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ARTICLE INFO ABSTRACT

Keywords: As Mediterranean pine forests are increasingly exposed to intense drought events that may threaten their sur-

Aleppo pine vival, it is important to improve our understanding of their ecophysiological responses to climatic drivers under

Calabrian pine

different temporal and spatial scales. We studied key photosynthetic traits in different ecosystems of Pinus
Photosynthesis

Stomatal regulation halepensis and the less studied Pinus brutia by applying an integrated, multi-site and multi-season comparative

Seasonality approach. For this purpose, we performed seasonal gas exchange measurements across three sites (Lesvos, Sani,

VPD and Xanthi) and ten plots in Greece to assess how species-specific stomatal strategies, microclimatic drivers, and

LSWI stand structure shape carbon assimilation. We assessed CO,- and light-saturated photosynthetic capacity (Amax),
stomatal conductance (gs), and intrinsic water use efficiency (iWUE), and their responses to vapor pressure
deficit (VPD) and the land surface water index (LSWI). No effect of stand structure, but significant variation
among sites and seasons in Apay, 8 and iWUE was detected. P. halepensis in Sani and P. brutia in Xanthi exhibited
a bimodal photosynthetic activity, showing the highest A,qy in spring and its recovery in autumn or winter under
favorable microclimate, reflecting an adaptive strategy to exploit favorable microclimatic windows. P. brutia in
Lesvos, characterized by the highest VPD, exhibited a more conservative seasonal pattern with a peak of Apgy
only in spring, reflecting prolonged atmospheric constraints on stomatal opening. Overall, atmospheric drought
vs. land surface water availability had a stronger control on the A, of both species, reflecting a prioritization of
hydraulic safety, in which both species employ isohydric stomatal regulation to increase their intrinsic water use
efficiency at the cost of carbon uptake. However, P. brutia showed a less steep decline in Ayq, under high at-
mospheric water demand, indicating a less isohydric response than P. halepensis that allows the maintenance of
photosynthetic activity over a wider range of VPD and offers an advantage under increasingly intensified drought
regimes.

1. Introduction energy from sunlight to synthesize carbohydrates that are used to sup-
port growth, reproduction, and maintenance. Photosynthetic capacity,

Photosynthesis is a fundamental physiological process through typically captured by light-saturated assimilation rates, and stomatal
which plants assimilate atmospheric carbon dioxide (CO3) using the conductance are sensitive to both short-term environmental fluctuations
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Fig. 1. Study sites’ location in northern Greece (a) and the monitoring plots at each site, in Xanthi (b), Sani (c), and Lesvos (d).

and long-term acclimation processes (Flexas et al., 2013; Lawson and
Blatt, 2014; Miner et al., 2017; Niinemets, 2010). These parameters may
be further shaped by needle age, sunlight status, and microclimate,
making them integrative indicators of the trees’ physiological status
(Warren, 2008). Natural terrestrial ecosystems, such as mature forests,
are considered important carbon sinks, but their efficiency in terms of
carbon sequestration is greatly controlled by their adaptation to a
changing climate. At the plant level, carbon assimilation is shaped by
stomatal regulation and the interplay between water and carbon bal-
ance. Trees regulate gas exchange and water loss via stomatal control to
maintain hydraulic functionality, while also supporting growth and
metabolic demand (Martinez-Vilalta and Garcia-Forner, 2017). Strate-
gies in stomatal regulation along the isohydric-anisohydric continuum
play a key role in this balance, with isohydric species prioritizing hy-
draulic safety, closing stomata earlier, and anisohydric species main-
taining stomatal opening, favoring carbon gain even under warmer and
drier conditions (Martinez-Vilalta et al., 2014; Kiorapostolou et al.,
2018).

Pinus halepensis Mill. and Pinus brutia Ten. cover the western and
eastern parts of the Mediterranean basin, respectively, while their
transition zone is found in Greece, where both species coexist (Chambel
et al., 2013). The forest ecosystems formed by these two pine species are
extensively distributed, covering approximately 7 million ha (Chambel
etal., 2013), from the sea level up to 600 m in elevation. Management of
Mediterranean low-elevation pines varies from none to mild overstory
thinning and partial understory removal, based on regional priorities.
These forests contribute substantially to climate change mitigation (del
Rioetal., 2017), but their efficiency in carbon storage may vary with age
and forest management (Moreno-Fernandez et al, 2015;
Navarro-Cerrillo et al., 2022). Moreover, with ongoing climate change,
the carbon sink capacity of these ecosystems may be at risk (Penuelas
et al., 2017; Sarris et al., 2007), underlining the importance of under-
standing how shifting climate conditions could impact their carbon

dynamics.

Climate models predict that periods of drought and increased tem-
peratures will be prolonged and intense in the near future (IPCC, 2023),
and this is particularly true for the eastern Mediterranean basin
(Lazoglou et al., 2024). Increasing temperature and VPD affect leaf gas
exchange through reduction of stomatal conductance and metabolic
limitation of photosynthesis (Farquhar and Sharkey, 1982; Zhou et al.,
2013). Under increased atmospheric drought (high VPD), pine trees
close their stomata to limit water loss, which drastically reduces
photosynthetic CO, uptake (Birami et al., 2018; Tatarinov et al., 2016;
Warren et al., 2004). Both P. halepensis and P. brutia follow an isohydric
strategy, closing stomata early during summer droughts to conserve
water and avoid hydraulic failure, leading to low carbon uptake during
the driest periods (Cherif et al., 2019; Fotelli et al., 2019, 2020; Hou-
miner et al., 2022; Klein et al., 2011; Markos et al., 2024). Under pro-
longed drought, this water-saving mechanism may lead to reduced
growth and, finally, mortality. Growth decline and increasing mortality
rates have been reported for both P. halepensis and P. brutia after
consecutive dry years (Alsanousi et al., 2025; Christopoulou et al.,
2022;). In addition, model simulations predict a sharp decline in net
ecosystem productivity of P. brutia forests under future climate sce-
narios, compared to the present climatic conditions (Sazeides and Fyllas,
2025).

Despite these similarities of P. halepensis and P. brutia in terms of
their responses to drought, assessing if the two species differ in their
degree of isohydric regulation is important for effectively predicting
their future behavior under the changing climate. However, such
comparative physiological studies are scarce. In a recent study,
P. halepensis has been shown to exhibit a more pronounced and rapid
reduction in stomatal conductance and transpiration under drought,
compared to P. brutia (Houminer et al., 2022), indicating a stricter
expression of isohydric behavior. Furthermore, we need to advance our
understanding of how the photosynthetic traits of the two pine species,
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Table 1

Characteristics of the permanent monitoring plots at the three study sites (Lesvos, Sani, Xanthi). Soil texture abbreviations: CL: Clay, SCL: Sandy Clay Loam, SiL: Silt Loam, S: Sandy, C: Clay, SL: Sandy Loam, LS: Loamy

sand.

Management

Origin

Soil pH

Age  Tree DBH (cm)  Tree height (m)  Soil texture

Basal area (m?/ha)

Longitude  Latitude

Plot

Site

Species

Natural post-fire regeneration ~ None

6.7
6.6
6.6
7.1

CL

3.34 £1.15
4.68 + 2.69

7.36 + 3.99
8.90 + 5.93

20
46
78
97
85

9.69 + 3.86
22.2 +5.48
31.8 £9.09
31.2 +8.54
23.5 + 15.7
27.4 +7.58
25.3+7.10
49.3 +16.2
43.3 +12.5
36.3 +£11.2

1.06
1.66
2.13
2.5

39.17160
39.12662
39.15641
39.16189
40.1085

26.36179
26.29545
26.38450
26.37402
23.31355
23.33419
23.31331
24.88772
24.88650
24.88765

LES1

Lesvos

P. brutia

SCL

LES2

SCL

SiL
S

11.31 + 2.04
16.22 + 4.50
14.96 + 4.77
15.66 + 4.45
15.15 + 1.94
20.35 + 2.85
16.76 + 2.84
17.76 + 3.89

28.99 +7.02
38.6 + 13.85

LES3

LES4

None (low density)

Natural forest

7.6
7.2

40.5 + 15.66
28.2 + 7.58
26.5 + 7.03
35.8 + 8.23

2.14 (1.88)

2.

Sani SAN1

P. halepensis

Understory removal
None (high density)

None

29

40.07637
40.09282
41.15615
41.15597
41.15548

SAN2
SAN3
XAN1

7.1

SCL
SL
LS

72
72
72

3.06 (4.76)

Planted forest

6.1

1.29
1.38
0.73

Xanthi

P. brutia

6.2 Moderate thinning

5.6

30.19 + 5.42
22.7 + 6.14

XAN2

Intensive thinning

SL

72

XAN3

(*) In plots SAN1 and SAN3 the LAI of the understory shrub vegetation is given in parentheses.
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particularly the less studied P. brutia, change under different stand
structures and across spatial and temporal scales in relation to both at-
mospheric water demand and soil and vegetation water content, in order
to effectively plan their climate-smart management.

In this research, we measured photosynthesis and stomatal conduc-
tance of P. halepensis and P. brutia in three distinct Mediterranean sites in
Greece during an entire year. We aimed at assessing the variation in
photosynthetic capacity across stands of different structure, sites, sea-
sons, and species, and at understanding the role of atmospheric and soil
drought (as imprinted in VPD and LSWI, respectively) in controlling the
coupling between needle carbon and water balance in these typical
semi-arid pine ecosystems. We hypothesized that gas exchange traits
would exhibit a bimodal seasonal pattern with photosynthetic recovery
driven by favorable microclimatic windows. We also expected similar
drivers for photosynthetic capacity and intrinsic water use efficiency
between P. halepensis and P. brutia, but we focused on identifying dif-
ferences in the isohydric response of the two species.

2. Materials and methods
2.1. Study sites and monitoring plots

We focused on three study sites representing typical low-elevation
Mediterranean pine forests in Greece, i.e., Lesvos and Xanthi domi-
nated by P. brutia and Sani dominated by P. halepensis (Fig. 1). At Lesvos,
no understory vegetation is present, at Sani there is an understory shrub
layer (0.5-2.0 m height) consisting mainly of Pistacia lentiscus, Phillyrea
latifolia, and Quercus coccifera, and in Xanthi, there is an at least 5 m-
high layer below the pines, consisting of deciduous broadleaf trees
(mainly Carpinus orientalis, Fraxinus ornus, Quercus coccifera, Quercus
frainetto). Varying forest management practices, stand age and micro-
climate have shaped pine stands of different structures. To account for
this variability, we selected 3-4 representative plots at each site (in total
10 monitoring plots) and their soil, tree, and stand characteristics were
systematically measured (Table 1). Basal Area and Leaf Area Index (LAI)
reflect the between-plot differences in stand structure. A fully harmo-
nized monitoring protocol was implemented across the 10 plots, as
described in Eleftheriadou et al. (2026).

LAI was determined with a ceptometer (Accupar LP-80; Decagon
Devices Inc, WA, USA), by systematically measuring photosynthetic
active radiation (PAR) at 36 points above the forest floor (1.3 m) and
comparing each PAR with that measured outside of the canopy under
full light conditions. All LAI measurements were made around solar
noon, and the leaf distribution parameter was set to X = 1.

In addition, the microclimatic conditions of the plots were continu-
ously recorded and are shown in Fig. 2. In each plot, an air temperature
and relative humidity sensor (MX2031A, Hobo, Onset, USA) was
installed at c. 2 m height, at the forest understory, and a soil moisture
and temperature sensor (MX230x, Hobo, Onset, USA) was placed at
5 cm depth. Mean daily values were estimated from 30-min interval
records. However, because soil moisture measured at 5 cm depth only
reflects the superficial soil water, we additionally used the Land Surface
Water Index (LSWI) as a representative indicator of overall ecosystem
water status in Mediterranean pine ecosystems (Markos et al., 2024).
The index was estimated for the corresponding period of measurement
for each plot separately, using Sentinel 2 msi L2A products. Data was
extracted through the Copernicus EO Browser (https://browser.dataspa
ce.copernicus.eu), as mean values of the polygons that covered the area
of each plot. LSWI values were estimated for clear days (cloud cover=0),
while raw images were checked again for potential algorithm failures.

2.2. Tree selection and performance of needle gas exchange
measurements

Four (4) healthy, dominant, and non-neighboring pine trees were
selected and marked in each plot. In Sani, two of the initially selected
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Fig. 2. Climatic variables in Lesvos, Sani, and Xanthi across the seasons during the study period. Tair (a), RH (b), VPD (c), and SWC (d) stand for air temperature, air
relative humidity, vapor pressure deficit, and soil water content, respectively. Solid lines represent the mean seasonal variation per study site and dashed lines show

the variation of each monitoring plot.

trees in plot SAN3 were replaced with trees of similar age and DBH in
April 2025, due to observed infestation. On each tree, gas exchange
measurements were conducted once per season, starting from summer
2024 and ending in summer 2025, using portable gas exchange systems
(for Xanthi: CIRAS-3; PP Systems, Amesbury, MA, USA, and for Sani and
Lesvos, Li6400XT and Li6400, respectively; Licor, Nebraska, USA). To
ensure consistency in gas exchange measurements between the CIRAS
and Licor devices, we used identical settings and performed response
curves of net photosynthetic rate (Ape;, pmol m~2 s™!) to photosyn-
thetically active radiation (PAR), which showed no differences
(Figure S1).

Considering the local climatic conditions, measurements were per-
formed during non-windy or rainy days, within the same 4-week time
window at all sites, and the same 1-week window at all plots per site.
Two branches were sampled per tree: a fully sunlit one, from the upper
canopy of the tree, and a shaded one from the lower canopy to account
for the variability in light conditions within the canopy. Based on the
methodology applied by Fyllas et al. (2017), (2020) and Fotelli et al.
(2020), branches were collected using a telescopic pruner of 6 or 20 m,
depending on tree height. Immediately after cutting, branches were
placed in a bucket of water and recut underwater to prevent xylem
embolism. Current-year needles or, when not fully developed, needles
from the previous year were selected for measurement. Three pairs of
healthy needles were carefully placed in the chamber without over-
lapping. When the chamber area was not fully covered by needles, the
part of the needles enclosed within the chamber was marked, its area
was measured using the image analysis software ImageJ (Schneider
et al., 2012), and photosynthesis values were corrected accordingly.

In each plot, we performed eight (8) photosynthesis light response

curves (two per selected tree), starting early in the morning, at around
8:00 a.m., and ending at least two hours before sunset. Average curves
per plot are depicted in Figure S2. A random rotation between trees was
applied during each season to exclude daytime effects on gas exchange.
During each curve, the chamber air flow rate was set to 500 pmol air s,
and the reference CO; concentration was maintained at 420 ppm. The
block temperature of the chamber was set equal to the ambient tem-
perature. Relative humidity (RH) inside the chamber was either
matched to ambient conditions when RH was 40-60 % or set to 70 % of
the external relative humidity when ambient RH was higher during
humid days. Initial needles’ acclimation was conducted at PAR equal to
1000 pmol m™ s~ for shaded needles and 1600 pmol m? s~! for the
sunlit ones. Equilibrium was considered achieved when stomatal
conductance exceeded 0.02 mol m 2 s~! and stabilized, or when tran-
spiration rates exceeded 0.11 mmol m~2 s™! for shaded needles and
0.12 mmol m~2 s7! for sunlit needles. Light response curves were per-
formed by sequentially adjusting PAR to the following values: 2000,
1800, 1600, 1400, 1200, 1000, 800, 600, 400, 200, 100, 80, 60, 40, 20,
and 0 pmol m~2 s™%. For each PAR level, after allowing the needles to
reach equilibrium, three recordings of A, were made. All settings and
calibration protocols followed standard manufacturer guidelines and
were consistent across sampling sites and dates.

The CO. and light-saturated photosynthetic capacity (Amq) was
calculated with the modified non-rectangular hyperbola equation as
described by Markos and Kyparissis (2011), which takes into account the
initial quantum yield, the curvature of the response, and the
light-saturated asymptote of net photosynthesis. This formulation was
selected because it yields physiologically realistic Apqg. estimates,
particularly in cases where light-response curves do not exhibit a clear
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light-saturation point. Although this model does not explicitly capture
light suppression under very high irradiance, in comparison to alterna-
tive models that better capture such processes (e.g., Jin et al., 2024),
such conditions were not observed in our measurements. In contrast,
incomplete light saturation was frequently observed, making the MNRH
model appropriate for our study. While Ap,, represents the potential
photosynthetic capacity under saturating light and CO», repeated mea-
surements based on our protocol were used to capture Apgy variability
across seasons and sites, in accordance with previous studies (Fotelli
etal., 2020; Sazeides et al., 2021). Apqx showed no significant difference
between sunlit and shaded needles (Figure S3) and, thus, the mean tree
Amax Was built as an average of both needles’ categories. In addition,
stomatal conductance (g;) and leaf-to-air VPD (VPD) were calculated
from the light response curves of both sunlit and shaded needles for PAR
> 1500 mol m~2 s . Intrinsic Water Use Efficiency (iWUE) was calcu-
lated as the ratio of Ay to gs.

2.3. Midday needle water potential (¥midday)

Measurements of midday needle water potential were performed
once, in late summer 2025, and before the first autumn rain event, to
capture the minimum ¥miqd4q, values after the prolonged summer
drought period. Assessments were performed on needles collected from

branches selected for the photosynthesis measurements using a pressure
chamber (Model 1000, PMS, Instrument Company, Albany, OR, USA).
Measurements were taken at midday (between 12:00 and 15:00), and
after covering the needles with aluminum foil and placing them inside a
polybag to avoid desiccation.

2.4. Statistical analysis

To account for the nested experimental design, we ran separate
Linear Mixed Effect Models for A4y, &, and iWUE as response variables.
Initially, several stand and leaf-level parameters were included as
covariates (Leaf Area Index; LAI, Basal Area; BA, soil Nitrogen concen-
tration; N, soil Phosphorus concentration; P). An elimination procedure
was followed, where non-significant terms were stepwisely removed
until the final models were reached. Model performance was evaluated
using marginal and conditional R? values, and considering the value of
the model’s Akaike Information Criterion (AIC). Fixed effects of the final
models included site, season, VPD, and LSWI. To investigate site-specific
and species-specific sensitivities, interaction terms were included. All
statistical analyses were performed using R version 4.4.1 (R Core Team,
2024), using the packages “lme4” (Bates et al., 2015) and “lmerTest”
(Kuznetsova, Brockhoff and Christensen, 2017).
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3. Results

3.1. Spatial and temporal differences in gas exchange, microclimate and
lPmidday

No significant differences were detected in gas exchange parameters
between the plots at any study site (Tables 2, 3, S2), indicating the lack
of stand structure effects on needle gas exchange. On the contrary,
strong seasonal control on all traits was observed (Fig. 3). Apex and gs
showed the same significant seasonal variation (Fig. 3a,b), with the
highest Apqy and g values observed in spring. However, P. halepensis in
Sani and P. brutia in Xanthi demonstrated a bimodal pattern, by pre-
senting also high Apg. and g in winter and in autumn, respectively
(Fig. 3a,b). Such a response was not observed with P.brutia in Lesvos,
where Apqe and gs were significantly lower in all other seasons,
compared to spring (Fig. 3a,b). Spatial differences were observed among
sites, with Lesvos consistently exhibiting the lowest A, and gs while
Xanthi showed the highest values, particularly in spring and autumn
(Fig. 3a,b). Mixed-effect model analysis confirmed that these differences
were strongly season-dependent, as indicated by significant site x season
interactions (Tables S1, S2).

iWUE and VPD exhibited the same seasonal fluctuation (Figs. 3c, 4b),
with iWUE being highest in autumn and summer, and substantially
lower during winter and spring. Mixed-effect models confirmed signif-
icant seasonal increases in iWUE during summer and autumn (Table 3).
In addition, iWUE and VPD were higher in Lesvos, compared to Sani and
Xanthi (Figs. 3c, 4b). LSWI was higher in winter and autumn, followed

by spring, and summer, which showed the lowest values. In addition, the
lowest values were observed in summer in Lesvos (Fig. 4a).

Widday Varied across sites with the most negative values observed in
P. brutia in Lesvos (-3.69 £ 0.26 MPa) and Xanthi (- 2.88 4 0.22 MPa),
compared to P. halepensis in Sani (- 2.81 + 0,14 MPa).

3.2. Drivers of Amax and iWUE

The final model for Apq (Marginal R? = 0.793) revealed significant
main effects of VPD (p = 0.005), LSWI (p = 0.026), Site, and Season
(Fig. 5a,b; Table 2). A significant interaction was found between VPD
and site for Sani (p = 0.002). P. halepensis at Sani showed a much steeper
slope in the relationship of Apqy vs. VPD (slope = —3.59) compared to
P. brutia at Lesvos (slope = —0.95) and Xanthi (slope = —0.84). In
contrast, gs did not exhibit significant main effects in relation to either
VPD or LSWI and was, therefore, not retained in the final models.

As regards iWUE, the selected model indicated a significant overall
increase with VPD (p = 0.002) (Fig. 6a,b; Table 3). However, the
interaction between VPD and site for Sani was not significant
(p = 0.136), suggesting that the response of iWUE to atmospheric
drought was relatively stable at this site. In contrast, P. brutia at Xanthi
showed a significantly different and more pronounced increase in iWUE
with VPD (p = 0.003).

4. Discussion

P. halepensis and P. brutia are dominating low-elevation
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Mediterranean pine ecosystems, providing multiple ecosystem services,
such as climate regulation. These ecosystems are considered adapted to
the semi-arid conditions of the eastern Mediterranean basin, but an in-
depth understanding of their ecophysiological responses under the
already exacerbating heat and drought periods is crucial in the light of
global change. While more information is available about the photo-
synthetic patterns of P. halepensis, quite less is known about P. brutia. By
measuring interannual gas exchange traits in P. halepensis and P. brutia,
we aimed at exploring seasonal and spatial patterns and understanding
gas exchange responses of these Mediterranean pines to xerothermic
conditions across a gradient of three study sites in Greece, i.e., Lesvos,
Sani, and Xanthi, characterized by different climatic conditions. In
addition, by including stands with varying structural characteristics, we
assessed whether management-related stand structure differences

modulate gas exchange.

4.1. Seasonal and spatial patterns of gas exchange

Our results showed no effect of stand structure, as reflected by the
LAI and basal area of the stands, on needle gas exchange parameters
(Tables 2, 3, S2). The fact that gas exchange measurements are typically
performed on the upper tree canopy, in combination with the sparse
canopy of P. brutia and P. halepensis that allows the penetration of light
deeper in the foliage, could partially explain the lack of any LAI effects of
needle gas exchange. This is further supported by the similar A4 values
between sunlit and shaded needles (Figure S3), which verify an efficient
photosynthetic acclimation (Niinemets, 2006; Valladares and Niine-
mets, 2008) and the absence of any LAI-induced shading effects on Apgy.
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Table 2
Final mixed effect model for Amax.
Amax

Predictors Estimates Clp
(Intercept) 4.02 1.03 -7.02 0.009
VPD mean -0.95 -1.60 - -0.29 0.005
LSWI 10.88 1.31 - 20.45 0.026
Site [Sani] 9.88 7.25-12.50 < 0.001
Site [Xanthi] 8.28 6.11 - 10.44 < 0.001
Season [Spring] 6.46 4.72 - 8.20 < 0.001
Season [Summer] 3.16 0.01 -6.32 0.049
Season [Autumn] -1.20 -3.06 - 0.66 0.206
Site [Sani] x Season [Spring] -0.34 -2.76 — 2.09 0.785
Site [Xanthi] x Season [Spring] 3.67 1.09 - 6.24 0.005
Site [Sani] x Season [Summer] -2.57 -6.24 -1.10 0.170
Site [Xanthi] x Season [Summer] -5.94 -9.80 - -2.08 0.003
Site [Sani] x Season [Autumn] -1.73 -4.46 - 1.00 0.214
Site [Xanthi] x Season [Autumn] 7.92 5.33 -10.50 < 0.001
VPD mean x Site [Sani] -2.64 -4.28 - -1.01 0.002
VPD mean x Site [Xanthi] 0.11 -0.88 - 1.10 0.826
Random Effects
o> 9.03
T00 Plot 0.79
1CC 0.08
N plot 10
Observations 401
Marginal R? / Conditional R? 0.793 / 0.809

It can also not be excluded that focusing on dominant trees may have
masked potential stand structure-induced competition effects among the
pines for soil water. Still, this seems to be less important, given the less
pronounced effect of LSWI on photosynthetic capacity and water use
efficiency.

While we captured clear seasonal differences in A;qy, g5, and iWUE
(Fig. 3a, b, c), we acknowledge that performing gas exchange assess-
ments at a higher frequency and longer duration would allow us to more
accurately monitor seasonal dynamics. Nevertheless, in both
P. halepensis in Sani and P. brutia in Xanthi, a bimodal photosynthetic
activity pattern was evident (Fig. 3a), characterized by a spring peak and
a recovery during autumn or winter. This is consistent with previous
studies reporting bimodal seasonal dynamics, including P. halepensis
(Fotelli et al., 2019) and P. brutia (Michelozzi et al., 2008), and aligns
with broader evidence of bimodal growth patterns under Mediterranean
climates (e.g., Tumajer et al., 2022; Valeriano et al., 2023). Bimodal
growth, referring to the occurrence of two distinct periods of growth
within a year, is an adaptation strategy of woody plants under dry cli-
mates. In Mediterranean ecosystems, tree growth activity responds to
periods of favorable wet and warm climatic conditions, which may occur
not only during spring but also in autumn or winter (Camarero et al.,
2010; Campelo et al., 2018; Fotelli et al., 2019, 2020). However, this
pattern may vary depending on local microclimate and interannual
shifts in precipitation (Pacheco et al.,, 2016; Tumajer et al., 2021;
Valeriano et al., 2023).

In contrast, P. brutia in Lesvos showed a more conservative year-
round pattern, with generally lower values, compared to the other
sites, and a peak in photosynthetic activity only in spring (Fig. 3a).
However, a peak of photosynthetic assimilation in P. brutia has been
reported even in late summer, such as in August (Awada et al., 2003),
highlighting the plasticity of the species’ photosynthetic responses to
local microclimate. In Lesvos, being characterized by the highest VPD
among all sites (Fig. 4), the lack of photosynthetic recovery in P. brutia
after summer could be driven by the combination of persisting high VPD
and low LSWI in autumn, which may constrain water transport, stomatal
conductance, and photosynthesis (Balducci et al., 2013; Rehschuh et al.,
2020).

Forest Ecology and Management 609 (2026) 123614
4.2. Shared isohydric regulation and hydraulic safety

Despite the differences among seasons and sites, both species showed
an overall negative response of gas exchange parameters to VPD
consistent with isohydric regulation and drought avoidance strategies
(Grossiord et al., 2020). Concurrently, iWUE increased with VPD
(Fig. 6¢), indicating an adaptive trade-off favoring water conservation at
the expense of carbon assimilation (Flexas et al., 2013). These coordi-
nated adjustments reflect substantial phenotypic plasticity and the
ability of both species to maintain hydraulic safety under increasing
evaporative demand (Anderegg et al., 2016; Klein et al., 2011).

This pattern aligns with recent analyses indicating that pines
commonly rely on early stomatal closure under drought, reflecting iso-
hydric regulation across broad climatic gradients (Singh et al., 2025).
Ecosystem-scale analyses further support this framework, showing that
carbon uptake dynamics in drylands are primarily constrained by at-
mospheric demand while soil moisture plays a secondary role (Jin et al.,
2024; Li et al., 2025; Wang et al., 2025). Such a behavior is consistent
with the general hydraulic response of pines, where the limited variation
in xylem resistance to cavitation leads to a greater emphasis on stomatal
regulation as the primary expression for drought response diversity
among species (Martinez-Vilalta et al., 2004).

Meta-analyses across tree species indicate that hydraulic safety
margins and xylem vulnerability to embolism are main predictors of
drought-induced mortality, highlighting that stomatal regulation be-
comes the primary mechanism mitigating hydraulic failure when hy-
draulic plasticity is limited (Anderegg et al., 2016; Serrano-Leon et al.,
2025). Furthermore, a recent global meta-analysis demonstrated that
plastic adjustments in hydraulic safety traits are generally insufficient to
offset increasingly negative leaf water potentials under drought, high-
lighting the role of stomatal regulation in controlling hydraulic risk
(Ramirez-Valiente et al., 2025). In Mediterranean ecosystems, pines
tend to adopt drought-avoidance strategies during summer droughts,
increasing the risk of carbon limitation under extreme conditions
(Aranda et al., 2024).

4.3. Species-specific differences in photosynthetic capacity and hydraulic
safety

Nevertheless, under escalating atmospheric drought during the
summer, the Apqy of P. brutia was only slightly decreasing in response to
the increasing VPD, both in Xanthi and Lesvos (Fig. 5a). At the same
period, a notable sharp decline in photosynthetic capacity was observed
in P. halepensis within a much narrower gradient of VPD. This suggests a
lower sensitivity of the photosynthetic performance of P. brutia to
increasing atmospheric water demand and a more risk-tolerant oper-
ating strategy to maintain carbon gain even potentially closer to hy-
draulic limits.

This is further supported by the lower minimum ¥44qy values we
detected in P. brutia (on average —3.3 MPa), compared to P. halepensis
(-2.8 MPa). At this threshold of ¥pjdde, stomatal closure occurs in
P. halepensis, with a hydraulic safety margin of ~ 0.3 MPa between
closure and 50 % loss of conductivity (Klein et al., 2011). This is
consistent with the steep decline of A;;q, and iWUE of P. halepensis as
atmospheric and soil drought increased during the summer. Accord-
ingly, P. halepensis has been placed toward the stomatal-sensitive end of
the isohydric-anisohydric continuum (i.e., more isohydric) (Klein,
2014), compared to P. brutia.

Physiological studies on P. halepensis, reported early stomatal
closure, showing a highly sensitive stomatal control of carbon assimi-
lation under water stress, supporting isohydric regulation (e.g., Melzack
et al., 1985; Manzanera et al., 2016), even at juvenile developmental
stage (Ghazghazi et al., 2022). Hydraulic trait assessments under a
semi-arid environment further indicate that P. halepensis maintains a
slightly wider hydraulic safety margin than P. brutia, suggesting a more
conservative hydraulic operation under droughts (Cherif et al., 2019). In
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accordance with this, post-drought assessments of P. halepensis link the
hydraulic dysfunction to mortality risk, consistent with its conservative
hydraulic operation and sharp summer Amax decline (Morcillo et al.,
2022).

Although hydraulic safety margins do not directly define iso-
hydricity, those differences provide context supporting our observations
of differences in the isohydric response of the two species. Such a con-
servative water-use strategy by P. halepensis vs. P. brutia, prioritizing
hydraulic safety, may come at the cost of reduced carbon assimilation
and growth under prolonged and intense drought (McDowell et al.,
2008; Choat et al., 2018).

5. Conclusions

Across a range of climatic and stand structure conditions,
P. halepensis and P. brutia share similar photosynthetic trait responses
under dry conditions. Both species are more sensitive to increasing at-
mospheric drought than to soil and vegetation water limitation and
respond by limiting their photosynthetic capacity and increasing their
intrinsic water use efficiency. In addition, both species can exhibit a
bimodal peak in photosynthetic capacity in spring and after summer
drought, when atmospheric demand is not high enough to inhibit the
recovery of stomatal conductance. Despite these shared responses,
P. halepensis shows a stronger sensitivity of photosynthetic capacity to
VPD than P. brutia, indicating a more isohydric response even at less
intense atmospheric drought conditions. In contrast, P. brutia maintains
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Table 3
Final mixed effect model for iWUE.
i WUE

Predictors Estimates Clp
(Intercept) 0.07 0.04 -0.11 < 0.001
VPD mean 0.01 0.00 - 0.02 0.002
LSWI -0.02 -0.14 - 0.11 0.806
Site [Sani] 0.07 0.01 -0.13 0.027
Site [Xanthi] 0.01 -0.05 - 0.08 0.679
Season [Spring] 0.00 -0.01 - 0.02 0.590
Season [Summer] 0.05 0.02 -0.08 0.005
Season [Autumn] 0.06 0.04 - 0.08 < 0.001
Site [Sani] x Season [Spring] -0.03 -0.06 - 0.00 0.067
Site [Xanthi] x Season [Spring] -0.02 -0.05 - 0.00 0.092
Site [Sani] x Season [Summer] -0.04 -0.09 - 0.01 0.121
Site [Xanthi] x Season [Summer] -0.06 -0.10 - —-0.01 0.009
Site [Sani] x Season [Autumn] -0.04 -0.06 - -0.01 0.017
Site [Xanthi] x Season [Autumn] -0.05 -0.08 - -0.03 < 0.001
VPD mean x Site [Sani] 0.01 -0.00 - 0.03 0.136
VPD mean x Site [Xanthi] 0.01 0.00 - 0.02 0.003
LSWI x Site [Sani] -0.27 -0.44 - -0.09 0.003
LSWI x Site [Xanthi] -0.07 -0.29 - 0.16 0.559
Random Effects
¢* 0.00
T00 Plot 0.00
ICC 0.04
N plot 10
Observations 397
Marginal R? / Conditional R? 0.652 / 0.666

its photosynthetic capacity under elevated VPD, suggesting greater
tolerance to atmospheric drought, which is in line with recent findings
indicating that P. brutia outperforms P. halepensis in terms of survival
and growth under the same drought conditions (Veuillen et al., 2023).
Our results highlight the capacity of both Mediterranean pines for
physiological adjustments to withstand drought conditions but also
identify differences in the isohydric range of the two species. These in-
sights contribute to our better understanding of how these two species
balance carbon gain and water use under increasing droughts that are
critical for predicting forest functioning and informing management
decisions in the eastern Mediterranean region under intensifying
drought.
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