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Abstract The present study investigates the sea-
sonal variations in leaf ecophysiological traits and
strategies employed by co-occurring evergreen
and deciduous tree species within a white oak for-
est (Quercus leucotrichophora A. Camus) ecosys-
tem in the central Himalaya. Seasonal variations in
physiological, morphological, and chemical traits
were observed from leaf initiation until senescence
in co-occurring deciduous and evergreen tree spe-
cies. We compared various parameters, including
net photosynthetic capacity (A,., and A_,.), leaf
stomatal conductance (gsw,.., and gsw,,..), transpi-
ration rate (E,.., and E_ ). specific leaf area (SLA),
mid-day water potential (¥,,), leaf nitrogen (N)
and phosphorus (P) concentration, leaf total chlo-
rophyll concentration, photosynthetic nitrogen- and
phosphorus-use efficiency (PNUE and PPUE), and
water use efficiency (WUE) across four evergreen
and four deciduous tree species. Our findings reveal
that evergreen and deciduous trees exhibit divergent
strategies in coping with seasonal changes, which
are crucial for their survival and growth. Decidu-
ous trees consistently exhibited significantly higher
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photosynthetic rates, transpiration rates, mass-based
N and P concentrations (N, and P_, ), mass-based
chlorophyll concentration (Chl,,.), SLA, and leaf
Y 4 while maintaining lower leaf structural invest-
ments throughout the year compared to evergreen
trees. These findings indicate that deciduous trees
achieve greater assimilation rates per unit mass and
higher nutrient-use efficiency. Physiological, morpho-
logical, and leaf N and P concentrations were higher
in the summer (fully expanded leaf) than in the fall
(senesced leaf). These insights provide valuable con-
tributions to our understanding of tree species coex-
istence and their ecological roles in temperate forest
ecosystems, with implications for forest management
and conservation in the Himalayan region.

Keywords Evergreen and deciduous trees -
Acquisitive and conservative strategies - Leaf
longevity - Leaf phenology - Photosynthesis and
stomatal conductance - Water potential

Introduction

Forests, as essential components of terrestrial eco-
systems, play a pivotal role in global biogeochemi-
cal cycles, carbon sequestration, and the maintenance
of biodiversity (Berner & Law, 2016; Buotte et al.,
2020; Joshi & Garkoti, 2020). They are particularly
diverse in montane regions, such as the central Hima-
laya, where a multitude of tree species coexist, each
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adapted to specific ecological niches and character-
ized by unique ecophysiological traits (Maharjan
et al., 2021; Joshi et al., 2023). Evergreen and decidu-
ous tree species represent two distinct strategies for
coping with the challenges of seasonal variations in
environmental conditions, including temperature,
moisture, and light availability (Choat et al., 2006;
Tomlinson et al. 2014; Bai et al., 2015; Wang et al.,
2022). In this context, leaf ecophysiological traits and
strategies of co-occurring tree species within a forest
community have been the subject of intense research
owing to their crucial role in shaping species coex-
istence and ecosystem functioning (He et al., 2023;
Visakorpi et al., 2022). Seasonal variations in these
traits and strategies provide valuable insights into the
adaptations of tree species to changing environmen-
tal conditions, thereby helping us comprehend the
response of forests to ongoing climate change (Bey-
schlag & Ryel, 2007; Harrison et al., 2010; Legg,
2021; Visakorpi et al., 2022; Hu et al., 2023).

Leaf ecophysiological traits are fundamental indi-
cators of a tree’s response to its environment (Ack-
erly et al., 2000; Khan et al., 2022; Wang et al., 2022).
These traits encompass a wide range of physiological
processes, including photosynthesis, transpiration,
nutrient allocation, and water-use efficiency. Seasonal
variations in these traits may provide crucial insights
into the mechanisms governing tree adaptations and
acclimation (Bai et al., 2015; Choat et al., 2006; Ishida
et al.,, 2010). For evergreen species, which main-
tain leaves throughout the year, the challenge lies in
sustaining leaf function during periods of reduced
resource availability, such as the cold and dry winter
months. Deciduous species, on the other hand, invest
heavily in leaf production during the growing season
and must coordinate leaf shedding and regrowth to
optimize resource use efficiency (Negi & Singh, 1992;
Negi, 2006; Devi & Garkoti, 2013; Vico et al., 2015;
Estiarte & Pefiuelas, 2015; Joshi & Garkoti, 2023).
Numerous studies have documented that deciduous
plants tend to adopt a more resource-acquisitive strat-
egy by increasing their leaf nutrient concentrations and
specific leaf area (SLA) (Choat et al., 2006; Tomlin-
son et al., 2014; Bai et al., 2015; Wang et al., 2022).
For instance, deciduous trees often exhibit higher leaf
nitrogen concentrations (N), a vital element for plant
growth, in comparison to co-occurring evergreen trees.
This increased leaf N in deciduous plants is com-
monly associated with higher SLA and light-saturated
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photosynthetic rates, which enable them to achieve
greater carbon assimilation rates when environmental
conditions are favorable. Conversely, the evergreen
leaf habit is often considered a more ‘conservative’
approach to leaf strategy (Reich et al., 1997; Wright
et al.,, 2004). An advantage of retaining their leaves
year-round is that evergreen species can maintain pho-
tosynthesis in adverse seasons when deciduous spe-
cies cannot, thereby exhibiting resilience in unfavora-
ble conditions (Reich et al., 1997; Wright et al., 2004;
Ishida et al., 2005; Tomlinson et al., 2014).

The central Himalayan region, renowned for its
rich biodiversity and unique ecological features, har-
bors diverse forest ecosystems that play a crucial role
in maintaining ecological balance. Among these, the
white oak forest stands as a prominent representative,
featuring a fascinating interplay between evergreen and
deciduous tree species. With its steep altitudinal gra-
dients, the central Himalayan region offers a unique
opportunity to investigate the ecological strategies
of evergreen and deciduous tree species in response
to the pronounced seasonality (Negi & Singh, 1992;
Negi, 2006; Poudyal et al., 2004). The region is home
to diverse vegetation, with white oak (Quercus leu-
cotrichophora A. Camus) forests covering approxi-
mately 12,000 km? being one of the dominant forest
types (Dhyani et al., 2020). The white oak forest is par-
ticularly noteworthy due to the co-occurrence of ever-
green and deciduous tree species within the same eco-
system. The coexistence of the species with different
leaf phenologies raises intriguing questions regarding
how these species adjust their ecophysiological strate-
gies in response to the seasonal climate variations that
occur at high elevations. White oak forests are emblem-
atic of the region’s temperate ecosystems and provide
critical ecosystem services, including carbon sequestra-
tion, habitat provision, and water regulation, the coex-
istence of evergreen and deciduous tree species in these
forests provides an ideal setting for studying how differ-
ent leaf ecophysiological traits and strategies contrib-
ute to their success and the functioning of the ecosys-
tem (Joshi & Garkoti, 2023; Joshi et al., 2024; Mishra
et al., 2024; Sigdel et al., 2023; Singh et al., 2023). The
central Himalayan region experiences distinct seasonal
changes in temperature, precipitation, and photoperiod,
which pose unique challenges to the evergreen and
deciduous species. These challenges may drive diver-
gent strategies among species to cope with these sea-
sonal fluctuations. Evergreens may exhibit higher leaf
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longevity and increased drought tolerance, while decid-
uous species may prioritize rapid growth and energy
conservation through leaf shedding.

Seasonal variations in environmental factors pose
distinct challenges for plant species, influencing their
adaptive strategies to ensure survival and growth. In
the context of the central Himalayan white oak forest,
the interplay between evergreen and deciduous trees
unveils a compelling narrative of ecological resilience
and adaptation. Understanding the nuances of leaf eco-
physiological traits becomes imperative to unravel the
mechanisms governing these species’ responses to the
dynamic seasonal changes prevalent in the region. This
study aims to elucidate the seasonal dynamics of key
leaf ecophysiological traits, such as photosynthetic rates,
stomatal conductance, and leaf water potential, among
others, in both evergreen and deciduous tree species. By
examining these traits across different seasons, we seek
to unravel the distinct adaptive strategies employed by
these trees to cope with the contrasting environmen-
tal conditions experienced throughout the year. In this
context, the present study aims to investigate the sea-
sonal variations in leaf ecophysiological traits and leaf
strategies of co-occurring evergreen and deciduous tree
species in a white oak forest in the central Himalaya.
Specifically, we hypothesize that these two functional
groups will exhibit distinct patterns of leaf trait varia-
tions across seasons, reflecting their differing resource
acquisition and utilization strategies. Additionally, we
expect that the evergreen species will maintain higher
leaf trait values during winter, while deciduous species
may show greater plasticity in response to changing
environmental conditions. To test the above hypothesis,
we have the following predictions: (1) leaf water poten-
tial, area and mass-based leaf-level gas exchange (sto-
matal conductance, photosynthetic rate, transpiration
rate) would differ between co-occurring evergreen and
deciduous tree species, (2) evergreen trees have lower
nutrient efficiency consequently lower photosynthetic
rates compared to deciduous trees.

Materials and methods
Study area
The study was conducted within the Ukhimath region,

situated at coordinates 30°31'36.7" N and 79°6'42.0"
E, and an elevation of 1612 m above sea level. The

study sites are located close to the Kedarnath Wildlife
Sanctuary, in the western region of the central Hima-
laya (Fig. 1), providing a unique and ecologically
diverse environment for the investigation of various
flora and fauna species in this pristine and high-altitude
ecosystem. The climate in the study area is defined
by its cold temperate and seasonal nature. Through-
out the year, the average minimum and maximum
temperatures exhibit noticeable variations, reaching
a low of —1.1 °C in January and ascending to a peak
of 13.4 °C in July. Notably, the mean maximum tem-
perature experiences a gradual ascent from 11.6 °C
in January to a warmer 24.4 °C in June. These tem-
perature fluctuations contribute to the distinctiveness
of the region’s climate, shaping its overall climatic
profile. Throughout the study period, monthly rain-
fall varied from 7.3 mm in November to 637.1 mm in
July (Fig. 1). Over the study period, the cumulative
yearly rainfall in the study area amounted to 1983 mm,
with over 70-80% of this occurring during the mon-
soon season (July—September), and moderate to heavy
snowfall during December through February. The
main canopy height is 15 m, with a few emergent trees
reaching heights exceeding 20 m.

With a leaf area index (LAI) of 5.5 m2 m™2 and a
corresponding tree density of 980 trees per hectare, as
documented by Joshi and Garkoti in 2020, the study
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Fig. 1 Location of the study area (a) and patterns of monthly
temperature and rainfall (b) at Ukhimath Central Himalaya
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provides a comprehensive overview of the vegeta-
tion cover in the specified area. The soil in the study
area was classified as sandy loam, brown podzolic,
and mixed with pebbles and gravel (Joshi & Garkoti,
2021).

Tree species and ecophysiological traits measurement

Four evergreen species were chosen for this study:
Quercus leucotrichophora A. Camus, Rhododen-
dron arboreum Sm, Myrica esculenta Buch.-Ham.
ex D.Don, and Quercus floribunda Lindl. ex A.
Camus. Additionally, four winter-deciduous species,
namely Alnus nepalensis D. Don, Pyrus pashia Lin-
naeus, Lyonia ovalifolia (Wall.) Drude, and Symplo-
cos paniculata Miq, were selected. All of these tree
species were commonly found at the study sites. The
evergreen tree species had a leaf lifespan of approxi-
mately 1 year, while the deciduous species retained
their leaves for a period ranging from six to 9 months.
During winter, the deciduous tree species remained
leafless for three to 4 months (Table 1).

The leaf ecophysiological traits were measured
in 2019 during spring (February to April), summer
(May to July), autumn (September to November),
and winter (December to February) to represent dif-
ferent leaf phenology. For each species, we selected
five representative trees with similar diameters at
breast height, which were mature and fully exposed to
sunlight for sampling. Measurements were conducted
between 9:30 AM and 12:00 Noon local solar time to

Table 1 Major phenological events of selected tree spe-
cies in a Indian central Himalayan oak forest and tree family,
leaf flushing, leaf drop, leafless month(s) and leaf lifespan

minimize sources of diurnal heterogeneity and avoid
midday depression in three to five fully expanded
healthy leaves. Since the canopy was not easily reach-
able due to the absence of canopy cranes or towers,
we chose fully mature leaves from sun-exposed ter-
minal canopy branches to measure leaf water poten-
tial, gas exchange, and leaf functional traits (Ishida
et al., 2023; Zhang et al., 2013). The leaf pheno-
phases encompassed various categories, such as leaf
initiation (spring), full leaf expansion (summer), full
expansion and maturity (autumn), and leaf senes-
cence (autumn and winter).

Area-based physiological traits, including the pho-
tosynthetic rate (A,,,; umol CO, m~2 s71), stomatal
conductance (g5wW,,; mol H,O m~2 s7!), and tran-
spiration rate (E,.,; mol H,O m~> s7!), were meas-
ured using an open-flow, portable infrared gas ana-
lyzer (IRGA) (Li-6800, Li-Cor, Lincoln, NE, USA)
(Evans & Santiago, 2014) under ambient conditions.
Air temperature (T air, °C), leaf temperature (T leaf,
°C), humidity and photosynthetic photon flux density
(PPFD, pumol m~2*~!) were recorded by the IRGA at
each measurement using a 6-cm” chamber equipped
with red-blue light-emitting diodes on clear, cloud-
less days. Measurements were initiated after ensur-
ing that the intercellular CO, to ambient CO, ratios,
vapor pressure difference (VPD), as well as the rates
of photosynthesis and conductance, had stabilized
for a minimum duration of 2 min (Joshi & Garkoti,
2023). After conducting gas exchange measure-
ments, we harvested 30 or more mature leaves from

(months). Season: four seasonal periods: spring (Feb—April),
summer (May-July), autumn (Sep—Nov) and winter (Dec—Feb)

Species Family Leaf flushing Leaf drop Leafless month(s) Leaf
lifespan
(months)
Evergreen
Quercus leucotrichophora Fagaceae March—April March—June None 13-14
Rhododendron arboreum Ericaceae March—April March—June None 14-16
Myrica esculenta Myricaceae April-May June—July None 13-15
Quercus floribunda Fagaceae March—April May—June None 13-14
Deciduous
Alnus nepalensis Betulaceae Jan-March April-May Jan-March 7-9
Pyrus pashia Rosaceae Feb—March Nov-Dec Jan—-March 6-7
Lyonia ovalifolia Ericaceae Feb—March Nov-Dec Dec—March 6-8
Symplocos paniculata Symplocaceae Feb—March Nov-Dec Jan—-March 6-7
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each species and measured their surface areas using
a leaf area meter (LI 3000C, LI-COR, Inc). The har-
vested leaves were then dried for a minimum of 48 h
at 80 °C, and their dry weights were subsequently
determined. Specific leaf area (SLA; m? kg™') was
calculated as the ratio of leaf dry mass to leaf area.
Mass-based assimilation rate (A, umol CO,
m~2 s71), mass-based stomatal conductance (25w,
mol H,0 m™2 s™!), and mass-based transpiration rate
(E,; mol H,O m™ s71) were calculated as follows:
Amass = Aarea X SLA; gswmass = gswarea X SLA; and
E .cs =Earea X SLA, respectively.

Leaf N and P concentrations were measured
because they are essential nutrient elements for pho-
tosynthesis, specifically RUBISCO and ATP. The
measured leaf functional traits included mass-based
nitrogen (leaf N, ; g kg~!), mass-phosphorus (leaf
P.g kg™"), and total chlorophyll (Chl; mg g~') con-
centrations. For chemical analysis, eight to ten leaf
discs of a defined area (1.60 cm?) were excised from
the leaves (excluding the petiole), dried at 64 °C until
constant weight was achieved, and then weighed for
each species. During the analysis, all samples were
triplicated and averaged. Leaf N concentrations were
determined using the Kjeldahl method. Leaf P con-
centration was determined using ammonium molyb-
date and the absorbance was read at 660 nm (Shi-
madzu UV-1800, Shimadzu Corp., Kyoto, Japan).
Fresh leaves were cleaned to remove contaminants,
and 0.1 g of fresh leaf sample was used to extract
chlorophyll using 5 ml of dimethylsulfoxide (DMSO),
with five replicates for each tree and season. After
preheating the sample test tube to 64 °C in a water
bath for 4 h, the sample tissues were decolorized and
cooled to room temperature. The absorbance of the
supernatant was measured using a spectrophotometer
(Shimadzu UV-1201, Kyoto, Japan). Chlorophyll a
and b concentrations were calculated using readings
at 665 nm and 645 nm (Barnes et al., 1992; Wellburn,
1994).

Area-based N and P concentrations (N,, and P,
mg m™') were calculated mass based of N, and P,
concentrations and multiplied by the specific leaf area
(i.e., N, and P,=N_ and P xSLA). Photosynthetic
resource-use efficiency traits were determined by cal-
culating nitrogen-phosphorus use efficiency (PNUE
or PPUE=A, /N, ., or A,../P,, tmol CO, N and
P s7! g7!). Intrinsic water-use efficiency (WUEi;
umol CO, umol~! H,0) was measured as the ratio of

A ed/ 8 W,en» and water-use efficiency (WUE; pmol
CO, umol~! H,0) was derived as the ratio of A,/
E,.a (Farquhar and Sharkey 1982). Leaf water poten-
tial (WL) was measured using a pressure chamber
(Model 1000, PMS Instrument, Corvallis, OR, USA).
Five sun-exposed terminal twigs (< 15-cm long) were
excised and placed in sealed polythene bags before
measuring leaf water potential (WL) during each sam-

pling period.
Statistical analysis

We employed a two-way repeated-measures ANOVA
along with Tukey tests for post hoc analysis to assess
the differences in morphological and physiological
leaf traits across growth forms (evergreen and decidu-
ous), seasons (spring, summer, autumn, and winter),
and their respective interactions. To evaluate the
normality of residuals, we utilized the Shapiro—Wilk
statistic. When deemed essential, adjustments to the
data were made using the Box-Cox method. These
analyses were performed using the R programming
language, version 4.0 (R Core Team), and the MS
Excel (2013) analytical software. All analyses present
the data as the mean of five replicate values + stand-
ard error. We also calculated Pearson’s correlation
coefficient to evaluate the relationships among the
measured traits. Principal component analysis (PCA)
was performed to identify the eco-physiological traits
using ‘FactoMineR’ and ‘Facto-extra’ packages in R.

Results
Seasonal variation in leaf ecophysiology traits

Results revealed that evergreen and deciduous spe-
cies exhibited contrasting leaf gas exchange traits
through the season. Throughout the entire growing
season, deciduous trees consistently demonstrated
significantly greater mass (A,,,) and area-based
(A,ea) CO, assimilation rate, transpiration rates
(Ejea and E ), and stomatal conductance (gsw,..,
and gsw,,,.) compared to evergreen trees (Fig. 2).
The values of A, measured during the summer
season ranged from 5.2 umol CO, m™ s~ in M.
esculenta to 13.5 pmol CO, m~2 s7! in L. ovalifo-
lia. The gsw,,, varied from 0.18 mol m=2 s~ in R.
arboreum to0 0.29 mol m~2 s~!in L. ovalifolia, while

area
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E,,., ranged from 2.8 mol m~2 s~! in R. arboreum to
7.2 mol m~2 s™! in L. ovalifolia. The average A,.,
in deciduous species was 38.89% higher than the
evergreen species (7.71+0.74 vs. 4.98+0.56 pmol
CO, m~2 s71), the difference being statistically sig-
nificant (P<0.05). The mass-based (A, CO,
assimilation rate in deciduous species was signifi-
cantly higher than evergreen species (45.69 +£5.67 vs.
29.69 +4.23 pumol CO, kg™! s7!, respectively). A 21
to 49% increment in deciduous species and 27 to 54%
increment in evergreen species in A, were observed
between the spring to summer season. A 41 to 60%
decline in deciduous species and 34 to 70% decline in
A, ., Were observed between summer to autumn and
summer to winter season value, respectively. Because
deciduous species were leafless for 3 or 4 months of
the year, a declined A, was 100% between summer
to winter season.

PNUE, PPUE, WUE, and WUEi demonstrated
substantial differences between deciduous and ever-
green species during the spring, summer, autumn,
and winter. Specifically, PNUE and PPUE were
significantly higher in deciduous tree species than

area

Species F =94.71, P <0.001
Status  F =150.45, P <0.001

in evergreen species, while WUE and WUEi dis-
played the opposite trend (Fig. 3). Across season,
WUEi, WUE, PNUE, and PPUE increased from
spring to summer and decreased thereafter with leaf
age. Across species, A. nepalensis and S. paniculata
demonstrated highest average values for PNUE and
PPUE. M. esculenta displayed the highest average
value of WUEi, and WUE (Fig. 3).

Seasonal variation in leaf chemical and
morphological traits

The area-based concentrations of nitrogen (N,.,),
phosphorus (P,.,), total chlorophyll (Chl), and SLA
varied significantly between deciduous and ever-
green species and among seasons (P <0.001), with
significant season X species interactions. The decid-
uous trees exhibited significantly higher N, .., Pyrcas
total Chl, and SLA compared to the evergreen trees.
Among species highest N,,.., P,... Was recorded for
A. nepalensis and the lowest for Q. floribunda. In
deciduous species, specific leaf area (SLA) var-
ied from 4.2+0.14 (S. paniculata in autumn) to

Species F =4.10, P < 0.001
Status F=17.46 P <0.001
Interaction F = 2.25 P < 0.01

Species F = 77.38, P <0.001
Status F =38.28,P <0.001
Interaction F = 4.67 P < 0.001

- Autumn

g M. esculenta [ESammr= *** Incraction F-895, p<000l == NS BE== ns Spring
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Fig. 2 Seasonal variations in area-based and mass-based pho-
tosynthesis assimilation (A,,., and A ), stomatal conduct-
ance (gsW,,., and gsw,..) and transpiration rate (E,. and
E . for four evergreen species (Quercus leucotrichophora,
Rhododendron arboreum, Mpyrica esculenta, Quercus flo-
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ribunda) and four deciduous species (Lyonia ovalifolia, Alnus
nepalensis, Pyrus pashia, Symplocos paniculata). Values are
means (n=5,+SE). All statistical significances were recog-
nized by P<0.05 (***P<0.001, **P<0.01, *P<0.05, n.s.:
P>0.05)
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Fig. 3 Seasonal variations in intrinsic water use efficiency
(WUE)), water use efficiency (WUE), photosynthetic N-, and
P-use efficiency (PNUE and PPUE) for four evergreen species
(Quercus leucotrichophora, Rhododendron arboreum, Myrica
esculenta, Quercus floribunda) and four deciduous species

8.78+0.32 m? kg‘1 (A. nepalensis in summer).
Evergreen species exhibited SLA ranging from
3.63+0.16 (Q. floribunda in winter) to 6.8 +0.23
m? kg™' (M. esculenta in summer) (Fig. 4). For
deciduous species, ranged from 2.92 +0.12 (S. pan-
iculata in autumn) to 6.1+0.11 g m™2 (A. nepa-
lensis in summer). Among evergreen species, N, ..
varied from 2.47+0.13 (Q. floribunda in winter) to
5.71+0.21 g m™2 (R. arboretum in summer). Q. flo-
ribunda exhibited the lowest and A. nepalensis the
highest P,..,. In the winter season, M. esculenta had
the lowest, while L. ovalifolia in summer had the
highest total Chl content.

Seasonal variation in water potential

The midday water potential (¥4 was significantly
influenced by species and season, as indicated in
Fig. 5. During the summer season, when leaves were
fully expanded, the midday water potential (¥,,)

0 2 4 6 8
PNUE (1 mol CO, g! (nutrient) s)

(Lyonia ovalifolia, Alnus nepalensis, Pyrus pashia, Symplo-
cos paniculata). Values are means (n=5,+SE). All statisti-
cal significances were recognized by P<0.05 (***P<0.001,
*#P<0.01, *P<0.05, n.s.: P>0.05)

remained consistently above—2.0 MPa across all
trees. Specifically, in the summer, the midday water
potential for deciduous species was notably higher
than for evergreen species. It ranged from —1.62 MPa
(R. arborium) to—1.93 MPa (Q. leucotrichophora)
among the evergreen trees and from—1.11 MPa (S.
paniculata) to—1.74 MPa (A. nepalensis) among the
deciduous trees, as depicted in Fig. 5.

Correlation between leaf traits

A significant positive correlation was observed
between mass and area-based A, E, and gsw. Mass-
based A, E, and gsw also exhibited positive corre-
lations with N,.,, P,.,, and SLA. SLA was posi-
tively correlated with N, P,.,, whereas SLA did
not show any correlation with WUE and WUEiI. In
addition, SLA and N,,, and P, were positively
correlated with PNUE and PPUE. In addition, N,.,,

and P, were positively correlated with total Chl
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Fig. 4 Seasonal variations in specific leaf area (SLA), mass-
based leaf N, mass-based leaf P, chlorophyll (Chl) for four
evergreen species (Quercus leucotrichophora, Rhododendron
arboreum, Myrica esculenta, Quercus floribunda) and four

A.

01 Of Ra M.e

deciduous species (Lyonia ovalifolia, Alnus nepalensis, Pyrus
pashia, Symplocos paniculata). Values are means (n=>5,+ SE).
All statistical significances were recognized by P <0.05
(***P<0.001, **P<0.01, *P<0.05, n.s.: P>0.05)
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Evergreen

Fig. 5 Seasonal variations in mid-day water potential for four
evergreen species and four deciduous tree species. Values are
means (n=5,+SE). All statistical significances were recog-
nized by P<0.05 (***P<0.001, **P<0.01, *P<0.05, n.s.:
P>0.05). Note Q.I: Quercus leucotrichophora; R.a: Rhodo-
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Deciduous

Species F = 158.32, P < 0.001
Status F =201.32, P <0.001
Interaction F = 342.21, P < 0.001

dendron arboreum; M.e: Myrica esculenta: Q.f: Quercus flo-
ribunda) and four deciduous species (L.o: Lyonia ovalifolia;
A.n: Alnus nepalensis; P.p: Pyrus pashia; S.p: Symplocos pan-
iculata)
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Fig. 6 Correlation for leaf ecophysiological traits across all
species and season

PCA-Biplot

0.5

0.0

Dim2 (22%)

-0.5

6 -3 0 3 6

Dim1 (53.6%)

Fig. 7 Principal component analysis (PCA) of studied leaf
ecophysiological traits of evergreen and deciduous trees

contents. Correlation analysis also demonstrates a
negative relationship between WUE, WUE,, and E,
A, as well as gsw (Fig. 6). The PCA revealed dis-
tinct patterns of variation in leaf ecophysiological
traits between evergreen and deciduous species.
The first and second axes of principal component
analysis (PCA) explained, respectively, 53.6% and
22% of the variation in the ecophysiological traits
measured (Fig. 7). The first PCA axis was defined
by gas exchange (A, .« Auear gSW), leaf nutrients
N and P and photosynthetic nutrient use efficiency
traits (PNUE, and PPUE). The gas exchange traits
were positively correlated with leaf nutrient con-
centration. The second PCA axis reflected variation
in WUE and WUE;,. The PCA also revealed a clear
separation between the ecophysiological traits in
species and generated two groups. Deciduous spe-
cies tended to exhibit higher scores along PC1, indi-
cating a greater photosynthetic capacity and nutrient
use efficiency. PC2 explained 22% of the total vari-
ance and primarily captured variations in leaf water-
use efficiency (WUE). Evergreen species exhibited
higher scores along PC2, suggesting a stronger reli-
ance on water-conserving strategies.

Discussion
Seasonal variation in leaf ecophysiology traits

The results of this study provide valuable insights into
the seasonal dynamics of leaf gas exchange traits in
evergreen and deciduous tree species. The contrasting
patterns observed between these two groups shed light
on the adaptive strategies employed by these plants to
cope with changing environmental conditions through-
out the year. One of the key findings of this study is
the consistently higher leaf gas exchange rates in
deciduous trees compared to evergreen trees through-
out the growing season. Deciduous trees exhibited
significantly greater mass and area-based photosyn-
thetic rates, transpiration rates, and stomatal conduct-
ance. This pattern suggests a more efficient utilization
of resources for carbon assimilation and water tran-
spiration in deciduous species, potentially contribut-
ing to their overall growth and survival (Choat et al.,
2006; Ishida et al., 2010). The significant increase in
A,., in deciduous species, with rates being 38.89%
higher than evergreen species, highlights the greater
photosynthetic activity. The corresponding increase in
gsW,.., and E, ., further supports the idea of enhanced
water and CO, exchange in deciduous trees during the
summer months (Kutsch et al., 2009; Pivovaroff et al.,
2016; Albert et al., 2018; Joshi & Garkoti, 2023). Both
deciduous and evergreen species exhibited a substan-
tial increment in A,,., between the spring to summer
seasons, indicative of a vigorous growth phase. How-
ever, a subsequent decline in A,,., was observed as
the seasons transitioned from summer to autumn and
summer to winter. This decline was more pronounced
in deciduous species, reaching 41 to 60%, while ever-
green species showed a range of 34 to 70%. The drastic
reduction in A, during the transition from summer to
winter in deciduous species can be attributed to their
leafless state during this period. The deciduous strat-
egy involves maximizing photosynthetic rates during
favorable conditions while minimizing resource loss
during periods of leaflessness. In contrast, evergreen
species maintain a more consistent but comparatively
lower level of physiological activity throughout the
year. The correlation between mass photosynthetic rate
(Aas) and other traits like E . and gsw, . suggests
that tree species with higher leaf mass invest more in
photosynthetic rates and maintain greater transpiration
rates. These fluctuations may be linked to factors such
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as temperature, light availability, and water availabil-
ity (Albert et al., 2018; Pivovaroff et al., 2016). These
fluctuations may be linked to factors such as tempera-
ture, light availability, and water availability.
Deciduous trees are known for their distinct sea-
sonal leaf shedding and regrowth patterns (Devi &
Garkoti, 2013). The consistently higher mass and
area-based photosynthetic rates observed in deciduous
trees compared to evergreen trees highlight their abil-
ity to capture and utilize sunlight more efficiently dur-
ing the growing season (Tomlinson et al., 2013; Bai
et al., 2015; Sancho-Knapik et al., 2021). In this study,
deciduous species exhibit leaves with high mass-
based photosynthetic rates (A,,,) and SLA. Decidu-
ous species optimize light capture by investing heav-
ily in leaf area relative to dry matter, which results in
carbon gain at the expense of a shorter leaf lifespan.
These plants shed their leaves during the winter sea-
son (Avila-Lovera et al., 2019; Eamus, 1999; Eamus
& Prichard, 1998; Eamus & Prior, 2001; Ishida et al.,
2023; Powers & Tiffin, 2010; Sobrado, 1991). Con-
versely, evergreen species have leaves with low SLA
and relatively lower A, values compared to decidu-
ous species. Several other evergreen species exhibit
a similar pattern (Avila—Lovera et al., 2019; Eamus,
1999; Eamus & Prichard, 1998; Eamus & Prior, 2001;
Ishida et al., 2023; Powers & Tiffin, 2010; Sobrado,
1991). These plants retain their leaves for more than
a year, enabling them to continue photosynthesizing
during the winter season, albeit at reduced rates.
Additionally, the higher transpiration rates in decid-
uous trees signify their greater water loss through sto-
matal openings (Burghardt & Riederer, 2003; Marchin
et al., 2023). The increased transpiration rate in decidu-
ous tree species is often associated with the larger leaf
area during the growing season. Conversely, with the
persistent foliage, evergreen trees exhibit lower photo-
synthetic and transpiration rates than their deciduous
counterparts. This adaptation allows them to conserve
water and maintain a more consistent level of photo-
synthesis year-round. Evergreen trees often thrive
in environments with lower water availability and
may play a vital role in stabilizing ecosystems during
drought (Garkoti et al., 2001; Tomlinson et al., 2013).
The differences observed in stomatal conduct-
ance (gsw,.,) among tree species further emphasize
the trade-offs between water conservation and carbon
gain. Deciduous trees generally exhibited higher gsw,,.,

values, indicating a more open stomatal structure that
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facilitates increased photosynthesis but also leads to
greater water loss. On the other hand, evergreen trees
tend to have lower gsw,,.,, conserving water but poten-
tially limiting their photosynthetic potential (Bai et al.,
2015; Ishida et al., 2014; Pivovaroff et al., 2016; Tor-
ngern et al., 2021; Wright et al., 2004). The variations
in photosynthetic N- and P-use efficiency (PNUE and
PPUE) among species, seasons, and their interaction
indicate the adaptability of different tree species. The
deciduous species exhibited significantly higher PNUE
and PPUE than the evergreen species, suggesting a
more efficient use of nitrogen and phosphorus resources
during photosynthesis (Bai et al., 2015; DeLucia &
Schlesinger, 1995). This difference may be attributed
to the deciduous species’ ability to shed leaves during
unfavorable seasons (winter), conserve nutrients, and
optimize resource allocation when conditions are more
favorable for growth (Devi & Garkoti, 2013; Manzoni
et al., 2015; Marchin et al., 2010).

Conversely, water use efficiency (WUE) and intrin-
sic water use efficiency (WUEI) displayed an oppo-
site trend, with evergreen species are demonstrating
higher values. This outcome suggests that evergreen
species have evolved mechanisms to maximize car-
bon gain per unit of water consumed, likely through
reduced transpiration rates and more conservative
water use (Fu et al., 2012; Soh et al., 2019). Among
the species studied, A. nepalensis and S. paniculata
trees are having the highest average values of PNUE
and PPUE. In contrast, M. esculenta displayed the
highest average values of WUEi and WUE. These
species-specific differences emphasize the impor-
tance of considering individual plant traits when
assessing physiological responses. This adaptation is
particularly advantageous in environments with lim-
ited water availability, where evergreen species can
maintain photosynthetic activity year-round.

Seasonal variations in leaf chemical and
morphological traits

One notable pattern observed is the temporal dynamics
of traits during leaf development. As leaves expand, an
initial increase in N, P, total Chl, and SLA indicates a
period of active growth and photosynthetic investment
(Poorter et al., 2019; Wang et al., 2020). However, this
is followed by a subsequent decline during leaf senes-
cence, reflecting the plant’s reabsorption and with-
drawal of resources from aging leaves. This difference
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suggests that deciduous trees may be more resource-
demanding during the active growth period, whereas
evergreen trees adopt a more conservative resource-
use strategy, possibly to cope with extended periods
of environmental stress or resource limitation (Reich
et al., 1997; Eamus, 1999; Poorter and Bongers 2006;
Bai et al., 2015). The peak in these traits, observed dur-
ing the summer, reflects the optimal conditions for plant
growth and photosynthesis. This highlights interspe-
cific differences in nutrient acquisition and utilization.
These variations could influence the competitive inter-
actions between deciduous and evergreen species and
their responses to changing environmental conditions
(Bai et al., 2015; Joshi & Garkoti, 2023; Joshi et al.,
2024). This suggests that deciduous trees allocate more
nutrients to their leaves and have a higher chlorophyll
content on a mass basis. The higher SLA in deciduous
trees could be an adaptation to capture more sunlight
during the growing season when leaves are present.
Among deciduous species, A. nepalensis had the high-
est area-based leaf concentrations of N, P, total Chl,
and SLA. This species-specific variation indicates that
different tree species have distinct ecological strategies
for nutrient allocation and light capture. Within ever-
green species, Q. floribunda exhibited the lowest P,
and R. arboretum had the highest N,,.,. This suggests
that even within the same functional group, species may
have unique nutrient strategies. This highlights interspe-
cific differences in nutrient acquisition and utilization.
M. esculenta had the lowest total chlorophyll content
in winter among evergreen species. This finding aligns
with expectations, as evergreen trees often reduce chlo-
rophyll content during the winter months to minimize
resource loss. However, this is followed by a subsequent
decline during leaf senescence, reflecting the plant’s
reabsorption and withdrawal of resources from aging
leaves. This pattern underscores the plants’ efficient
resource allocation strategies to maximize their fitness
and resource use efficiency.

During the summer season, characterized by fully
expanded leaves and presumably higher evaporative
demand, it is observed that ¥, consistently remained
above —2.0 MPa across all tree species (Garkoti et al.,
2003; Poudyal et al., 2004; Singh et al., 2006; Zobel
et al.,, 2001). This indicates that the trees maintained
relatively high water potential during the day, sug-
gesting effective water uptake and management. Spe-
cifically, the results indicate that the differences in ¥4
between evergreen and deciduous trees were more

pronounced during the summer season when leaves
were fully expanded. This suggests a potential adapta-
tion or response to environmental conditions during the
peak of the growing season. The midday water poten-
tial for deciduous species was significantly higher than
that for evergreen species during the summer season.
This difference may be attributed to the distinct physi-
ological and ecological characteristics of deciduous
and evergreen trees. Deciduous trees, which shed their
leaves seasonally, demonstrated midday water poten-
tial values ranging from—1.11 to—1.74 MPa. This
suggests that deciduous trees, in this particular study,
were able to maintain a higher water potential during
the day, possibly due to increased water uptake. Ever-
green trees, characterized by retaining leaves through-
out the year, exhibited midday water potential values
ranging from—1.62 to—1.93 MPa. These values were
notably lower compared to deciduous trees, indicating
a different water-use strategy or physiological adapta-
tion in response to the environmental conditions (Has-
selquist et al., 2010; Ishida et al., 2014; Palomo-Kumul
et al., 2021). Conversely, evergreen species may excel
in more consistently humid or temperate conditions due
to their ability to sustain water uptake and transpiration
throughout the year.

The positive correlations between mass-based rates
of photosynthesis, transpiration, and stomatal con-
ductance with area-based nutrient concentrations (N
and P) and specific leaf area (SLA) indicate that these
physiological processes are closely linked to the plant’s
nutrient status and leaf structural characteristics (Niine-
ments, 2007; Wright et al., 2003; Reich, 2014). Plants
with higher nutrient concentrations and a greater SLA
are likely to have more resources for photosynthesis
and transpiration, leading to increased rates of these
processes (He et al., 2009; Liu et al., 2023). The revela-
tion that mass-based A, E, and gsw are more strongly
influenced by area-based N, P, and SLA compared to
their area-based counterparts, which underscores the
importance of considering plant size and nutrient con-
tent when studying ecological processes (Bahar et al.,
2017; Onoda et al., 2017; Han et al., 2020). The nega-
tive relationship between water use efficiency (WUE
and WUEI) and transpiration (E) and stomatal conduct-
ance (gsw) suggests that plants with higher WUE val-
ues tend to exhibit reduced water loss through transpira-
tion (Cooley et al., 2022; Guerrieri et al., 2019; Hatfield
et al., 2019; Zhu et al., 2021). Moreover, various tree
species may demonstrate distinct adaptive strategies in
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response to stomatal density, soil resource availability,
including soil water and nutrient levels (Islam et al.,
2024; Joswig et al., 2022). These differences may vari-
ably influence the growth, survival, and competitive
ability of the coexisting species. Consequently, further
investigations are required to investigate these hypoth-
eses, unravel the underlying mechanisms and ecological
consequences involved in empirically assessing these
hypotheses, and gain deeper insights into associated
mechanisms and ecological consequences. The results
of the PCA highlight the contrasting ecophysiological
strategies employed by evergreen and deciduous trees to
cope with seasonal environmental variations. Evergreen
species maintain relatively stable leaf traits throughout
the year, indicating a conservative strategy optimized for
resource retention and long-term survival. In contrast,
deciduous species exhibit more flexible traits, adjusting
their physiological processes in response to seasonal
changes in environmental conditions.

Conclusion

For both deciduous and evergreen species, gas exchange
parameters and leaf water potential were higher during
the summer compared to the autumn or winter seasons.
The co-occurring evergreen and deciduous trees in the
white oak forest exhibited differences in physiological,
morphological, and chemical traits. The deciduous trees
displayed higher photosynthesis per unit mass and area,
transpiration rate, stomatal conductance, PNUE, PPUE,
and SLA compared to the evergreen trees. Our findings
support that deciduous trees adopt an acquisitive leaf
strategy, whereas evergreen trees exhibit a conservative
leaf strategy. Furthermore, the present study provided
evidence for the trade-off relationship among leaf physi-
ological, morphological, chemical traits and water use
efficiency. We observed relatively higher leaf N, P, and
pigment concentrations, along with higher SLA and
leaf area, in deciduous trees compared to the evergreen
trees. These characteristics may effectively control leaf
gas exchange parameters and demonstrate more suitable
eco-physiological adaptation strategies. Additionally,
leaf age has shown a significant negative influence on
leaf physiological, morphological, and chemical traits,
with higher values observed in summer compared to
autumn and winter. Mature and fully expanded leaves
in deciduous and evergreen species showed higher
ecophysiological functions by assimilating more CO,,
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leading to optimum productivity during the summer
compared to the old and senescent leaves in autumn
and winter. Further studies are required to gain a deeper
understanding of the influence of soil moisture, and sto-
matal density on the ecophysiology of deciduous and
evergreen species in the central Himalaya.

Acknowledgements The authors are highly grateful to the
Forest Department of Uttarakhand for their help during the
field investigation.

Author contribution Satish Chandra Garkoti and Rajen-
dra Kr. Joshi, conceived the idea; Rajendra Kr. Joshi, Rajman
Gupta and Ambuj Mishra designed and conducted the field
experiment and analyzed the data; Rajendra Kr. Joshi, Rajman
Gupta and Ambuj Mishra contributed reagents/materials/analy-
sis tools; Rakendra Kr. Joshi wrote the manuscript and Satish
Chandra Garkoti edited the manuscript.

Funding Financial support from the Department of Science
and Technology (DST), New Delhi, India (SERB No: DST/IS-
STAC/CO,-SR-181/13-G), Department of Science and Tech-
nology, Ministry of Science and Technology, Government of
India [DST/SPLICE/CCP/NMSHE/TFE-5/JNU/2014[G]] and
DST PURSE is thankfully acknowledged.

Data availability The authors confirm that the data support-
ing the findings of this study are available within the article.

Declarations

Ethics approval All authors have read, understood, and have
complied as applicable with the statement on “Ethical respon-
sibilities of Authors” as found in the Instructions for Authors.

Consent for publication All authors gave their consent for
publication in the journal.

Competing interests The authors declare no competing interests.

References

Ackerly, D. D., Dudley, S. A., Sultan, S. E., Schmitt, J., Cole-
man, J. S., Linder, C. R., Sandquist, D. R., Geber, M.
A., Evans, A. S., Dawson, T. E., & Lechowicz, M. J.
(2000). The evolution of plant ecophysiological traits:
Recent advances and future directions: New research
addresses natural selection, genetic constraints, and the
adaptive evolution of plant ecophysiological traits. Bio-
Science, 50(11), 979-995. https://doi.org/10.1641/0006-
3568(2000)050[0979: TEOPET]2.0.CO;2

Albert, L. P., Wu, J., Prohaska, N., de Camargo, P. B., Huxman,
T. E., Tribuzy, E. S., Ivanov, V. Y., Oliveira, R. S., Garcia,


https://doi.org/10.1641/0006-3568(2000)050[0979:TEOPET]2.0.CO;2
https://doi.org/10.1641/0006-3568(2000)050[0979:TEOPET]2.0.CO;2

Environ Monit Assess (2024) 196:634

Page 13 0f 16 634

S., Smith, M. N., & Junior, R. C. O. (2018). Age-depend-
ent leaf physiology and consequences for crown-scale car-
bon uptake during the dry season in an Amazon evergreen
forest. New Phytologist, 219(3), 870-884. https://doi.org/
10.1111/nph.15056

Avila—Lovera, E., Urich, R., Coronel, I., & Tezara, W. (2019).
Seasonal gas exchange and resource-use efficiency in
evergreen versus deciduous species from a tropical dry
forest. Tree Physiology, 39(9), 1561-1571. https://doi.org/
10.1093/treephys/tpz060

Bai, K., He, C., Wan, X., & Jiang, D. (2015). Leaf economics
of evergreen and deciduous tree species along an eleva-
tional gradient in a subtropical mountain. AoB Plants, 7,
plv064. https://doi.org/10.1093/aobpla/plv064

Bahar, N. H., Ishida, F. Y., Weerasinghe, L. K., Guerrieri,
R., O’Sullivan, O. S., Bloomfield, K. J., ... & Atkin, O.
K.(2017). Leaf-level photosynthetic capacity in lowland
Amazonian and high-elevation Andean tropical moist for-
ests of Peru. New Phytologist, 214(3), 1002—1018. https://
doi.org/10.1111/nph.14079

Barnes, J. D., Balaguer, L., Manrique, E., Elvira, S., & Davi-
son, A. W. (1992). A reappraisal of the use of DMSO for
the extraction and determination of chlorophylls a and b in
lichens and higher plants. Environmental and Experimen-
tal Botany, 32(2), 85-100. https://doi.org/10.1016/0098-
8472(92)90034-Y

Berner, L. T., & Law, B. E. (2016). Plant traits, productivity,
biomass and soil properties from forest sites in the Pacific
Northwest, 1999-2014. Scientific Data, 3(1), 1-14.
https://doi.org/10.1038/sdata.2016.2

Beyschlag, W., & Ryel, R. J. (2007). Plant physiological ecol-
ogy: An essential link for integrating across disciplines
and scales in plant ecology. Flora-Morphology, Distri-
bution, Functional Ecology of Plants, 202(8), 608-623.
https://doi.org/10.1016/j.flora.2007.05.001

Buotte, P. C., Law, B. E., Ripple, W. J., & Berner, L. T. (2020).
Carbon sequestration and biodiversity co-benefits of preserv-
ing forests in the western United States. Ecological Applica-
tions, 30(2), €02039. https://doi.org/10.1002/eap.2039

Burghardt, M., & Riederer, M. (2003). Ecophysiological rel-
evance of cuticular transpiration of deciduous and ever-
green plants in relation to stomatal closure and leaf water
potential. Journal of Experimental Botany, 54(389),
1941-1949. https://doi.org/10.1093/jxb/erg195

Choat, B., Ball, M. C., Luly, J. G., Donnelly, C. F., & Holtum,
J. A. (2006). Seasonal patterns of leaf gas exchange and
water relations in dry rain forest trees of contrasting leaf
phenology. Tree Physiology, 26(5), 657-664. https://doi.
org/10.1093/treephys/26.5.657

Cooley, S. S., Fisher, J. B., & Goldsmith, G. R. (2022). Conver-
gence in water use efficiency within plant functional types
across contrasting climates. Nature Plants, 8(4), 341-345.
https://doi.org/10.1038/s41477-022-01131-z

DeLucia, E.H., Schlesinger, W.H. (1995). Photosynthetic rates
and nutrient-use efficiency among evergreen and decidu-
ous shrubs in Okefenokee Swamp. International Journal
of Plant Sciences,156(1),19-28. https://www.jstor.org/sta-
ble/2474894

Devi, A. F., & Garkoti, S. C. (2013). Variation in evergreen and
deciduous species leaf phenology in Assam, India. Trees,
27, 985-997. https://doi.org/10.1007/s00468-013-0850-8

Dhyani, S., Kadaverugu, R., & Pujari, P. (2020). Predicting
impacts of climate variability on Banj oak (Quercus leu-
cotrichophora A. Camus) forests: Understanding future
implications for Central Himalayas. Regional Envi-
ronmental Change, 20, 1-13. https://doi.org/10.1007/
s10113-020-01696-5

Eamus, D. (1999). Ecophysiological traits of deciduous and
evergreen woody species in the seasonally dry tropics.
Trends in Ecology & Evolution, 14(1), 11-16. https://doi.
org/10.1016/S0169-5347(98)01532-8

Eamus, D., & Prichard, H. (1998). A cost-benefit analysis of leaves
of four Australian savanna species. Tree Physiology, 18(8-9),
537-545. https://doi.org/10.1093/treephys/18.8-9.537

Eamus, D. and Prior, L. (2001). Ecophysiology of trees of sea-
sonally dry tropics: Comparisons among phenologies.

Estiarte, M., & Pefiuelas, J. (2015). Alteration of the phenology
of leaf senescence and fall in winter deciduous species by
climate change: Effects on nutrient proficiency. Global
Change Biology, 21(3), 1005-1017. https://doi.org/10.
1111/gcb.12804

Evans, J. R., & Santiago, L. S. (2014). PrometheusWiki gold
leaf protocol: Gas exchange using LI-COR 6400. Func-
tional Plant Biology, 41(3), 223-226. https://doi.org/10.
1071/FP10900

Fu, P. L., Jiang, Y. J., Wang, A. Y., Brodribb, T. J., Zhang, J. L.,
Zhu, S. D., & Cao, K. F. (2012). Stem hydraulic traits and
leaf water-stress tolerance are co-ordinated with the leaf
phenology of angiosperm trees in an Asian tropical dry
karst forest. Annals of Botany, 110(1), 189-199. https://
doi.org/10.1093/aob/mcs092

Garkoti, S. C., Zobel, D. B., & Singh, S. P. (2001). Leaf con-
ductance of primary and mature leaves of Pinus rox-
burghii: A comparison. Journal of Forest Research, 6,
1-5. https://doi.org/10.1007/BF02762715

Garkoti, S. C., Zobel, D. B., & Singh, S. P. (2003). Variation in
drought response of sal (Shorea robusta) seedlings. Tree
Physiology, 23(15), 1021-1030. https://doi.org/10.1093/
treephys/23.15.1021

Guerrieri, R., Belmecheri, S., Ollinger, S. V., Asbjornsen, H.,
Jennings, K., Xiao, J., Stocker, B. D., Martin, M., Hol-
linger, D. Y., Bracho-Garrillo, R., & Clark, K. (2019).
Disentangling the role of photosynthesis and stomatal
conductance on rising forest water-use efficiency. Pro-
ceedings of the National Academy of Sciences, 116(34),
16909-16914. https://doi.org/10.1073/pnas.1905912116

Han, T., Ren, H., Wang, J., Lu, H., Song, G., & Chazdon, R.
L. (2020). Variations of leaf eco-physiological traits in
relation to environmental factors during forest succession.
Ecological Indicators, 117, 106511. https://doi.org/10.
1016/j.ecolind.2020.106511

Harrison, S. P., Prentice, 1. C., Barboni, D., Kohfeld, K. E., Ni,
J., & Sutra, J. P. (2010). Ecophysiological and bioclimatic
foundations for a global plant functional classification.
Journal of Vegetation Science, 21(2), 300-317. https://doi.
org/10.1111/§.1654-1103.2009.01144.x

Hasselquist, N. J., Allen, M. F., & Santiago, L. S. (2010). Water
relations of evergreen and drought-deciduous trees along a
seasonally dry tropical forest chronosequence. Oecologia,
164, 881-890. https://doi.org/10.1007/s00442-010-1725-y

Hatfield, J. L., & Dold, C. (2019). Water-use efficiency:
Advances and challenges in a changing climate. Frontiers

@ Springer


https://doi.org/10.1111/nph.15056
https://doi.org/10.1111/nph.15056
https://doi.org/10.1093/treephys/tpz060
https://doi.org/10.1093/treephys/tpz060
https://doi.org/10.1093/aobpla/plv064
https://doi.org/10.1111/nph.14079
https://doi.org/10.1111/nph.14079
https://doi.org/10.1016/0098-8472(92)90034-Y
https://doi.org/10.1016/0098-8472(92)90034-Y
https://doi.org/10.1038/sdata.2016.2
https://doi.org/10.1016/j.flora.2007.05.001
https://doi.org/10.1002/eap.2039
https://doi.org/10.1093/jxb/erg195
https://doi.org/10.1093/treephys/26.5.657
https://doi.org/10.1093/treephys/26.5.657
https://doi.org/10.1038/s41477-022-01131-z
https://www.jstor.org/stable/2474894
https://www.jstor.org/stable/2474894
https://doi.org/10.1007/s00468-013-0850-8
https://doi.org/10.1007/s10113-020-01696-5
https://doi.org/10.1007/s10113-020-01696-5
https://doi.org/10.1016/S0169-5347(98)01532-8
https://doi.org/10.1016/S0169-5347(98)01532-8
https://doi.org/10.1093/treephys/18.8-9.537
https://doi.org/10.1111/gcb.12804
https://doi.org/10.1111/gcb.12804
https://doi.org/10.1071/FP10900
https://doi.org/10.1071/FP10900
https://doi.org/10.1093/aob/mcs092
https://doi.org/10.1093/aob/mcs092
https://doi.org/10.1007/BF02762715
https://doi.org/10.1093/treephys/23.15.1021
https://doi.org/10.1093/treephys/23.15.1021
https://doi.org/10.1073/pnas.1905912116
https://doi.org/10.1016/j.ecolind.2020.106511
https://doi.org/10.1016/j.ecolind.2020.106511
https://doi.org/10.1111/j.1654-1103.2009.01144.x
https://doi.org/10.1111/j.1654-1103.2009.01144.x
https://doi.org/10.1007/s00442-010-1725-y

634 Page 14 of 16

Environ Monit Assess (2024) 196:634

in Plant Science, 10, 103. https://doi.org/10.3389/fpls.
2019.00103

He, J. S., Wang, X., Flynn, D. F., Wang, L., Schmid, B., &
Fang, J. (2009). Taxonomic, phylogenetic, and environ-
mental trade-offs between leaf productivity and persis-
tence. Ecology, 90(10), 2779-2791. https://doi.org/10.
1890/08-1126.1

He, P, Fontana, S., Ma, C., Liu, H., Xu, L., Wang, R., Jiang,
Y., & Li, M. H. (2023). Using leaf traits to explain species
co-existence and its consequences for primary productiv-
ity across a forest-steppe ecotone. Science of the Total
Environment, 859, 160139. https://doi.org/10.1016/j.scito
tenv.2022.160139

Hu, Y., Sperotto, R. A., Koubouris, G., Stojnié, S., & Bellaloui,
N. (2023). Tree ecophysiology in the context of climate
change. Journal of Forestry Research, 34(1), 1-5. https://
doi.org/10.1007/s11676-023-01596-4

Ishida, A., Yazaki, K., & Hoe, A. L. (2005). Ontogenetic tran-
sition of leaf physiology and anatomy from seedlings to
mature trees of a rain forest pioneer tree, Macaranga
gigantea. Tree physiology, 25(5), 513-522. https://doi.org/
10.1093/treephys/25.5.513

Ishida, A., Yamazaki, J. Y., Harayama, H., Yazaki, K., Ladpala, P.,
Nakano, T., Adachi, M., Yoshimura, K., Panuthai, S., Staporn,
D., & Maeda, T. (2014). Photoprotection of evergreen and
drought-deciduous tree leaves to overcome the dry season in
monsoonal tropical dry forests in Thailand. Tree Physiology,
34(1), 15-28. https://doi.org/10.1093/treephys/tpt107

Ishida, A., Yamaji, K., Nakano, T., Ladpala, P., Popradit, A.,
Yoshimura, K., Saiki, S. T., Maeda, T., Yoshimura, J.,
Koyama, K., & Diloksumpun, S. (2023). Comparative
physiology of canopy tree leaves in evergreen and decidu-
ous forests in lowland Thailand. Scientific Data, 10(1),
601. https://doi.org/10.1038/s41597-023-02468-6

Ishida, A., Harayama, H., Yazaki, K., Ladpala, P., Sasrisang,
A., Kaewpakasit, K., ... & Ishizuka, M. (2010). Seasonal
variations of gas exchange and water relations in decidu-
ous and evergreen trees in monsoonal dry forests of Thai-
land. Tree Physiology, 30(8), 935-945. https://doi.org/10.
1093/treephys/tpq025

Islam, T., Hamid, M., Nawchoo, 1. A., & Khuroo, A. A. (2024).
Leaf functional traits vary among growth forms and veg-
etation zones in the Himalaya. Science of the Total Envi-
ronment, 906, 167274. https://doi.org/10.1016/j.scitotenv.
2023.167274

Joshi, R. K., & Garkoti, S. C. (2020). Litter dynamics, leaf area
index and forest floor respiration as indicators for under-
standing the role of Nepalese alder in white oak forests
in central Himalaya. India. Ecological Indicators, 111,
106065. https://doi.org/10.1016/j.ecolind.2020.106065

Joshi, R. K., & Garkoti, S. C. (2021). Influence of Nepalese
alder on soil physico-chemical properties and fine root
dynamics in white oak forests in the central Himalaya.
India. Catena, 200, 105140. https://doi.org/10.1016/j.cat-
ena.2020.105140

Joshi, R. K., & Garkoti, S. C. (2023). Seasonal patterns of leaf
physiological traits, nutrient and adaptive strategies of co-
occurring Alnus nepalensis and Quercus leucotrichophora
tree species in the central Himalaya. Perspectives in Plant
Ecology, Evolution and Systematics, 61, 125761. https://
doi.org/10.1016/j.ppees.2023.125761

@ Springer

Joshi, R. K., Garkoti, S. C., Gupta, R., Kumar, S., Mishra, A.,
& Kumar, M. (2023). Recovery of soil microbial bio-
mass, stoichiometry, and herb-layer diversity with chron-
osequence of farmland land abandonment in the central
Himalayas. Restoration Ecology, 31(4), e13782. https://
doi.org/10.1111/rec.13782

Joshi, R. K., Mishra, A., Gupta, R., & Garkoti, S. C. (2024).
Leaf and tree age-related changes in leaf ecophysiological
traits, nutrient, and adaptive strategies of Alnus nepalensis
in the central Himalaya. Journal of Biosciences, 49(1), 24.
https://doi.org/10.1007/s12038-023-00385-9

Joswig, J. S., Wirth, C., Schuman, M. C., et al. (2022). Climatic
and soil factors explain the two-dimensional spectrum of
global plant trait variation. Nature Ecology & Evolution,
6, 36-50. https://doi.org/10.1038/s41559-021-01616-8

Khan, A., Yan, L., Hasan, M. M., Wang, W., Xu, K., Zou, G.,
Liu, X. D., & Fang, X. W. (2022). Leaf traits and leaf
nitrogen shift photosynthesis adaptive strategies among
functional groups and diverse biomes. Ecological Indica-
tors, 141, 109098. https://doi.org/10.1016/j.ecolind.2022.
109098

Kutsch, W. L., Wirth, C., Kattge, J., Nollert, S., Herbst, M.,
& Kappen, L. (2009). Ecophysiological characteristics
of mature trees and stands-Consequences for old-growth
forest productivity. Old-growth forests: function, fate and
value, 57-79.

Legg, S. (2021). IPCC, 2021: Climate change 2021-The physi-
cal science basis. Inferaction, 49(4), 44—45.

Liu, Z., Zhao, M., Zhang, H., Ren, T., Liu, C., & He, N. (2023).
Divergent response and adaptation of specific leaf area to
environmental change at different spatio-temporal scales
jointly improve plant survival. Global Change Biology,
29(4), 1144-1159. https://doi.org/10.1111/gcb.16518

Mabharjan, S. K., Sterck, F. J., Dhakal, B. P., Makri, M., &
Poorter, L. (2021). Functional traits shape tree species dis-
tribution in the Himalayas. Journal of Ecology, 109(11),
3818-3834. https://doi.org/10.1111/1365-2745.13759

Manzoni, S., Vico, G., Thompson, S., Beyer, F., & Weih, M.
(2015). Contrasting leaf phenological strategies opti-
mize carbon gain under droughts of different duration.
Advances in Water Resources, 84, 37-51. https://doi.org/
10.1016/j.advwatres.2015.08.001

Marchin, R., Zeng, H., & Hoffmann, W. (2010). Drought-
deciduous behavior reduces nutrient losses from temper-
ate deciduous trees under severe drought. Oecologia, 163,
845-854. https://doi.org/10.1007/s00442-010-1614-4

Marchin, R. M., Medlyn, B. E., Tjoelker, M. G., & Ellsworth,
D. S. (2023). Decoupling between stomatal conductance
and photosynthesis occurs under extreme heat in broadleaf
tree species regardless of water access. Global Change
Biology. https://doi.org/10.1111/gcb.16929

Mishra, A., Gupta, R., Joshi, R.K. and Garkoti, S.C., 2024.
Topography-mediated light environment regulates intra-
specific seasonal and diurnal patterns of photosynthetic
plasticity and plant ecophysiological adaptation strate-
gies. Physiology and Molecular Biology of Plants, pp.1—
18. https://doi.org/10.1007/s12298-024-01439-4

Negi, G. C. S. (2006). Leaf and bud demography and shoot
growth in evergreen and deciduous trees of central Hima-
laya, India. Trees, 20, 416-429. https://doi.org/10.1007/
s00468-006-0056-4


https://doi.org/10.3389/fpls.2019.00103
https://doi.org/10.3389/fpls.2019.00103
https://doi.org/10.1890/08-1126.1
https://doi.org/10.1890/08-1126.1
https://doi.org/10.1016/j.scitotenv.2022.160139
https://doi.org/10.1016/j.scitotenv.2022.160139
https://doi.org/10.1007/s11676-023-01596-4
https://doi.org/10.1007/s11676-023-01596-4
https://doi.org/10.1093/treephys/25.5.513
https://doi.org/10.1093/treephys/25.5.513
https://doi.org/10.1093/treephys/tpt107
https://doi.org/10.1038/s41597-023-02468-6
https://doi.org/10.1093/treephys/tpq025
https://doi.org/10.1093/treephys/tpq025
https://doi.org/10.1016/j.scitotenv.2023.167274
https://doi.org/10.1016/j.scitotenv.2023.167274
https://doi.org/10.1016/j.ecolind.2020.106065
https://doi.org/10.1016/j.catena.2020.105140
https://doi.org/10.1016/j.catena.2020.105140
https://doi.org/10.1016/j.ppees.2023.125761
https://doi.org/10.1016/j.ppees.2023.125761
https://doi.org/10.1111/rec.13782
https://doi.org/10.1111/rec.13782
https://doi.org/10.1007/s12038-023-00385-9
https://doi.org/10.1038/s41559-021-01616-8
https://doi.org/10.1016/j.ecolind.2022.109098
https://doi.org/10.1016/j.ecolind.2022.109098
https://doi.org/10.1111/gcb.16518
https://doi.org/10.1111/1365-2745.13759
https://doi.org/10.1016/j.advwatres.2015.08.001
https://doi.org/10.1016/j.advwatres.2015.08.001
https://doi.org/10.1007/s00442-010-1614-4
https://doi.org/10.1111/gcb.16929
https://doi.org/10.1007/s12298-024-01439-4
https://doi.org/10.1007/s00468-006-0056-4
https://doi.org/10.1007/s00468-006-0056-4

Environ Monit Assess (2024) 196:634

Page 150f 16 634

Negi, G. C. S., & Singh, S. P. (1992). Leaf growth pattern in
evergreen and deciduous species of the Central Himalaya.
India. International Journal of Biometeorology, 36, 233—
242. https://doi.org/10.1007/BF02726404

Niinemets, U. (2007). Photosynthesis and resource distribu-
tion through plant canopies. Plant Cell and Environment,
30(9), 1052-1071. https://doi.org/10.1111/j.1365-3040.
2007.01683.x

Onoda, Y., Wright, L. J., Evans, J. R., Hikosaka, K., Kitajima,
K., & Niinemets, U. (2017). Physiological and structural
tradeoffs underlying the leaf economics spectrum. New
Phytologist, 214(4), 1447-1463. https://doi.org/10.1111/
nph.14496

Palomo-Kumul, J., Valdez-Hernandez, M., Islebe, G. A., Cach-
Pérez, M. J., & Andrade, J. L. (2021). El Nifio-Southern
Oscillation affects the water relations of tree species in
the Yucatan Peninsula. Mexico. Scientific Reports, 11(1),
10451. https://doi.org/10.1038/541598-021-89835-8

Pivovaroff, A. L., Pasquini, S. C., De Guzman, M. E., Alstad,
K. P, Stemke, J. S., & Santiago, L. S. (2016). Multiple
strategies for drought survival among woody plant spe-
cies. Functional Ecology, 30(4), 517-526. https://doi.org/
10.1111/1365-2435.12518

Poorter, L., & Bongers, F. (2006). Leaf traits are good predic-
tors of plant performance across 53 rain forest species.
Ecology, 87(7), 1733-1743. https://doi.org/10.1890/0012-
9658(2006)87[1733:LTAGPO]2.0.CO;2

Poorter, H., Niinemets, U., Ntagkas, N., Siebenkis, A., Méen-
pdd, M., Matsubara, S., & Pons, T. (2019). A meta-
analysis of plant responses to light intensity for 70 traits
ranging from molecules to whole plant performance. New
Phytologist, 223(3), 1073-1105. https://doi.org/10.1111/
nph.15754

Poudyal, K., Jha, P. K., Zobel, D. B., & Thapa, C. B. (2004).
Patterns of leaf conductance and water potential of five
Himalayan tree species. Tree Physiology, 24(6), 689—
699. https://doi.org/10.1093/treephys/24.6.689

Powers, J. S., & Tiffin, P. (2010). Plant functional type clas-
sifications in tropical dry forests in Costa Rica: Leaf
habit versus taxonomic approaches. Functional Ecology,
24(4), 927-936. https://doi.org/10.1111/j.1365-2435.
2010.01701.x

Reich, P. B. (2014). The world-wide ‘fast-slow’ plant eco-
nomics spectrum: A traits manifesto. Journal of Ecol-
ogy, 102(2), 275-301. https://doi.org/10.1111/1365-
2745.12211

Reich, P. B., Walters, M. B., & Ellsworth, D. S. (1997). From
tropics to tundra: Global convergence in plant functioning.
Proceedings of the National Academy of Sciences, 94(25),
13730-13734. https://doi.org/10.1073/pnas.94.25.13730

Sancho-Knapik, D., Escudero, A., Mediavilla, S., Scoffoni,
C., Zailaa, J., Cavender-Bares, J., Alvarez-Arenas, T. G,
Molins, A., Alonso-Forn, D., Ferrio, J. P., & Peguero-
Pina, J. J. (2021). Deciduous and evergreen oaks show
contrasting adaptive responses in leaf mass per area across
environments. New Phytologist, 230(2), 521-534. https://
doi.org/10.1111/nph.17151

Sigdel, S. R., Liang, E., Rokaya, M. B., Rai, S., Dyola, N., Sun,
J., Zhang, L., Zhu, H., Chettri, N., Chaudhary, R. P., &
Camarero, J. J. (2023). Functional traits of a plant species
fingerprint ecosystem productivity along broad elevational

gradients in the Himalayas. Functional Ecology, 37(2),
383-394. https://doi.org/10.1111/1365-2435.14226

Singh, S. P., Zobel, D. B., Garkoti, S. C., Tewari, A., & Negi,
C. M. S. (2006). Patterns in water relations of central
Himalayan trees. Tropical Ecology, 47(2), 159-182.

Singh, R., Rawat, M., & Pandey, R. (2023). Quantifying leaf-
trait co-variation and strategies for ecosystem functioning
of Quercus leucotrichophora (Ban Oak) forest in Hima-
laya. Ecological Indicators, 150, 110212. https://doi.org/
10.1016/j.ecolind.2023.110212

Sobrado, M.A. (1991). Cost-benefit relationships in deciduous
and evergreen leaves of tropical dry forest species. Func-
tional Ecology, 608—616. https://doi.org/10.2307/2389479

Soh, W.K., Yiotis, C., Murray, M., Parnell, A., Wright, LJ.,
Spicer, R.A., Lawson, T., Caballero, R., McElwain,
J.C. (2019). Rising CO, drives divergence in water use
efficiency of evergreen and deciduous plants. Science
Advances, 11,5(12):eaax79. https://doi.org/10.1126/sci-
adv.aax7906

Tomlinson, K. W., Poorter, L., Sterck, F. J., Borghetti, F.,
Ward, D., de Bie, S., & van Langevelde, F. (2013). Leaf
adaptations of evergreen and deciduous trees of semi-arid
and humid savannas on three continents. Journal of Ecol-
ogy, 101(2), 430-440. https://doi.org/10.1111/1365-2745.
12056

Tomlinson, K. W., Poorter, L., Bongers, F., Borghetti, F.,
Jacobs, L., & van Langevelde, F. (2014). Relative growth
rate variation of evergreen and deciduous savanna tree
species is driven by different traits. Annals of Botany,
114(2), 315-324. https://doi.org/10.1093/aob/mcul07

Tor-ngern, P., Chart-asa, C., Chanthorn, W., Rodtassana, C.,
Yampum, S., Unawong, W., Nathalang, A., Brockel-
man, W., Srinoppawan, K., Chen, Y., & Hasselquist, N. J.
(2021). Variation of leaf-level gas exchange rates and leaf
functional traits of dominant trees across three succes-
sional stages in a Southeast Asian tropical forest. Forest
Ecology and Management, 489, 119101. https://doi.org/
10.1016/j.foreco.2021.119101

Vico, G., Thompson, S. E., Manzoni, S., Molini, A., Albertson,
J. D., Almeida-Cortez, J. S., ... & Porporato, A. (2015).
Climatic, ecophysiological, and phenological controls on
plant ecohydrological strategies in seasonally dry ecosys-
tems. Ecohydrology, 8(4), 660-681. https://doi.org/10.
1002/eco0.1533

Visakorpi, K., Block, S., Pellissier, L., Levine, J. M., & Alex-
ander, J. (2022). Eco-physiological and morphological
traits explain alpine plant species’ response to warming.
Functional Ecology. https://doi.org/10.1111/1365-2435.
14228

Wang, H., Wang, R., Harrison, S. P., & Prentice, 1. C. (2022).
Leaf morphological traits as adaptations to multiple cli-
mate gradients. Journal of Ecology, 110(6), 1344-1355.
https://doi.org/10.1111/1365-2745.13873

Wang, S., Li, Y., Ju, W., Chen, B., Chen, J., Croft, H., Mick-
ler, R.A. and Yang, F. (2020). Estimation of leaf photo-
synthetic capacity from leaf chlorophyll content and leaf
age in a subtropical evergreen coniferous plantation.
Journal of geophysical research: Biogeosciences, 125(2),
2019JG005020. https://doi.org/10.1029/2019JG005020

Wellburn, A. R. (1994). The spectral determination of chloro-
phylls a and b, as well as total carotenoids, using various

@ Springer


https://doi.org/10.1007/BF02726404
https://doi.org/10.1111/j.1365-3040.2007.01683.x
https://doi.org/10.1111/j.1365-3040.2007.01683.x
https://doi.org/10.1111/nph.14496
https://doi.org/10.1111/nph.14496
https://doi.org/10.1038/s41598-021-89835-8
https://doi.org/10.1111/1365-2435.12518
https://doi.org/10.1111/1365-2435.12518
https://doi.org/10.1890/0012-9658(2006)87[1733:LTAGPO]2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87[1733:LTAGPO]2.0.CO;2
https://doi.org/10.1111/nph.15754
https://doi.org/10.1111/nph.15754
https://doi.org/10.1093/treephys/24.6.689
https://doi.org/10.1111/j.1365-2435.2010.01701.x
https://doi.org/10.1111/j.1365-2435.2010.01701.x
https://doi.org/10.1111/1365-2745.12211
https://doi.org/10.1111/1365-2745.12211
https://doi.org/10.1073/pnas.94.25.13730
https://doi.org/10.1111/nph.17151
https://doi.org/10.1111/nph.17151
https://doi.org/10.1111/1365-2435.14226
https://doi.org/10.1016/j.ecolind.2023.110212
https://doi.org/10.1016/j.ecolind.2023.110212
https://doi.org/10.2307/2389479
https://doi.org/10.1126/sciadv.aax7906
https://doi.org/10.1126/sciadv.aax7906
https://doi.org/10.1111/1365-2745.12056
https://doi.org/10.1111/1365-2745.12056
https://doi.org/10.1093/aob/mcu107
https://doi.org/10.1016/j.foreco.2021.119101
https://doi.org/10.1016/j.foreco.2021.119101
https://doi.org/10.1002/eco.1533
https://doi.org/10.1002/eco.1533
https://doi.org/10.1111/1365-2435.14228
https://doi.org/10.1111/1365-2435.14228
https://doi.org/10.1111/1365-2745.13873
https://doi.org/10.1029/2019JG005020

634 Page 16 of 16

Environ Monit Assess (2024) 196:634

solvents with spectrophotometers of different resolution.
Journal of Plant Physiology, 144, 307-313. https://doi.
org/10.1016/S0176-1617(11)81192-598

Wright, 1. J., Reich, P. B., & Westoby, M. (2003). Least-cost
input mixtures of water and nitrogen for photosynthesis.
The American Naturalist, 161(1), 98-111. https://doi.org/
10.1086/344920

Wright, I. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch,
Z., Bongers, F., Cavender-Bares, J., Chapin, T., Cornelis-
sen, J. H., Diemer, M., & Flexas, J. (2004). The world-
wide leaf economics spectrum. Nature, 428(6985), 821—
827. https://doi.org/10.1038/nature02403

Zhang, Y. J., Meinzer, F. C., & QI, J.H., Goldstein, G., CAO,
K.F. (2013). Midday stomatal conductance is more related
to stem rather than leaf water status in subtropical decidu-
ous and evergreen broadleaf trees. Plant, Cell & Environ-
ment, 36(1), 149-158. https://doi.org/10.1111/j.1365-
3040.2012.02563.x

Zhu, K., Yuan, FH., Wang, A.Z., Wu, J.B., Guan, D.X., Jin, CJ.,
Flexas, J., Gong, C.J., Zhang, H.X. and Zhang, Y.S. (2021).

@ Springer

Stomatal, mesophyll and biochemical limitations to soil
drought and rewatering in relation to intrinsic water-use effi-
ciency in Manchurian ash and Mongolian oak. Photosynthet-
ica, 59(1). https://doi.org/10.32615/ps.2020.084

Zobel, D.B., Garkoti, S.C., Singh, S.P., Tewari, A., Negi,
C.M.S.(2001). Patterns of water potential among forest
types of the central Himalaya. Current Science 80,774—
779. https://www.jstor.org/stable/24105664.

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.


https://doi.org/10.1016/S0176-1617(11)81192-598
https://doi.org/10.1016/S0176-1617(11)81192-598
https://doi.org/10.1086/344920
https://doi.org/10.1086/344920
https://doi.org/10.1038/nature02403
https://doi.org/10.1111/j.1365-3040.2012.02563.x
https://doi.org/10.1111/j.1365-3040.2012.02563.x
https://doi.org/10.32615/ps.2020.084
https://www.jstor.org/stable/24105664

	Seasonal variations of leaf ecophysiological traits and strategies of co-occurring evergreen and deciduous trees in white oak forest in the central Himalaya
	Abstract 
	Introduction
	Materials and methods
	Study area
	Tree species and ecophysiological traits measurement
	Statistical analysis

	Results
	Seasonal variation in leaf ecophysiology traits
	Seasonal variation in leaf chemical and morphological traits
	Seasonal variation in water potential
	Correlation between leaf traits

	Discussion
	Seasonal variation in leaf ecophysiology traits
	Seasonal variations in leaf chemical and morphological traits

	Conclusion
	Acknowledgements 
	References


