperature (T, ◦C), relative humidity (RH, %), and precipitation (P, mm)
were recorded by a modular weather station (110-WS-16, Novalynx Corporation, Auburn, CA, USA) at
canopy height. Vapour pressure deficit (D, kPa) was calculated using the Goff-Gratch formulation for
saturated water vapour pressure [51].
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Ozone concentrations were recorded at canopy height by an annually-calibrated O3 monitor
(Model 202, 2B Technologies, Inc., Boulder, CO, USA). Ozone exposure was expressed as 24-h mean
(M24). AOT40 and POD0, i.e., the accumulated exposure over a threshold of 40 ppb and the accumulated
stomatal O3 flux over the 2013 growing season, were 16 ppm h and 34.9 mmol m−2, respectively,
as calculated according to UN/ECE [52,53]. For O3 concentration, data acquisition started on DOY
(day of the year) 121.

In order to assess the effect of O3 exposure, the growing season was ideally divided in two periods
characterized by contrasting intensity of air vapour pressure deficit and O3 concentration (M24) as
follows: (1) low evaporative demand (D <1 kPa), mean temperature <30◦C and M24 <40ppb; (2) high
evaporative demand (D >1.5 kPa), daily maximum temperature >30◦C, M24 >40ppb.

Soil moisture was measured in the root layer (30 cm depth) by EC-5 sensors equipped with
an EM5b data logger (Decagon Devices Inc., Pullman, WA, USA). The soil was sandy clay loam
characterized by volumetric water content of 0.27 m3 m−3 at field capacity (soil matric potential of
−0.03 MPa) and 0.17 m3 m−3 at wilting point (soil matric potential −1.5 MPa) [15].

2.3. Stem Radius Growth

Stem radius variation was detected using high-resolution automatic point dendrometers, i.e., RS Pro
LM10 linear variable transducers (Rs Component s.r.l., Cinisello Balsamo, MI, Italy) that measured
the linear displacement of a stainless-steel sensing rod (effective travel 10 ± 0.5 mm, linear thermal
expansion coefficient 2.5 × 10−6 K−1), pressed against the bark [54]. The transducer was mounted on a
steel rigid frame composed of two attachment plates anchored to the stem by adjusting two connecting
steel rods. The dendrometers were installed on the trunk at breast height (130 cm), and shielded from
direct sunlight and weather damage by aluminum foils. The operating principles are described in
Traversari et al. [35]. Calibration of the transducer was performed on a bimonthly basis, as suggested
in Cocozza et al. [55]. Raw data were recorded every 15 min, and hourly and daily averages were
calculated with a CR 1000 data logger (Campbell Scientific, Inc. Logan, UT, USA). Hourly signals were
recorded from mid-March (DOY 74) to mid-December (DOY 347) 2013 on five individual poplar plants
per each treatment (WAT and EDU).

2.4. Sap Flow

Granier-type sensors [56] were inserted radially at breast height into 20 mm depth of the north
side of the trunk (to avoid the sun-exposed side) of the same 10 trees (five per treatment) in spring 2012.
The average stem diameter at the level of sensor installation was 75 mm. The sensors consisted of a
pair of copper-constant thermocouples vertically spaced; the upper probe was continuously heated
through a heating wire supplied with a constant power source (120 mA). The temperature difference
of the two probes was recorded to obtain the volume flux density of sap flow per plant (Js, g cm−2

s−1). The temperature difference was estimated on a daily basis in order to avoid errors in the daily
maximum and daily total flow calculations due to season and soil drying/rewetting cycles. For each
plant, the sap flux density was integrated over the sapwood area to obtain sap flow (Sf, kg h−1).

2.5. Tree Harvest, Xylem Morphology and Huber Value

In April 2014, the five trees in each treatment (EDU and WAT) were harvested and woody stem
discs of 8–10 cm in thickness were collected at 130 cm from the collar. Fresh stem discs were immediately
scanned and the sapwood area (AS, m2) was measured, excluding pith and bark sections using Image
J software (National Institute of Health, Bethesda, MD, USA, 2014). For each tree, all leaves were
gathered, the total leaf area (AL, m2) was calculated as sum of each single leaf area and used to calculate
the Huber value (Hv, sapwood-to-leaf area ratio) [57] following the following equation:

Hv =
AS

AL
(1)
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From each stem disc, four prismatic woody samples containing the last three growth rings
(corresponding to the growing seasons 2011, 2012, 2013) were collected, placed in 50:50 mixture of
ethanol and water and stored at 5◦C. The samples were then fixed through ice on a Peltier plate
and transverse sections of 8–12 mm thickness were cut using a rotary microtome. The sections were
stained with a solution of 0.04% safranin, 0.15% astrablue and 2% acetic acid in distilled water and
permanently fixed with the Eukitt histological mounting medium (BIO-OPTICA MILANO SPA, Milan,
Italy). A Nikon Eclipse 800E light microscope connected to a Nikon DS-Fi2 microscope camera (Nikon
Corporation, Tokyo, Japan) was used for anatomical observations. Digital images of cross-sections
(1 mm2) belonging to the woody ring formed during 2013 were then analyzed and transversal stem
structure examination was performed on four to six independent images per section using the computer
program NIKON NIS-ELEMENTS software (Nikon Instruments Inc., Melville, NY, USA).

For each image, the vessel density (Vd, N mm−2) and vessel diameter (dm, mm) were calculated
for each cross section. The diameter of each vessel was calculated as the diameter of a circle with an
area equivalent to the lumen cross-section. The hydraulic weighted vessel diameter, DH (mm) [58] was
calculated as

DH = 2
(

r5

r4

)
(2)

where r = radius in mm. The calculation of DH incorporates the disproportionate contribution of
large vessels to total flow and gives the average diameter needed for a given vessel density to result
in the theoretical hydraulic conductivity for that stem [59]. The theoretical specific xylem hydraulic
conductivity (Kst) was calculated using the Hagen–Poiseuille equation for ideal capillaries assuming
laminar flow [60]

Kst =

(
πρ

128 × η ×Aimage

)
×

∑
Dv

4 (3)

where ρ is the density of water (998.2 Kg m−3 at 20 ◦C); η is the viscosity of water (1.002 × 10−9 MPa s
at 20 ◦C), Aimage is the area of the analyzed image (m2) and Dv is the vessel diameter.

2.6. Data Analyses

In the first step, we evaluated the effect of long-term O3 exposure on the intra-annual pattern of
stem radial growth and sap flow of WAT and EDU trees. To reduce high daily frequency oscillation,
we calculated the radial increment (∆R, mm) as average of the maximum values of stem radius over a
five-day period (pentad) following the procedure proposed by Boriaud et al. [61]. Time series obtained
by the sum of the pentad (Pentad ∆R) were fitted with a Gompertz model [29] using non linear
regression of the Sigma plot 12.0 statistic package (Systat Software, Inc., Point Richmond, CA, USA).
From DOY 90 to DOY255, the intra-annual stem radial growth pattern was expressed as

∆Rsum = I + Ae[−e(β−kt) ] (4)

where A, b, k, and t were the parameters of the function representing growth asymptote, time-axis
placement and rate of change of the curve and time (expressed as DOY), respectively. The parameter I
represented the stem radius of the tree, which was set to zero at DOY 90 for all the trees. The estimated
seasonal stem radial growth was obtained by summing the parameters I and A [62]. The β/κ ratio was
calculated to determine ti (time of the inflection point, DOY) following the procedure proposed by
Rossi et al. [63]. The ti was used to compare the time of the culmination of the stem growth rate of the
EDU and WAT plants. The DOY of growth rest was empirically estimated on the basis of the position
of the upper asymptote deriving from the Gompertz fitting. Significant differences in the Gompertz
parameters between treatments were detected by t-test for p < 0.05.

In the second step, we evaluated the effect of short term high O3 exposure on the daily stem
radial growth, water status and sap flow of WAT and EDU-treated trees. The time series of M24 was
evaluated in order to select time windows in which O3 exceeded the arbitrary threshold of 40 ppb
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M24. We thus selected a 10-day period (from DOY 214 to DOY 224) during which M24 exceeded
40 ppb with peaks of 80 ppb. From DOY 214 to DOY 224, the daily stem radius increment, ∆R (mm),
was calculated following the stem cycle analyses approach [64]. The ∆R was obtained as difference
between stem radius maximum of two successive cycles, whilst MDS (maximum daily shrinkage) was
the difference between the maximum and minimum of stem radius within the same cycle. The rate
of ∆R or MDS (mm h−1) was calculated by dividing the values by the duration of stem growth or
contraction, respectively. Instantaneous stem water deficit, ∆Wi (mm), was extracted by de-trending
the daily time series of ∆R using a piecewise linear regression (Figure S1.) They were then plotted
against hourly sap flow data to compare internal daily stem water balance in EDU and WAT trees.

2.7. Statistical Analyses

The statistical unit was the individual tree (N = 5). Data were checked for normal distribution
(Kolmogorov-Smirnov test) and the effect of the treatment was assessed by one-way analysis of variance
(ANOVA) and Student t-test (p < 0.05). The effects of O3 and time on rate of ∆R and MDS were assessed
by two-way ANOVA. Data that did not pass the normality test were analysed by non parametric
Mann-Whitney test (p < 0.05).

3. Results

3.1. Environmental Conditions

The environmental parameters recorded at the site during 2013 (Figure 1) showed a typical
Mediterranean pattern, with spring characterized by recurrent rainy events, low D (<1 KPa) and
M24 (<40 ppb), and dry summer with high temperature (daily maximum temperature over 30◦C),
D (> 1.5 KPa) and M24 (> 40 ppb). From DOY 160 to DOY 225 the gradual increase of the evaporative
demand (from 1 kPa on DOY 160 to 2.5 kPa on DOY 225) induced a water deficit condition as a
consequence of increasing temperature (daily maximum temperature >30◦C) and sporadic rainy events.
From DOY 214 to DOY 224, M24 ranged between 40 and 55 ppb (9 days with multiple peaks over
40 ppb) in correspondence with the highest values of D.

3.2. Effect of Long-term O3 Exposure on Intra-annual Radial Stem Growth and Seasonal Sap Flux Density

In 2013, the stem basal areas at breast height were 19.7 ± 7.6 and 32.6 ± 9.9 cm2 for WAT and EDU
trees, respectively. The long-term O3 exposure of ‘Oxford’ poplar clone induced a decrease of the stem
basal area increment in WAT trees during 2013 (Figure 2).

Overall, the cumulative sums of pentad ∆R over the season resulted in a typical S-shaped curve
(Figure 3).

The parameters deriving from the fitting analyses permitted to describe the intra-annual radial
stem growth pattern. WAT and EDU trees had similar radial growth rates and had a stem radial
increment of 3.51 mm and 3.48 mm, respectively, at the end of the growing season. After the
winter plateau, a general slight increase of ∆R occurred before a sharp period of exponential growth
culminating between mid-April and early May, depending on the treatment (Table 1).

Table 1. Comparison between parameters of Gompertz function for WAT (water treated) and
EDU (EDU treated) trees. ti, inflection point; k, rate of change of curve and time; R2, coefficient
of determination.

Treatment
Parameters

ti (DOY) k (10−2) R2

EDU 144.1 ± 6.8 0.025 ± 0.005 0.99
WAT 122.4 ± 4.1 0.032 ± 0.007 0.97
t-test (p-value) 0.0002 0.11
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dot) and O3-protected EDU trees (black dot). Solid line represents the Gompertz fitting calculated on 
the mean pentad values of four plants (N = 5). 
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The inflection point (ti) occurred earlier in WAT (DOY 122) and later in EDU trees (DOY 144)
whilst the values of k, i.e., the rate of change of the curve slope, were similar between treatments
(0.025 and 0.032 × 10−2 in EDU and WAT trees, respectively).

From DOY 90 to DOY 256, EDU and WAT trees displayed similar patterns of daily Sf (Figure 4).
However, EDU trees had a significantly higher Sf than WAT ones (p < 0.001).
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by a horizontal line within the box, vertical bars indicate minimum/maximum values and circles
symbolize outlying data points. p-value was based on the Mann-Whitney test.

The median values of Sf were 17.3 and 18.5 kg d−1 for WAT and EDU trees, respectively. Half of
the observed Sf ranged from 12.7 to 22.2 kg d−1 and 13.1 to 28.4 kg d−1 for WAT and EDU trees,
respectively. During winter, the sap flow was negligible. From DOY 100 and DOY 110, Sf increased
rapidly in concomitance with bud burst and leaf expansion. From DOY 110 to DOY 170, the pattern of
Sf slightly increased both in EDU and WAT trees, even if a wide range of sudden daily oscillations
was recorded (from 6 kg d−1 on DOY 146 to 36 kg d−1 on DOY 168). Multiple low Sf values occurred
in concomitance with a rainy period and under low levels of D. After DOY 170 and until DOY 200,
Sf reached the highest values of the season. Sf was higher than 20 kg d−1 on average with maximum
values of 28.3 kg d−1 on DOY 179 and 40.9 kg d−1 on DOY 190 for WAT and EDU trees, respectively.
From DOY 190 to DOY 256, Sf slightly decreased in EDU and WAT trees in response to high evaporative
demand (D>1.5 kPa for 10 days) and elevated temperature (maximum temperature >30◦C).

Long-term O3 exposure did not induce changes in xylem morphology and consequently in xylem
hydraulic parameters (Table 2).



Forests 2019, 10, 396 10 of 21

Table 2. Mean values (±SD) of xylem morphology and hydraulic traits in WAT (water treated) and
EDU (EDU treated) trees. Vd: vessel density, dm: average vessel diameters, DH: hydraulic diameter,
Kst: theorical hydraulic conductivity, HV: Huber value.

Treatment Xylem Morphology Hydraulic Traits

Vd
(n mm−2)

dm
(µm)

DH
(µm)

Kst
(kg s−1m−1MPa−1)

Hv
(10−4)

WAT 90.5 ± 6.3 26.3 ± 2.5 38.6 ± 3.3 2.2 ± 0.7 1.2 ± 0.3
EDU 90.6 ± 4.3 28.0 ± 1.9 37.6 ± 2.7 2.5 ± 0.6 1.5 ± 0.2

t-test
(p-value)

0.98 0.31 0.67 0.45 0.02*

*: Significant for p ≤ 0.05.

Vessel density and average vessel diameter were similar in WAT and EDU trees (90.5 vs 90.6 n
mm−2 and 26.3 vs. 28 mm, respectively) as well as Kst ranged from 2.2 to 2.5 kg s−1m−1MPa−1 in WAT
and EDU trees. However, the long-term exposure to ambient O3 pollution induced changes in the ratio
between total leaf area and sapwood area. The Huber value of WAT trees (1.2 × 10−4) was significantly
higher than that of EDU ones (1.5 × 10−4). Thus, under O3 exposure WAT trees supported lower leaf
area per unit of sapwood area than EDU plants.

3.3. Effect of Short-term O3 Exposure under High Evaporative Demand on Radial Stem Growth, Stem Water
Deficit and Sap Flow

From DOY 214 to DOY 224, under elevated daily M24 (>40 ppb) and high vapour pressure deficit
(D>2 kPa), EDU trees showed a higher Sf than WAT ones (Figure 5).Forests 2019, 10, x FOR PEER REVIEW 11 of 21 
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Figure 5. Time series of hourly sap flow (±SD) from DOY 214 to DOY 224 in WAT (water treated) and
EDU (EDU treated) trees (N = 5 trees). The inset shows the mean hourly sap flow, Sf, (±SD) calculated
over this 10-day time window. The black horizontal line represents the significant differences between
means for p < 0.05 (t-test).
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During the mid-afternoon, the Sf of EDU trees was 35% higher than that of WAT trees. On average,
we recorded 2.5 kg h−1 and 1.6 kg h−1 for EDU and WAT trees, respectively, except for DOY 220 and
DOY 221 in which lowest values were recorded in both treatments as a result of a cloudy day (data
not shown). The daily pattern of sap flow variations followed a bell-shaped curve both in WAT and
in EDU trees (Figure 5, inset). Sf started to increase in the early morning, peaked at 11:00, remained
constant until 19:00 and then gradually decreased after sunset. However, an analysis of the hourly Sf

showed that EDU trees had an earlier activation of sap flux than WAT trees (between 08:00 and 09:00
for EDU trees and 09:00 and 10:00 for WAT, respectively).

The results of the stem cycle analyses allowed to highlight the response of WAT and EDU trees
under high level of O3 concentration (Figure 6).
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6a). However, the rate of ΔR significantly declined (p = 0.02) from DOY 215 (on average 0.004 mm h−1) 
to DOY 224 ( <0.001 mm h−1) both in EDU and WAT trees. WAT trees exposed to high ambient O3 
concentration had significantly lower rate of MDS than EDU trees (p = 0.01) (Figure 6b). From DOY 
214 to DOY 224, the rate of MDS of WAT trees gradually decreased from 0.004 mm h−1 on DOY 215 
to 0.0011 mm h−1 on DOY 224 whist it ranged from 0.005 mm h−1 (DOY 219) to 0.003 mm h−1 (DOY 
224) for EDU trees.  

Figure 6. Rate of ∆R (Rate of stem increment), ((a), ±SD) and rate of MDS (rate of maximum daily
shrinkage), ((b), ±SD) for WAT (water treated) and EDU (EDU treated) trees from DOY 214 to DOY
224. The bars represent the mean of five trees. Data were analyzed with two-way analysis of variance
(ANOVA) and the results were reported in the inset table. The inset graphic represents the mean of rate
of ∆R and rate of MDS calculated on 10 days (N = 5). Asterisks indicate significant differences between
treatments (p < 0.05).
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High ambient O3 concentration did not affect the rate of ∆R of trees (p = 0.35). The mean rate of ∆R
were 0.00167 ± 0.00021 and 0.00183 ± 0.00019 mm h−1 for EDU and WAT trees, respectively (Figure 6a).
However, the rate of ∆R significantly declined (p = 0.02) from DOY 215 (on average 0.004 mm h−1)
to DOY 224 (<0.001 mm h−1) both in EDU and WAT trees. WAT trees exposed to high ambient O3

concentration had significantly lower rate of MDS than EDU trees (p = 0.01) (Figure 6b). From DOY
214 to DOY 224, the rate of MDS of WAT trees gradually decreased from 0.004 mm h−1 on DOY 215 to
0.0011 mm h−1 on DOY 224 whist it ranged from 0.005 mm h−1 (DOY 219) to 0.003 mm h−1 (DOY 224)
for EDU trees.

The high level of ambient O3 concentration increased ∆Wi and decreased Sf. The relationship
between hourly data of ∆Wi and Sf during the period of high O3 pollution (DOY 214–224) was
represented by a hysteresis process (Figure 7).
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Figure 7. Daily course of changes in ∆Wi, stem water deficit, (±SD) and Sf, sap flow, (±SD) in WAT
(water treated) and EDU (EDU treated) trees, from DOY 214 to DOY 224 (N = 5 trees). Arrows indicates
the hour of the day (00:00, 07:00, 10:00, 17:00). From 07:00 to 10:00, morning phase (MP); from 11:00 to
17:00, midday-early afternoon phase (MEP); from 18:00 to 06:00, recovery phase (RP).

On the basis of the daily pattern, three phases can be defined: a morning phase (MP, from 7:00 to
10:00) dominated by a rapid increase of sap flux occurring in absence of changes in the stem radius;
a midday-early afternoon phase (MEP, from 11:00 to 17:00) characterized by a rapid increase of the
rate of stem shrinkage (decrease of ∆Wi, on average 3 mm h−1 vs. 5 mm h−1 for WAT and EDU trees,
respectively) occurring in presence of constant high sap flow; a late afternoon–night time recovery
phase (RP, from 18:00 to 5:00 of the following day) characterized by a slight decrease of sap flow and
decrease of ∆Wi. Thus, MP was mainly controlled by sap flow rate (higher in EDU than in WAT
trees), MEP was regulated by the amplitude of ∆Wi (higher in WAT than in EDU trees) whilst a linear
relationship existed between Sf and ∆Wi during RP. To assess differences in the RP between WAT
and EDU trees, linear regression analyses based on a polynomial equation was found as best fitting
model (R2 > 0.97). Under high O3 concentration the RP of the WAT trees was characterized by lower a
coefficients (−0. 0232 vs. −0.0112 for a in WAT and EDU trees, respectively) (Table 3).
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Table 3. Results of the polynomial equation (f = y0 + ax) to the RP (recovery phase) extracted from
daily course of sap flow (Sf, independent variable) plotted against changes in stem water deficit (∆Wi)
in WAT (water treated) and EDU (EDU treated) trees (±SE, N = 5 trees). f, polynomial function; y0,
y-value for x = 0; a, slope.

F = y0 + ax y0 a R2

WAT −0.0062 ± 0.0007 −0.0232 ± 0.001 0.988
EDU −0.0037 ± 0.0008 −0.0112 ± 0.0007 0.975

4. Discussion

4.1. Effect of Long-term O3 Exposure on Intra-annual Radial Stem Growth and Phenology

At the end of the growing season 2013, the stem basal area at breast height of WAT trees was
on average 23% smaller than of EDU-protected trees. The long term ambient O3 exposure reduced
the stem growth of the ‘Oxford’ poplar trees, confirming previous findings on breast-height diameter
and above- and below-ground biomass production and allocation from the same experiment [20,50].
Other studies on mature trees showed a significant decrease of stem diameter in response to elevated
ambient O3 in black cherry [65], yellow poplar [40], Populus tremula × alba (clone ‘INRA 717-1-B4’) [48].
However, long-term O3 fumigation of mature stands of Picea abies Karst. induced a 12% reduction
of stem diameter at DBH which was compensated by a 69% increase of height growth, leading to a
significant change in height-diameter allometry [9].

The culmination of stem radial growth (ti) of ‘Oxford’ poplar clone occurred early in the spring
(on DOY 122 and DOY 144 for EDU and WAT trees, respectively) as already reported for other poplars,
P. deltoides Marsch. and P. × canadensis Mönch. [62] where ti occurred 4–6 weeks after the onset of
the cambium activity (DOY 90–100). Long-term O3 exposure affected the timing of ti, which was on
average 20 days earlier in WAT trees than in EDU trees. The variation of ti represents an adaptive
strategy in response to environment variability and has been widely reported for boreal species [63].
Through the shift of ti, the trees were able to synchronize the maximum growth with the most favorable
environmental conditions. In cold environments, ti was correlated to warmer spring temperatures as
in Picea abies [66] or synchronized with summer solstice as in many coniferous species [63]. On the
contrary, in temperate forests, the timing and rate of radial growth seemed highly dependent on
leaf phenology in mixed forest [67], e.g., the photosynthetic production of the new leaves in white
birch [68], or related to the environmental condition of the previous year as reported in aspen [69].
In poplar, a wide portion of the current woody ring is produced before the complete leaf development,
and the stem water content between late winter and early spring determines the rate and timing of
cambium activation in the current year [62]. In one-year-old coppice of Populus × canadensis ‘I214’
and Populus deltoides Marsch., ‘Dvina’ the early clone had 22% higher stem water content than the
late one at the time of cambium activity [62]. The reduced stem water content affected the time of
cambial activation of Pinus halepensis Mill. and Picea mariana Mill. B.S.P. saplings [38,70], whilst in
a coniferous mixed stand, the early development of tracheids in Pinus sylvestris L. was related to a
higher stem water content than in Picea abies [71]. These results suggest that stem water reserves
can regulate wood phenology. We thus conclude that the early ti recorded in WAT trees depended
on the higher stem water content than in EDU trees at the beginning of cambium activity. In fact,
our previous work on the same trees showed that the WAT trees had 16% higher wood moisture than
EDU trees at the time of cambium reactivation [20]. The decrease of leaf area and transpiration under
high O3 concentration during summer in WAT trees could have induced an early re-allocation of leaf
water content toward stem storage compartments before Autumn. Thus, a high hydrostatic pressure
was maintained in the cambium during late winter, and cell division and expansion occurred early.
Although the WAT trees had an earlier ti than EDU trees, the value of k, i.e., the rate of change of the
curve slope, did not differ between treatments, suggesting that WAT and EDU trees have had similar
intra-annual growth patterns.
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4.2. Effect of Long-term O3 Exposure on Sap Flow and Hydraulic Traits

Analysis of Sf seasonal time series in 2013 showed that after six years of exposure to ambient O3 the
WAT trees displayed lower daily cumulative sap flow (i.e., lower water tree use) than EDU-protected
ones. The distribution of the 25–75th quartiles of the daily Sf per tree over the season ranged between
12.7 and 22 kg d−1 for WAT and 13.1 and 28.4 kg d−1 for EDU trees and these values were comparable
to those reported for P. trichocarpa × P. deltoides hybrids [72]. On the basis of these results, we accepted
the hypothesis that the long-term ambient O3 exposure determined a lower sap flow of WAT trees.
Our results did not confirm previous findings in which elevated O3 did not affect the sap flux per unit
of ground area of two-year-old plants of Populus tremuloides Michx. and Betula papyrifera Marsh [73].
Similar results were reported for O3-tolerant clones of Betula pendula [74] and European beech [75].
On the contrary, four-year-old ash trees exposed to episodic elevated O3 concentration decreased the
sap flow later in the season as result of an increased stomatal resistance as well as a change in leaf
area due to early leaf shedding during late summer [76]. Previous results showed that whole-tree use
efficiency was lower in WAT trees than in EDU trees, because carbon assimilation decreased more than
water losses, while it was not affected by O3-induced stomatal sluggishness [21]. In contrast, stomatal
sluggishness—i.e., longer time to respond to the closed signal and slower rate of closing—would be
expected to increase water loss, but the effects over the growing season were compensated by lower
stomatal conductance and premature leaf shedding [77]. In fact, leaf area of WAT trees was 64% lower
than EDU ones after three years of ambient O3 exposure [15]. The reduced sap flow recorded in
WAT trees could be the effect of the lower canopy transpiration surface rather than of a change in
the wood hydraulic traits. Vessel density and Kst did not significantly change in WAT and EDU trees
confirming that reduced sap flow of WAT trees was not related to a change of xylem traits. Kst is the
main parameter describing hydraulic efficiency of the xylem and it is highly correlated to tree height,
growth, xylem traits and transpiration [59]. In our experiment, we recorded values ranging from 2.2
to 2.5 kg s−1m−1MPa−1 in WAT and EDU trees, respectively, and these values were similar to those
reported for five-year-old field growing poplar plants [78].

The reduction in total leaf area observed in the WAT trees during the previous experiments in
the same plantation [20,21] resulted in an increased Hv (ratio of sapwood area: leaf area) of WAT
trees. Huber value is a quantitative trait of the hydraulic architecture [79]. An increase of Hv was
related to short-term drought response in Arundo donax L. [80], homeostasis in leaf water relations and
gas exchanges in Eucaliptus kochii ssp borealis (C. Gardner) D. Nicolle [81] as well as long-term plant
acclimation to chronic environmental stresses in Castanopsis acuminatissima (Bl) A. DC. [82]. Although
Hv increased significantly in WAT trees, the values ranged from 1.2 to 1.5 × 10−4 in both treatments
remaining within the range of variability reported for poplar [83]. It is postulated that an increase
of Hv as result of decreased leaf area improves the stem capacity to transport water from the roots
to the leaves [84] maintaining the same water use efficiency under environmental constrains. This
is the first report of an increase of Hv under O3 stress; the same sapwood area supporting a lower
total leaf area could represent an acclimation strategy to sustain the growth rate even under O3 stress.
This hypothesis was partially confirmed both by the lack of significant differences of the seasonal sap
flow pattern and radial growth rates between WAT and EDU trees during the entire 2013 growing
season and by the contrasting daily stem water deficit pattern (∆Wi and MDS) in WAT and EDU trees
during the time window with severe evaporative demand and high ambient O3 concentration.

4.3. Effect of Short-term O3 Exposure under High Evaporative Demand on Radial Stem Growth, Stem Water
Deficit and Sap Flow

It was postulated that high levels of ambient O3 can increase water stress in trees through the
increase of water loss during drought period following impaired stomatal control [40]. We were thus
interested in understanding the dynamics of tree water use monitored by sap flow measurements
and the variation in stem water content by dendrometers under high evaporative demand and high
ambient O3 concentration. From DOY 214 to DOY 224, climatic conditions within the plantation
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were characterized by D > 2 kPa, daily maximum temperature >30◦C, reduced precipitation and
M24 >40ppb. In a recent paper [85], drought-sensitive poplar clones significantly decreased the
transpiration rates at D values higher than 2 kPa. The high sensitivity to water deficit of ‘Oxford’ poplar
clone [86] confirmed that the high evaporative demand observed during the time window selected for
the analyses could be considered as limiting for the tree water use of our trees. The combination of
high evaporative demand and elevated O3 concentration induced a reduction of MDS rate and hourly
sap flow in WAT plants. The rate of MDS (the amplitude of the stem shrinkage over time) is considered
the most suitable proxy of stem water status in poplar [54,87] and can be used to estimate the water
radial flow within the stem [88]. Basically, daily stem radius fluctuations are determined by crown
transpiration [46] and stem shrinkage mirrors the water loss occurring within storage compartments
within the stem (bark and phloem) to support increased water demand due to the transpiration rate of
the tree crown. The analyses of the amplitude and duration of the shrinkage phase allow to extrapolate
information about the acclimation strategies of trees in response to a wide range of environmental
constrains [33,36,89]. High O3 pollution combined with high evaporative demand induced a decrease
of transpiration rate of WAT trees, as suggested by the reduced xylem sap fluxes, which in turn
generated a consistent reduction of the radial water fluxes from stem water reserves (phloem and bark)
toward the leaves, as suggested by the low MDS recorded in the WAT trees. This result supported the
hypothesis that high O3 pollution can amplify the effect of water deficit in poplar trees.

The relationship between stem shrinkage and sap flow has been investigated in different woody
species such as olive [90], yellow poplar [40] and Douglas fir [88], and the results showed that stem
shrinkage and Sf were strictly connected to each other at daily level. The coupling of MDS and Sf was
widely used to determine the effect of environmental constrains to plant water relations [91,92]. Thus,
we hypothesized that the reduction of tree water use of WAT trees recorded under high O3 pollution
could be explained by an altered pattern of Sf and ∆Wi. Our results showed that at a daily level,
the diurnal pattern of Sf and ∆Wi generated a hysteresis process driven by sap flow and transpiration
rate during the early morning, by stem shrinkage from late morning and mid-afternoon (depletion of
stem water reserves) while a linear relationship existed between Sf and ∆Wi during the night (refilling
of the stem water reserves). The timing of MP showed that EDU trees had a faster increase of sap flux
than WAT trees. The slow start of the sap fluxes in the morning in the WAT trees could be connected
to the sluggish response of stomata to the environmental condition favorable to transpiration. These
results showed that a large part of the daytime sap flux in WAT trees was supported by internal stem
water resources, rather than by water uptake from the roots. Previous findings reported that stem
water reserves were able to support from 8 to 20% of daily transpiration rates in mature trees [88]. Thus,
WAT plants had a high use of the internal stem water resources (high ∆Wi) thus predisposing them to
a water deficit condition during summer. While stomatal sluggishness does not have a significant role
over the entire growing season [21], it may help mobilizing the internal water resources during short
periods of intense evaporative stress in O3-injured trees.

5. Conclusions

Taken together, our results showed that long-term O3 exposure of O3-sensitive poplar trees
induced significant changes in stem radial growth and tree water use. For the first time we showed a
direct effect of long-term O3 exposure on the culmination of stem radial growth and the crucial role of
this pollutant in the modulation of phenology of secondary meristems. The decrease of sap flow was
driven by a decrease in HV (less leaf area was supported per unit of stem basal area) rather than by
adaptive changes in xylem traits, whilst the low use of internal water resources to support transpiration
rates could be related to the sluggish response of stomata under O3. Our findings are crucial to increase
the knowledge about the differential responses of tree organs to O3 and overall resource allocation at
the whole-plant level under stress impact. Besides, our results warrant for more research on organ
changes in carbon allocation and xylem features under future climate and O3 pollution.
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Using high resolution point dendrometers and heat pulse technology with an ecophysiological
approach, we were able to evaluate the whole tree response to multiple environmental constrains
such as O3 and drought. The high resolution monitoring of the tree water status and growth under
climate change and air pollution is considered a priority to improve the operational processing chain
to integrate data and to scale up from tree to forest ecosystem level [93]. For example, the reduced
evapotranspiration and growth of O3-sensitive species under high O3 level could alter the hydrological
cycle of forest ecosystems, thus affecting ecosystem services such as water quantity and quality [94]
as well as promoting the change of the specie composition of the forest communities, favoring
the O3-toleant specie. Thus, our results could be useful for silviculture, ecology and management
decision-making in forestry in a broader scale.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/5/396/s1,
Figure S1: Time series of hourly stem radius variation (a, ∆R ± SD) and instantaneous stem water deficit (b,
∆Wi ± SD) during ten days of high evaporative demand and M24 > 40 ppb in WAT and EDU trees (N = 5 trees).
Data of stem radius were set to 0 before the analyses. ∆Wi was extracted by de-trending the daily time series of
∆R using a piecewise linear regression.
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and sapling survival of Pinus halepensis exposed to different irrigation regimes. Ecol. Manag. 2011, 262,
1630–1638. [CrossRef]

71. Oberhuber, W. Soil water availability and evaporative demand affect seasonal growth dynamics and use of
stored water in co-occurring saplings and mature conifers under drought. Trees 2017, 31, 467–478. [CrossRef]
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