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Abstract

Epiphytic and terrestrial habitats differ markedly in water, nutrient, and light availability and variability, yet few faculta-
tive epiphytes successfully grow in both habitats. As a facultative epiphyte, Nephrolepis cordifolia provides a valuable
opportunity to investigate how individuals of the same species adjust morphological and physiological traits along con-
trasting microhabitats. We measured frond structure, physiology, and tissue nutrient concentrations for 20 epiphytic and
20 terrestrial N. cordifolia individuals to evaluate intraspecific variation in resource-use strategies by growth habitat. Our
findings show that not all Leaf Economic Spectrum traits covary in this species. Structurally, while specific leaf area, leaf
dry matter content, and stomatal morphology were conserved across habitats, epiphytic individuals exhibited greater leaf
thickness, a trait consistent with conservative leaf economics strategies. Functionally, epiphytes exhibited more enriched
o13C, indicating higher intrinsic water-use efficiency and tighter stomatal regulation. Terrestrial individuals displayed
significantly higher maximum quantum yield of PSII (F,/F,,) and greater mass-based chlorophyll concentrations, reflect-
ing higher potential photosynthetic capacity. In terms of leaf tissue chemistry, terrestrial individuals had higher nitrogen
and magnesium concentrations, while epiphytes showed higher leaf carbon content and significantly elevated C/N ratios.
These findings highlight the physiological plasticity of N. cordifolia, which enables adjustment to contrasting microhabi-
tats through adjustments in water-use efficiency, photosynthetic capacity, and leaf chemistry. Our results support the idea
that epiphytic plants generally exhibit a more conservative physiological profile, with reduced F,/F,, and enriched ¢'°C,
showing how they may function under chronically constrained physiological margins. This vulnerability underscores the
potential risks epiphytes face under intensifying drought and irradiance associated with climate change, raising important
questions about the resilience of facultative epiphytes in increasingly variable environments.
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Abbreviations LES Leaf economic spectrum
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obcC Carbon stable isotope ratio
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water and nutrient availability due to the lack of direct access
to soil water and nutrients (Benzing 1990; Watts and Wat-
kins 2021; Zotz and Hietz 2001). These contrasting envi-
ronmental conditions likely promote different strategies of
resource acquisition, carbon economy, and stress tolerance
between terrestrial and epiphytic plants, which are likely to
be reflected in functional morphology and physiology.
Differences in light and CO, acquisition strategies in
vascular plants are well summarized by the leaf econom-
ics spectrum (LES) framework, which describes a global
trade-off between “conservative” and “acquisitive” leaf
traits (Donovan et al. 2011; Reich 2014; Shipley et al. 2006;
Wright et al. 2004). Conservative leaves are typically thick,
dense, and have a low specific leaf area (SLA). They are
long-lived, stress-tolerant, with low photosynthetic rates,
low leaf nitrogen (N, reflecting RUBISCO content), and
high water-use efficiency. In contrast, acquisitive leaves
are typically thin with a high SLA. They are metabolically
active, have high leaf N, and are structured to maximize
rapid resource capture, but they require a reliable resource
supply. Epiphytes are generally at the conservative end of
the LES due to limited water and nutrient availability, while
terrestrial plants are more to the acquisitive end of the LES,
as they tend to have more stable and higher supplies of water
and nutrients (Benzing 1990; Helsen et al. 2023).
Empirical studies largely confirm the LES differences
between epiphytes and terrestrial plants. Epiphytes tend to
exhibit thick leaves, reduced stomatal density, lower stoma-
tal conductance, and higher water-use efficiency than non-
epiphytic plants, because they guard against desiccation and
nutrient scarcity to a greater degree (Campany et al. 2021;
Gotsch et al. 2015; Holbrook and Putz 1996). Terrestrial
plants, in contrast, usually have higher SLA, greater stoma-
tal conductance, and higher photosynthetic rates, reflecting
acquisitive strategies that enhance carbon gain when water
and nutrients are reliable (Zhang et al. 2023). Comparative
analyses across life forms further illustrate that epiphytes
often have more-enriched foliar §'*C values, indicating
tighter stomatal regulation associated with more limited
water supply, whereas terrestrial plants maintain higher
photosynthetic capacity and more rapid growth under favor-
able conditions (Hietz et al. 2022; Watt and Watkins 2021).
However, most of these insights on the differences in
LES between epiphytes and terrestrial plants are derived
from interspecific comparisons, which can confound envi-
ronmental effects with phylogenetic differences. The tran-
sition between these habitats is fundamentally limited by
the trade-off between the high resource-gathering efficiency
needed for the terrestrial environment and the extreme
water-conservation traits required for the “functional des-
ert” of the canopy (Hietz et al. 2022; Zotz and Hietz 2001).
Furthermore, the high cost of maintaining the phenotypic
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plasticity necessary to handle disparate light levels, nutri-
ent availabilities, and mechanical requirements likely leads
to specialization for a single environment (Hu et al. 2025;
Zotz 2016). One noticeable exception is a study on the
intraspecific and interspecific functional trait differences,
foliar nitrogen content, 9'°N, and 6'°C in four fern species
growing across epiphytic, epipetric, and terrestrial habitats
(Watts and Watkins 2021). The results of this study provide
partial support for the divergence in LES between epiphytes
and terrestrial plants and highlight the importance of quan-
tifying including intraspecific trait variation in studies that
assess trait variation of plants growing in diverse habitats.
Part of the scarcity of comparing trait divergence between
epiphytic and terrestrial individuals of the same species is
because there are few species that can grow in both epi-
phytic and terrestrial habitats. For example, a survey of 264
ferns along an elevation gradient in Costa Rica found that
only one species could grow in both habitats (Watkins et
al. 2006). Trait differences observed between species along
environmental gradients may reflect either plastic responses
to current habitat conditions or differences arising from their
distinct evolutionary histories (phylogeny). Thus, the scar-
city of conspecific comparisons across terrestrial and epi-
phytic individuals limits our understanding of the extent to
which LES-related differences arise from plasticity versus
evolutionary divergence.

Nephrolepis cordifolia (L.) C. Presl, a widespread tropi-
cal fern in the Polypodiales, is ideal for addressing conspe-
cific divergence in leaf economical traits between epiphytic
and terrestrial individuals. This widespread fern can grow
both epiphytically on tree trunks and branches and terrestri-
ally in soil. Moreover, epiphytic and terrestrial individuals
often grow in proximity, with similar broad scale environ-
mental conditions (e.g., temperature, humidity, precipita-
tion) and thus provide a natural experimental setting for
examining how individuals of the same species adjust leaf
structure, gas exchange rates, and water-use strategies in the
contrasting epiphytic and terrestrial microhabitats. Because
phylogeny and broad environmental conditions are con-
sistent, the divergence in morphological and physiological
response can be more directly attributed to epiphytic and
terrestrial conditions.

Several traits are particularly informative for identifying
position along the LES because they reflect morphological
and physiological adjustments to contrasting microhabitats.
Leaf thickness, SLA, and leaf dry matter content (LDMC)
reflect leaf structural investment strategy and the carbon
economies of leaf tissue construction, functionally distin-
guishing conservative from acquisitive strategies (Poorter
2002, 2009; Ren et al. 2022). Stomatal density and size
regulate the trade-off of carbon assimilation and water loss,
affecting photosynthetic capacity and water-use efficiency
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(Bertolino et al. 2019; Sekiya and Yano 2008). The quan-
tum yield of photosystem II (@), reflects photosynthetic
performance under variable light regimes (Skillman 2008;
Sofo et al. 2009). The maximum quantum yield of PSII,
F/F,, is strongly correlated with photosynthetic perfor-
mance (Baker 2008), and is widely used as an indicator of
plant stress responses (Abbas et al. 2019; Barbori¢ova et
al. 2022; Parkhill et al. 2001). Foliar 6'*C provides an inte-
grated measure of long-term water-use efficiency, plant sta-
tus (i.e., drought stress), and stomatal behavior in response
to the environment (Farquhar et al. 1989; Simioni 2023).
In addition to these structural and gas-exchange traits, leaf
chlorophyll a and b and nutrient (C, N, P, K, Ca, Mg) con-
centrations offer insight into how plants allocate resources
to optimize photosynthesis, e.g., light harvesting and bio-
chemical function (Evans 1989; Triankner et al. 2018).
Together, these traits form a multidimensional assessment
of how N. cordifolia responds to contrasting epiphytic and
terrestrial microhabitats by adjusting leaf carbon assimila-
tion, water use, and structural investment.

Given the soil and air microclimate differences between
epiphytic and terrestrial habitats, and the trait-based frame-
work of LES theory, this study evaluates how individuals
of N. cordifolia adjust their leaf physiology and morphol-
ogy across these two microhabitats. We tested five hypoth-
eses. Due to a more limited and intermittent water supply in
canopy habitats, we hypothesized that epiphytic individuals
would show higher water-use efficiency (H;) and possess
lower stomatal density (/4,) and smaller stomatal size (H;)
than terrestrial individuals. Additionally, due to the lack of
direct access to soil nutrients, epiphytic individuals should
have lower foliar nutrient concentrations than terrestrial
individuals (H,). Lastly, because of water and nutrient con-
strains, we hypothesized that epiphytic individuals would
exhibit lower quantum efficiency than terrestrial individuals

Fig. 1 Epiphytic (a), (b) and terrestrial (c), (d) individuals of Nephro-
lepis cordifolia

(Hs). Our hypotheses were motivated by two different ratio-
nales: some (H,—H;) were derived from expectations of the
evolved LES syndrome in epiphytes, while others (H,—H5)
were based on ecological consequences of resource limita-
tion in canopy habitats. However, because our study is based
on field comparisons, the results cannot distinguish whether
observed differences reflect evolved strategies or plastic
responses to environmental constraints. Thus, the classifica-
tion of hypotheses reflects their conceptual basis rather than
an empirical separation. Nonetheless, our study has broad
implications for fern physiological functioning with climate
change, as shifts toward increased drought stress and greater
irradiance levels in most tropical wet forests will differen-
tially challenge canopy-dwelling and terrestrially rooted
plant populations (Zotz 2016). In addition, by integrating
morphological, physiological, and isotopic measurements,
this study contributes to a more comprehensive understand-
ing of how environmental conditions shape intraspecific
leaf variation within the LES.

Materials and methods
Study species

N. cordifolia (L.) Presl (Nephrolepidaceae) is a facultative
epiphyte (Fig. 1), a term commonly applied to species that
can grow both epiphytically and terrestrially, in contrast to
obligate epiphytes that are restricted to host trees through-
out their life cycle. According to The Flora of Taiwan, it is a
widespread fern with tufted stipes 5—-15 cm long, often pro-
ducing shiny stolons and scaly tubers (Shieh et al. 1994). Its
fronds, 30-60 cm in length, are pinnate with sessile pinnae
that vary at the base (can be auriculate, finger-like, or trian-
gular in shape), serrulate to crenate margins, and sori that
are round with reniform indusia. The rachis is grooved and
scaly above, while the pinnae are articulate to the rachis and
become gradually shortened toward the base. N. cordifolia
can grow on tree trunks (epiphytic), on the ground (terres-
trial), and occasionally on fallen logs or rocks. In this study,
we compared epiphytic and terrestrial individuals.

Study site

Plants used for this study were located at the Fushan Experi-
mental Forest (FEF) of northeastern Taiwan (Fig. 2). The
FEF is a low-elevation (700 ',400 m) subtropical rainfor-
est, with an annual mean temperature of 18.0 °C (11.5 °C
in January and 23.7 °C in July), mean annual precipitation
of 4,037 mm (2,540-7,400) and monthly mean relative
humidity greater than 90% throughout the year (from 1994
to 2022; Chang et al. 2024). The forest has a multi-layer
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Fig. 2 Distribution of studied plants at the Fushan Experimental Forest, northeastern Taiwan

structure dominated by Lauraceae and Fagaceae tree spe-
cies. A total of 515 species, belonging to 329 genera and 124
families of vascular plants are recorded in the FEF (TFRI
1989). Among which, 65 are epiphyte species belonging to
20 families and 42 genera, representing 12% of the recorded
vascular plant species in the FEF.

N. cordifolia is abundant at the FEF. While N. cordifo-
lia prefers open environment, some terrestrial and epiphytic
individual can also be found in the forest interior. The
relative abundance of epiphytic and terrestrial individuals
exhibited high spatial heterogeneity across the study area,
with no consistent landscape-level dominance by either
growth form. In many instances, we observed a continuous
distribution where terrestrial colonies extended from the
surrounding understory to the immediate base of the tree,
while epiphytic individuals occupied the trunk from the root
collar to several meters above the ground. This spatial over-
lap and the lack of a clear habitat bias underscore the truly
facultative nature of N. cordifolia in this forest.

@ Springer

Plant sampling

Twenty epiphytic and 20 terrestrial individuals of N. cordi-
folia were selected for this study. The plants distributed in
two locations, 1.5 km apart, at the FEF (Fig. 2). All stud-
ied individuals were selected from forest edges. Insolation,
relative humidity and daily temperatures are environmen-
tal factors that play important roles in characterizing plant
traits. Direct and indirect (diffused) light availabilities,
which are closely related to Insolation, relative humidity
and temperatures, of the studied plants were estimated using
hemispherical photography. One hemispherical photograph
was taken directly at the center of each studied plant and
analyzed using HemiView (Delta-T 2000). Direct and indi-
rect light availability is the relative (proportional) direct and
light available at the point of measurement relative to that
above tree canopy (Rich 1990).

Each plant was collected from a host tree for epiphytic
individuals or from the ground for terrestrial individuals,
with a minimum spacing of 10 m between sampled plants.
Epiphytic individuals were located at least 1.5 m above
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ground and confirmed to have no root connection to soil.
A newly matured, undamaged frond (40-50 cm in length)
without sori was collected from each plant for measurements
of frond morphology, carbon isotopes, nutrient concentra-
tions and chlorophyll concentrations, while photochemical
efficiency was measured in the field.

Frond morphology

We measured specific leaf area (SLA, mm? mg'), leaf
dry matter content (LDMC, mg g '), stomatal traits, and
frond thickness. Five pinnae were removed from each
frond and weighed for fresh mass using a precision bal-
ance (Shimadz, Taipei, Taiwan). Leaf area was deter-
mined from scanned images using ImageJ (Rueden et al.
2017). Samples were dried in an oven at 45 °C to constant
mass to obtain dry weight. SLA was calculated as leaf
area divided by dry mass, and LDMC as dry mass divided
by fresh mass. Stomatal density was measured from clear
nail polish impressions of the abaxial surface mounted
on microscope slides. Number of stomata were counted
from four randomly selected fields of view (avoiding the
midrib and margins), under a compound microscope at
100 x magnification. Stomatal densities (no. mm2) of
the four fields were averaged. Stomatal length and width
were measured at 400 x magnification using images from
three randomly selected fields of view of each pinna and
measured with Image]J (units: pm?). The stomatal dimen-
sion measurements included the guard cells and were
taken at night when the stomata are closed (or at mini-
mum aperture) to minimize the noise of fluctuating light
or humidity levels. Frond thickness was measured from
one pinna each at the basal, middle, and apical portions
of a newly matured frond using a thickness gauge (Mitu-
toyo 7313; Kawasaki, Japan, precision 0.01 mm).

Frond carbon isotopes and nutrient concentrations

Dried fronds were ground into fine powder (particle
size less than 0.5 mm). Finely ground frond samples
(4.5-5 mg) were enclosed in tin capsules and analyzed
using an isotope ratio mass spectrometer (IRMS) coupled
to an ANCA-GSL elemental analyzer (PDZ Europa Ltd.,
Cheshire, UK) located at the University of California-
Davis. Carbon isotope ratios were calculated from the
ratio in the sample and the standard reference as:

5130 = (Rsample/Rstandard - 1) % 1000

where the standard reference ratio corresponds to Pee
Dee Belemnite (Farquhar et al. 1989).

Approximately 4 mg of dried frond material was used
for C and N measurement using a CHNOS Elemental
Analyzer (Elementar Americas Inc., Ronkonkoma, NY
USA). For P, K, Ca, and Mg analysis, 0.5 g of sample
powder was digested and quantified using inductively
coupled plasma atomic emission spectroscopy (JY 2000,
Horiba Scientific, Longjumeau, France).

Chlorophyll concentration and photochemical
efficiency

Subsamples of the selected fronds were scanned for leaf
area determination, then homogenized in 95% ethanol.
Extracts were transferred into 15 mL centrifuge tubes,
sealed with Parafilm, wrapped in aluminum foil, and
stored at 4 °C in darkness for 24 h. After recording solu-
tion volume, samples were centrifuged at 4,000 rpm for
10 min (Allegra X-12R, Beckman Coulter, Brea, CA
USA). Supernatant absorbance was measured at 430,
649, and 665 nm using a UV/VIS spectrophotometer (Du
640, Beckman Coulter, Brea, CA USA). Absorbance at
430 nm was maintained between 0.7-0.9 by dilution or
reprocessing, if necessary. Chlorophyll a, chlorophyll b,
total chlorophyll, and chlorophyll a:b ratios per unit area
and per unit dry mass were calculated following Winter-
mans and De Mots (1965).

The maximum quantum yield of PSII (F,/F,) was
measured using a MINI-PAM Photosynthesis Yield Ana-
lyzer (ICT International, New South Wales, Australia).
Prior to measurement, each frond was dark-adapted for
at least 30 min by covering it with aluminum foil. Fluo-
rescence was then recorded from a pinna located at the
mid-section of the frond. The maximum quantum yield
was calculated as F/F,,=(F, — F,)/F,, where F, rep-
resents the background fluorescence of the dark-adapted
frond and F, is the maximum fluorescence yield obtained
when a saturating light pulse of 10,000 umol m 2 s™! was
applied for 0.8 s.

Data analysis

Data normality of each variable was examined using the
Shapiro—Wilk tests. All morphological and physiological
measurements were first tested for differences between
epiphytic and terrestrial individuals using two-sample
t-tests. When the data did not meet the assumption of
normal distribution, the Mann—Whitney U test was used
instead, with statistical significance set at a=0.05. All
statistical analyses were conducted using R v.3.6.1 (R
Core Team 2019).
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Results
Light availability

No significant differences were found between epi-
phytic and terrestrial individuals in indirect light
availability (epiphytic: 0.272+0.023 (mean=error);
terrestrial: 0.214+0.026; t=1.697, p=0.098) or direct
light availability (epiphytic: 0.311+£0.032; terrestrial:
0.246+0.031; t=1.438, p=0.159).

Frond morphology

SLA and LDMC did not differ significantly between epi-
phytic and terrestrial individuals of N. cordifolia (Fig. 3a,
b). In contrast, fronds were thicker in epiphytic individu-
als than terrestrial individuals (Fig. 3¢). Stomatal density
and dimensions (length and width) showed no significant
differences between the epiphytic and terrestrial individ-
uals (Fig. 4).

@ Springer

Table 1 Foliar element concentration and ratios and 6'>C (mean + stan-
dard error) of epiphytic and terrestrial individuals of Nephrolepis cor-

difolia

Element Epiphytic Terrestrial p value
Ca(mgg) 6.93+£0.49 7.74+0.71 0.3531
Mg (mg g™) 4.25+0.22 6.10+0.33 <0.001
K (mgg™) 28.84+1.25 31.24+1.49 0.2258
P(mgg) 2.10+£0.21 2.20+0.14 0.3689
C(@mggh 428.14+1.27 419.24+4.35 0.0042
N@mgg™) 15.17+0.63 17.91+0.77 0.009
C:N 29.07+1.09 24.21+1.05 0.0026
N:P 8.13+0.59 8.59+0.47 0.5408
oBC —29.23+0.19 —30.83+0.13 <0.001

Elements with statistically different concentrations between habitats
(p-values<0.05) are marked in bold

8'3C and frond nutrient concentrations

Leafstable carbon isotopic composition (6!*C) was signif-
icantly greater in epiphytic individuals than in terrestrial
individuals (Table 1). Foliar carbon concentrations were
significantly higher in epiphytic individuals compared to
terrestrial individuals (Table 1). In contrast, terrestrial
individuals exhibited higher concentrations of nitrogen
and magnesium (Table 1). Therefore, C:N ratios differed
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significantly between habitats, with epiphytic individu-
als exhibiting higher values than terrestrial individuals
(Table 1). Concentrations of other elements did not differ
significantly between epiphytic and terrestrial individu-
als, and N:P ratios were statistically similar (Table 1).

Chlorophyll concentration and photochemical
efficiency

Area-based chlorophyll a, chlorophyll b, and total chlo-
rophyll concentrations were similar between epiphytic
and terrestrial individuals (Fig. 5a—c). However, on a
mass basis, terrestrial individuals exhibited substantially
higher concentrations of chlorophyll a, chlorophyll b, and
total chlorophyll than epiphytic individuals (Fig. 5d—f),
while the chlorophyll a:b ratio was significantly higher
in epiphytic individuals than in terrestrial individuals
(Fig. 6a). F/F,, was also significantly higher in terres-
trial plants than in epiphytic plants, but not all epiphytic
individuals were uniformly low, with three individuals
having extremely low values (less than 0.5, Fig. 6b).

Discussion

Although epiphytic habitats are often characterized by
higher light exposure compared to the forest floor, our
results showed no significant differences in either indirect
or direct light availability between the two groups. This sug-
gests that the sampled individuals, which were all located
near forest edges, experienced a relatively homogenous
light environment regardless of their growth substrate.

Frond morphology and structural traits

Frond morphologies were broadly similar between ter-
restrial and epiphytic individuals, with SLA, LDMC, and
stomatal density not differing significantly. The lack of sig-
nificant difference in SLA between epiphytic and terrestrial
individuals (Fig. 3) may be partially explained by the simi-
larity in light availability across habitats. Typically, lower
SLA is associated with high-light environments to prevent
photoinhibition; however, because direct and indirect light
availability did not differ significantly between growth
habitats in this study, the observed increases in frond thick-
ness among epiphytes are more likely due to differences
in water and nutrient availability rather than a response to
light intensity. Our result contrasts with global LES patterns
that place epiphytes on the conservative end of the spec-
trum with lower SLA and higher LDMC (Gotsch et al. 2015;
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Guzman-Jacob et al. 2022; Richards and Damschen 2022).
The lack of differentiation in these traits suggests that N.
cordifolia maintains a relatively stable level of structural
investment across habitats, possibly reflecting genetic or
architectural constraints (Bateman 1999; Niklas 1986). In
contrast, leaf thickness exhibited clear differentiation, with
epiphytic individuals producing thicker fronds, consistent
with expectations for plants exposed to more variable and
drier canopy microclimates (Wright et al. 2004). Increased
thickness can enhance water storage, slow dehydration,
and reinforce tissues under rapid fluctuations in humidity
(Mauseth 2000; Nguyen et al. 2017). The fact that thickness
differs, whereas SLA and LDMC do not, suggests that V.
cordifolia may adjust specific anatomical components, such
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as mesophyll volume or cuticle development, while main-
taining similar overall construction costs. While common
garden or reciprocal transplant experiments would be essen-
tial to distinguish plastic responses from fixed adaptations,
such approaches are difficult for N. cordifolia, as transplant-
ing individuals between canopy and terrestrial habitats is
technically challenging and associated with high mortality.
Unlike studies reporting low stomatal density in vascular
epiphytes as an adaptation to reduce water loss (Dunn et
al. 2019; Li et al. 2020; Watkins et al. 2010), we found no
differences in stomatal density or dimension between habi-
tats. This suggests that N. cordifolia does not rely heavily
on stomatal structural adjustments to respond to canopy
conditions, possibly because stomatal traits are less plastic
than other physiological responses such as photosynthesis
and respiration (Qu et al. 2016; Wang et al. 2019). The lack
of divergence in stomatal morphology indicates that the
species may instead adjust physiology rather than anatomy
when acclimating to canopy versus terrestrial conditions.

Chlorophyll content and photochemical
performance

Epiphytic individuals did not exhibit higher photosyn-
thetic efficiency, instead, terrestrial individuals had greater
F/F,, values, indicating less photo-inhibition and higher
potential quantum yield. This is consistent with findings
that terrestrial habitats impose less stress on photosystems
compared to canopy habitats (Ivanova et al. 2024; Zhang
et al. 2009). Mass-based chlorophyll concentrations were
also higher in terrestrial individuals, supported by their
greater nitrogen and magnesium availability, both essential
for chlorophyll synthesis and photosynthetic enzyme func-
tion (Cie¢ko et al. 2012). This pattern is further explained
by the structural trade-off between frond thickness and tis-
sue density. Because SLA remained stable despite thicker
epiphytic fronds, the epiphytes mathematically possess a
lower internal tissue density. This lower density implies an
expansion of non-chlorophyllous structural or vacuolated
spaces in epiphytes, which dilutes pigments on a mass basis
and explains the higher mass-based concentrations found
in the denser terrestrial fronds. Interestingly, area-based
chlorophyll concentrations did not differ, suggesting that
epiphytes maintain comparable pigment density per surface
area but distribute pigments across thicker tissues.
Although lower chlorophyll a:b ratios are often inter-
preted as an adaptation to shaded understory conditions
(Hoober and Argyroudi-Akoyunoglou 2004; Kume et al.
2018), our analysis of hemispherical photography showed
no significant differences in direct or indirect light availabil-
ity between the two habitats. This suggests that the lower
chlorophyll a:b ratio and higher mass-based chlorophyll
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concentrations in terrestrial individuals are unlikely a plas-
tic response to light intensity. Instead, these differences are
consistent with the superior nutrient status of terrestrial
individuals, which have direct access to soil resources.
Enhanced nitrogen and magnesium availability in the terres-
trial habitat allow for greater investment in light-harvesting
complexes, improving light-use efficiency even when the
ambient light environment is similar to that of the epiphytic
habitat (Evans 1989; Hoober et al. 2007).

Nutrient concentrations and stoichiometric patterns

Clear differences in foliar nutrient concentrations were
observed between habitats. Terrestrial individuals had
higher nitrogen and magnesium concentrations, while epi-
phytes exhibited higher carbon content and C:N ratios.
These differences may reflect contrasting nutrient acquisi-
tion strategies. Terrestrial individuals benefit from direct
soil access, enabling acquisitive investment in pigments
and enzymes, whereas epiphytes rely on intercepted debris
and atmospheric inputs (Zotz 2016). Alternatively, the dif-
ferences in nutrient concentrations may be due to higher
nutrient availability of terrestrial individuals as they can,
while epiphytic individuals cannot, access nutrients in the
soil. Nonetheless, higher C:N ratios in epiphytes indicate
greater investment in carbon-rich structural compounds and
slower nutrient turnover, consistent with conservative leaf
construction typical of nutrient-limited environments (Gras-
set et al. 2015).

Water-use efficiency and stomatal regulation

The 6'3C results indicate substantially higher intrinsic
water-use efficiency in epiphytic individuals and tighter sto-
matal regulation. Although the FEF is characterized by con-
sistently high relative humidity (Lin et al. 2024), previous
studies have shown that epiphytic plants can still experience
intermittent water limitation due to the absence of direct soil
water access and the occurrence of short rainless periods
lasting several days (Huang and Lin 2016; Martin 2010).
Such episodic drying cycles may impose stronger water
stress on epiphytic individuals than on terrestrial plants,
despite similar ambient humidity. Microclimatic tempera-
ture differences between epiphytic and terrestrial positions
are likely minor relative to differences in water availability
and thus unlikely to be a primary driver of the observed trait
variation.

Notably, stomatal density and size did not differ between
habitats, indicating that long-term water-use divergence was
driven by stomatal behavior, rather than anatomy. Because
013C integrates stomatal behavior over the lifespan of a
leaf (Brooks et al. 1997; Korner et al. 1988), its relative

enrichment in epiphytic ferns supports sustained physi-
ological adjustment to greater evapotranspirative demand
in canopy than terrestrial microenvironments (Pypker et al.
2017). In contrast, terrestrial individuals experience greater
water availability, leading to lower §'°C values characteris-
tic of faster carbon assimilation under less constrained sto-
matal regulation.

Integrating across the LES framework

Collectively, the observed trait differences are consistent
with key LES contrast between conservative and acquisitive
strategies. The significantly higher 0'*C values in epiphytic
individuals indicate higher water-use efficiency in canopy
habitats. Although stomatal density and dimensions did
not differ, higher ¢'*C confirms that epiphytes regulate sto-
mata more conservatively across their lifespan, highlighting
physiological plasticity without structural change.

Taken together, thicker leaves, higher C:N ratios, higher
o13C, and reduced F,/F,, point toward a more conserva-
tive ecophysiological profile in epiphytic individuals. In
contrast, terrestrial individuals exhibit more acquisitive
traits—higher chlorophyll concentrations, greater nutrient
availability, higher photochemical efficiency, and lower
intrinsic water-use efficiency. These differences reflect
divergent microenvironmental constraints and highlight the
capacity of N. cordifolia to occupy both ends of the LES
through phenotypic and physiological plasticity.

Hypotheses revisited

Taken together, our results provide differentiated support
for our original hypotheses. We found strong evidence that
epiphytic individuals exhibited higher water-use efficiency
(H,), as indicated by enriched ¢'*C values, which sup-
ported sustained stomatal regulation under greater evapora-
tive demand in the forest canopy. In contrast, we found no
evidence that epiphytic individuals possess lower stomatal
density (H,) or smaller stomatal size (/) than terrestrial
individuals, rejecting expectations of structural stomatal
adjustment. Differences in frond nutrient concentrations and
stoichiometry were consistent with contrasting acquisition
strategies, supporting that epiphytic individuals likely expe-
rienced nutrient limitation compared to terrestrial individu-
als (H,). Lastly, terrestrial individuals exhibited significantly
higher F/F,, values, indicating greater photochemical effi-
ciency and reduced stress compared to epiphytic individu-
als, which supported that epiphytic individuals operated
under lower quantum efficiency (Hs). Overall, our study
provides support for water-use and nutrient-related predic-
tions, whereas stomatal structural hypotheses were not sup-
ported, underscoring the dominance of physiological over
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anatomical regulation of gas exchange and highlighting the
context-dependent nature of LES expression within species.
These outcomes highlight the importance of physiological
plasticity in N. cordifolia. However, because our study is
based on field comparisons, the observed differences cannot
be definitively attributed to evolved strategies versus envi-
ronmental constraints. Future common garden or reciprocal
transplant experiments would be necessary to disentangle
these mechanisms.

Implications under global climate change

The enriched 6'°C values together with reduced F,/F,, in
epiphytic individuals suggest that epiphytic individuals may
operate closer to their physiological constraints, potentially
leaving less buffering capacity under future drought and
irradiance. Projected increases in drought, vapor pressure
deficit, and irradiance will likely exacerbate these stresses,
reducing epiphytic plant performance and survival. Nutri-
ent limitation in canopy substrates may further constrain
chlorophyll synthesis and photosynthetic function. Terres-
trial individuals, with higher nutrient availability and lower
013C values, may be more resilient to climate extremes. As
a result, facultative epiphytes such as N. cordifolia may
shift toward terrestrial habitats under future climate sce-
narios. Overall, these results underscore the importance of
microhabitat-specific strategies in shaping plant responses
to environmental change. By revealing intraspecific differ-
ences in plant form and function across habitats, this study
highlights how physiological plasticity, trait trade-offs, and
environmental stress interact to determine resilience of can-
opy and terrestrial populations.

Acknowledgements We thank the Fushan Research Center of the Tai-
wan Forestry Research Institute for logistic support during plant col-
lection.

Author contributions T.C.L. and R.H.H. conceived the study. R.H.H.
collected the data and wrote the first version; C.P.W. analyzed the sam-
ples; J.A.H., C.P.W. and T.C.L. revised the paper. All authors have read
and approved the final manuscript for submission.

Funding This study is supported by grants (110-2313-B-003-002-
MY3, 111-2811-B-003-006, 112-2313-B-003-001-MY3) from the Na-
tional Science and Technology Council, Taiwan.

Data availability The data supporting the findings are available at
depositar repository. https://pid.depositar.io/ark:37281/k5Sw1j9g3w

Declarations

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,

@ Springer

as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Abbas A, Yu H, Cui H, Li X (2019) Effect of drought stress on chloro-
phyll fluorescence and biomass partitioning of Aegilops tauschii
L. Appl Ecol Environ Res 17:1071-1082. https://doi.org/10.1566
6/acer/1701 10711082

Baker NR (2008) Chlorophyll fluorescence: a probe of photosynthesis
in vivo. Annu Rev Plant Biol 59:89—113. https://doi.org/10.1146/
annurev.arplant.59.032607.092759

Bano C, Amist N, Singh NB (2019) Morphological and anatomical
modifications of plants for environmental stresses. In: Ahmad
P, Wani MR, Azooz MM, Tran LS (eds) Molecular plant abiotic
stress: biology and biotechnology. Wiley, Hoboken, pp 29-44.
https://doi.org/10.1002/9781119463665.ch2

Barbori¢ova M, Filatek A, Vysoka DM, Gasparovi¢ K, Zivéak M,
Bresti¢ M (2022) Sensitivity of fast chlorophyll fluorescence
parameters to combined heat and drought stress in wheat geno-
types. Plant Soil Environ 68:309-316. https://doi.org/10.17221/
87/2022-PSE

Bateman RM (1999) Architectural radiations cannot be optimally
interpreted without morphological and molecular phylogenies.
In: Kurmann MH, Hemsley AR (eds) The evolution of plant
architecture. Cambridge Univ Press, Cambridge, pp 221-250

Benzing DH (1990) Vascular epiphytes: general biology and related
biota. Cambridge Univ Press, Cambridge

Bertolino LT, Caine RS, Gray JE (2019) Impact of stomatal density
and morphology on water-use efficiency in a changing world.
Front Plant Sci 10:225. https://doi.org/10.3389/fpls.2019.00225

Bohnert HJ, Nelson DE, Jensen RG (1995) Adaptations to environ-
mental stresses. Plant Cell 7:1099—1111. https://doi.org/10.1105
/tpe.7.7.1099

Brooks JR, Flanagan LB, Buchmann N, Ehleringer JR (1997) Carbon
isotope composition of boreal plants: functional grouping of life
forms. Oecologia 110:301-311. https://doi.org/10.1007/s004420
050163

Campany CE, Pittermann J, Baer A, Holmlund H, Schuettpelz E,
Mehltreter K, Watkins JE Jr (2021) Leaf water relations in epi-
phytic ferns are driven by drought avoidance rather than tolerance
mechanisms. Plant Cell Environ 44:1741-1755. https://doi.org/1
0.1111/pce.14042

Chang CT, Huang JC, Wang L, Wang HH, Lee JY, Lin TC (2024)
The limited effect of reduced typhoon frequency on stream
hydrochemistry in a subtropical forest watershed. Earth Future
12:¢2023EF004056. https://doi.org/10.1029/2023EF004056

Cie¢ko Z, Zoowski A, Mierzejewska A (2012) Impact of foliar nitro-
gen and magnesium fertilization on concentration of chlorophyll
in potato leaves. Ecol Chem Eng A 19:525-535. https://doi.org/1
0.2428/ecea.2012.19(06)053

Delta-T. HemiView canopy analysis software: user’s manual. Vers.
2.0. Cambridge, UK; 2000. Delta-T Devices.

Donovan LA, Maherali H, Caruso CM, Huber H, de Kroon H (2011)
The evolution of the worldwide leaf economics spectrum. Trends
Ecol Evol 26:88-95. https://doi.org/10.1016/j.tree.2010.11.011


https://pid.depositar.io/ark:37281/k5w1j9g3w
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15666/aeer/1701_10711082
https://doi.org/10.15666/aeer/1701_10711082
https://doi.org/10.1146/annurev.arplant.59.032607.092759
https://doi.org/10.1146/annurev.arplant.59.032607.092759
https://doi.org/10.1002/9781119463665.ch2
https://doi.org/10.17221/87/2022-PSE
https://doi.org/10.17221/87/2022-PSE
https://doi.org/10.3389/fpls.2019.00225
https://doi.org/10.1105/tpc.7.7.1099
https://doi.org/10.1105/tpc.7.7.1099
https://doi.org/10.1007/s004420050163
https://doi.org/10.1007/s004420050163
https://doi.org/10.1111/pce.14042
https://doi.org/10.1111/pce.14042
https://doi.org/10.1029/2023EF004056
https://doi.org/10.2428/ecea.2012.19(06)053
https://doi.org/10.2428/ecea.2012.19(06)053
https://doi.org/10.1016/j.tree.2010.11.011

Journal of Plant Research

Dunn J, Hunt L, Afsharinafar M, Meselmani MA, Mitchell A, Howells
R, Walling E, Fleming AJ, Gray JE (2019) Reduced stomatal den-
sity in bread wheat leads to increased water-use efficiency. J Exp
Bot 70:4737-4748. https://doi.org/10.1093/jxb/erz248

Evans JR (1989) Photosynthesis and nitrogen relationships in leaves
of C3 plants. Oecologia 78:9-19. https://doi.org/10.1007/BF003
77192

Farquhar GD, Ehleringer JR, Hubick KT (1989) Carbon isotope dis-
crimination and photosynthesis. Annu Rev Plant Physiol Plant
Mol Biol 40:503-537. https://doi.org/10.1146/annurev.pp.40.06
0189.002443

Gotsch SG, Nadkarni N, Darby A, Glunk A, Dix M, Davidson K,
Dawson TE (2015) Life in the treetops: ecophysiological strate-
gies of canopy epiphytes in a tropical montane cloud forest. Ecol
Monogr 85:393—412. https://doi.org/10.1890/14-1076.1

Grasset C, Delolme C, Arthaud F, Bornette G (2015) Carbon allocation
in aquatic plants with contrasting strategies: the role of habitat
nutrient content. J Veg Sci 26:946-955. https://doi.org/10.1111/
jvs.12298

Guzman-Jacob V, Guerrero-Ramirez NR, Craven D, Paterno GB, Tay-
lor A, Kromer T, Wanek W, Zotz G, Kreft H (2022) Broad- and
small-scale environmental gradients drive variation in chemical,
but not morphological, leaf traits of vascular epiphytes. Funct
Ecol 36:1858-1872. https://doi.org/10.1111/1365-2435.14084

Helsen K, Viana JL, Lin TY, Kuo LY, Zeleny D (2023) Functional-trait
contrasts between terrestrial and epiphytic ferns in Taiwanese
subtropical cloud forests. J Veg Sci 34:¢13220. https://doi.org/1
0.1111/vs.13220

Hietz P, Wagner K, Nunes Ramos F, Cabral JS, Agudelo C, Benavides
AM, Cach-Pérez MJ, Cardelius CL, Galvan NC, Nascimento da
Costa LE, de Paula Oliveira R, Einzmann HJR, de Paiva Farias
R, Jacob VG, Kattge J, Kessler M, Kirby C, Kreft H, Kromer T,
Males J, Correa SM, Moreno-Chacon M, Petter G, Reyes-Garcia
C, Saldafia A, Costa DS, Taylor A, Rosas NV, Wanek W, Woods
CL, Zotz G (2022) Putting vascular epiphytes on the traits map. J
Ecol 110:340-358. https://doi.org/10.1111/1365-2745.13802

Holbrook NM, Putz FE (1996) From epiphyte to tree: differences in
leaf structure and leaf water relations associated with the transi-
tion in growth form in eight species of hemiepiphytes. Plant Cell
Environ 19:631-642. https://doi.org/10.1111/j.1365-3040.1996.t
b00398

Hoober JK, Argyroudi-Akoyunoglou JH (2004) Assembly of light-har-
vesting complexes of photosystem II and the role of chlorophyll
b. Chlorophyll a fluorescence: a signature of photosynthesis.
Springer, Netherlands, Dordrecht, pp 679-712

Hoober JK, Eggink LL, Chen M (2007) Chlorophylls, ligands and
assembly of light-harvesting complexes in chloroplasts. Photo-
synth Res 94:387-400. https://doi.org/10.1007/s11120-007-918
1-1

Hu T, Zhang TT, Tang DD, Liu S, Li S, Hu XW, Mo YX, Liu WY
(2025) The scaling relationship between leaf nitrogen and phos-
phorus concentrations in vascular epiphytes. Front Plant Sci
16:1712082. https://doi.org/10.3389/fpls.2025.1712082

Huang GZ, Lin TC (2016) Response of two epiphyte species to nitro-
gen and phosphorus fertilization at a humid subtropical rainforest
in northeastern Taiwan. Taiwan J for Sci 31:293-304

Ivanova LA, Tretyakova AS, Savitsky E, Yudina PK, Ivanov LA (2024)
Frond and mesophyll traits related to photosynthetic capacity and
water-use efficiency in ferns with different life-forms ex situ. Ann
Appl Biol 185:396—4009. https://doi.org/10.1111/aab.12934

Kérner C, Farquhar GD, Roksandic Z (1988) A global survey of car-
bon isotope discrimination in plants from high altitude. Oecolo-
gia 74:623—632. https://doi.org/10.1007/BF00380063

Kume A, Akitsu T, Nasahara KN (2018) Why is chlorophyll b only
used in light-harvesting systems? J Plant Res 131:961-972.
https://doi.org/10.1007/s10265-018-1052-7

Lambers H, Oliveira RS (2019) Plant physiological ecology, 3rd edn.
Springer, Cham

Li S, Zhang J, Liu L, Wang Z, Li Y, Guo L, Li Y, Zhang X, Ren S,
Zhao B, Zhang N, Guo YD (2020) SITLFP8 reduces water loss
to improve water-use efficiency by modulating cell size and sto-
matal density via endoreduplication. Plant Cell Environ 43:2666—
2679. https://doi.org/10.1111/pce.13867

Martin CE (2010) The occurrence of plants with crassulacean acid
metabolism (CAM) photosynthesis in tropical and subtropical
rain forests with very high rainfall. Taiwan J for Sci 25:3-16

Mauseth JD (2000) Theoretical aspects of surface-to-volume ratios
and water-storage capacities of succulent shoots. Am J Bot
87:1107-1115. https://doi.org/10.2307/2656647

Nguyen HT, Meir P, Sack L, Evans JR, Oliveira RS, Ball MC (2017)
Leaf water storage increases with salinity and aridity in the man-
grove Avicennia marina: integration of leaf structure, osmotic
adjustment and access to multiple water sources. Plant Cell Envi-
ron 40:1576-1591. https://doi.org/10.1111/pce.12962

Niklas KJ (1986) Evolution of plant shape: design constraints.
Trends Ecol Evol 1:67-72.  https://doi.org/10.1016/01
69-5347(86)90020-0

Parkhill JP, Maillet G, Cullen JJ (2001) Fluorescence-based maximal
quantum yield for PSII as a diagnostic of nutrient stress. J Phycol
37:517-529. https://doi.org/10.1046/j.1529-8817.2001.0370045
17.x

Poorter H (2002) Plant growth and carbon economy. Encycl Life Sci.
https://doi.org/10.1038/npg.els.0003200

Poorter H, Niinemets U, Poorter L, Wright IJ, Villar R (2009) Causes
and consequences of variation in leaf mass per area: a meta-anal-
ysis. New Phytol 182:565-588. https://doi.org/10.1111/j.1469-81
37.2009.02830.x

Pypker TG, Unsworth MH, Van Stan JT, Bond BJ (2017) The absorp-
tion and evaporation of water vapor by epiphytes in an old-growth
Douglas-fir forest during the seasonal summer dry season: Impli-
cations for the canopy energy budget. Ecohydrology 10:¢1801.
https://doi.org/10.1002/eco.1801

Qu M, Hamdani S, Bunce JA (2016) The physiology and genetics of
stomatal adjustment under fluctuating and stressed environments.
Appl Photosynth New Prog 3:30-45. https://doi.org/10.5772/62
223

R Core Team (2019) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna

Reich PB (2014) The world-wide ‘fast-slow’ plant economics spec-
trum: a traits manifesto. J Ecol 102:275-301. https://doi.org/10.1
111/1365-2745.12211

Ren L, Huang Y, Pan Y, Xiang X, Huo J, Meng D, Wang Y, Yu C
(2022) Differential investment strategies in leaf economic traits
across climate regions worldwide. Front Plant Sci 13:798035.
https://doi.org/10.3389/fpls.2022.798035

Rich PM (1990) Characterizing plant canopies with hemispherical
photographs. Remote Sens Rev 5:13-29. https://doi.org/10.1080
/02757259009532119

Richards JH, Damschen EI (2022) Leaf economics in a three-dimen-
sional environment: testing leaf trait responses in vascular epi-
phytes to land use, climate and tree zone. Funct Ecol 36:727-738.
https://doi.org/10.1111/1365-2435.13978

Rueden CT, Schindelin J, Hiner MC, DeZonia BE, Walter AE, Arena
ET, Eliceiri KW (2017) Image J2: Image] for the next generation
of scientific image data. BMC Bioinformatics 18:529. https://doi.
org/10.1186/s12859-017-1934-z

Sekiya N, Yano K (2008) Stomatal density of cowpea correlates with
carbon isotope discrimination in different phosphorus, water and
CO2 environments. New Phytol 179:799-807. https://doi.org/10.
1111/.1469-8137.2008.02518.x

Shieh WC, Devol C, Kuo CM (1994) Flora of Taiwan, second edition,
vol 1. National Taiwan University, Taipei, Taiwan, p 201

@ Springer


https://doi.org/10.1093/jxb/erz248
https://doi.org/10.1007/BF00377192
https://doi.org/10.1007/BF00377192
https://doi.org/10.1146/annurev.pp.40.060189.002443
https://doi.org/10.1146/annurev.pp.40.060189.002443
https://doi.org/10.1890/14-1076.1
https://doi.org/10.1111/jvs.12298
https://doi.org/10.1111/jvs.12298
https://doi.org/10.1111/1365-2435.14084
https://doi.org/10.1111/jvs.13220
https://doi.org/10.1111/jvs.13220
https://doi.org/10.1111/1365-2745.13802
https://doi.org/10.1111/j.1365-3040.1996.tb00398
https://doi.org/10.1111/j.1365-3040.1996.tb00398
https://doi.org/10.1007/s11120-007-9181-1
https://doi.org/10.1007/s11120-007-9181-1
https://doi.org/10.3389/fpls.2025.1712082
https://doi.org/10.1111/aab.12934
https://doi.org/10.1007/BF00380063
https://doi.org/10.1007/s10265-018-1052-7
https://doi.org/10.1111/pce.13867
https://doi.org/10.2307/2656647
https://doi.org/10.1111/pce.12962
https://doi.org/10.1016/0169-5347(86)90020-0
https://doi.org/10.1016/0169-5347(86)90020-0
https://doi.org/10.1046/j.1529-8817.2001.037004517.x
https://doi.org/10.1046/j.1529-8817.2001.037004517.x
https://doi.org/10.1038/npg.els.0003200
https://doi.org/10.1111/j.1469-8137.2009.02830.x
https://doi.org/10.1111/j.1469-8137.2009.02830.x
https://doi.org/10.1002/eco.1801
https://doi.org/10.5772/62223
https://doi.org/10.5772/62223
https://doi.org/10.1111/1365-2745.12211
https://doi.org/10.1111/1365-2745.12211
https://doi.org/10.3389/fpls.2022.798035
https://doi.org/10.1080/02757259009532119
https://doi.org/10.1080/02757259009532119
https://doi.org/10.1111/1365-2435.13978
https://doi.org/10.1186/s12859-017-1934-z
https://doi.org/10.1186/s12859-017-1934-z
https://doi.org/10.1111/j.1469-8137.2008.02518.x
https://doi.org/10.1111/j.1469-8137.2008.02518.x

Journal of Plant Research

Shipley B, Lechowicz MJ, Wright I, Reich PB (2006) Fundamental
trade-offs generating the worldwide leaf economics spectrum.
Ecology 87:535-541. https://doi.org/10.1890/05-1051

Simioni PF, Emilio T, Giles AL, Viana de Freitas G, Silva Oliveira R,
Setime L, Da Cunha M (2023) Anatomical traits related to leaf
and branch hydraulic functioning on Amazonian savanna plants.
AoB Plants 15):plad018. https://doi.org/10.1093/aobpla/plad018

Skillman JB (2008) Quantum yield variation across the three pathways
of photosynthesis: not yet out of the dark. J Exp Bot 59:1647—
1661. https://doi.org/10.1093/jxb/ern029

Sofo A, Dichio B, Montanaro G, Xiloyannis C (2009) Photosynthetic
performance and light response of two olive cultivars under dif-
ferent water and light regimes. Photosynthetica 47:602—608.
https://doi.org/10.1007/s11099-009-0086-4

TFRI (1989) A list of native plants of Fushan Experimental Forest.
Taiwan Forestry Research Institute, Taipei, p 31

Tréankner M, Tavakol E, Jakli B (2018) Functioning of potassium and
magnesium in photosynthesis, photosynthate translocation and
photoprotection. Physiol Plant 163:414—431. https://doi.org/10.
1111/ppl.12747

Wang MH, Wang JR, Zhang XW, Zhang AP, Sun S, Zhao CM (2019)
Phenotypic plasticity of stomatal and photosynthetic features
of four Picea species in two contrasting common gardens. AoB
Plants 11:plz034. https://doi.org/10.1093/aobpla/plz034

Watkins JE Jr, Cardelis C, Colwell RK, Moran RC (2006) Species
richness and distribution of ferns along an elevational gradient.
Am J Bot 93:73-83. https://doi.org/10.3732/ajb.93.1.73

Watkins JE Jr, Holbrook NM, Zwieniecki MA (2010) Hydraulic prop-
erties of fern sporophytes: consequences for ecological and evo-
lutionary diversification. Am J Bot 97:2007-2019. https://doi.org
/10.3732/ajb.1000124

Watts JL, Watkins JE Jr (2021) Crossing the divide: an exploration of
functional traits in ferns that grow across terrestrial, epipetric, and

@ Springer

epiphytic habitats. Am Fern J 111:308-326. https://doi.org/10.16
40/0002-8444-111.4.308

Wintermans JFGM, De Mots A (1965) Spectrophotometric character-
istics of chlorophylls a and b and their phenophytins in ethanol.
Biochim Biophys Acta 109:448-453. https://doi.org/10.1016/092
6-6585(65)90170-6

Wright 1J, Reich PB, Westoby M, Ackerly DD, Baruch Z, Bongers F,
Cavender-Bares J, Chapin T, Cornelissen JHC, Diemer M, Flexas
J, Garnier E, Groom PK, Bulias J, Hikosaka K, Lamont BB, Lee
T, Lee W, Lusk C, Midgley ML, Niinemet U, Oleksyn J, Osada
N, Poorter H, Poot P, Prior L, Pyankov VI, Roumet C, Thmoas
SC, Tjoelker MG, Veneklaas EJ, Villar R (2004) The worldwide
leaf economics spectrum. Nature 428:821-827. https://doi.org/10
.1038/nature02403

Zhang Q, Chen JW, Li BG, Cao KF (2009) The effect of drought on
photosynthesis in two epiphytic and two terrestrial tropical fern
species. Photosynthetica 47:128-132. https://doi.org/10.1007/s11
099-009-0020-9

Zhang X, Li B, Pefiuelas J, Sardans J, Cheng D, Yu H, Zhong Q (2023)
Resource-acquisitive species have greater plasticity in leaf
functional traits than resource-conservative species in response
to nitrogen addition in subtropical China. Sci Total Environ
903:166177. https://doi.org/10.1016/j.scitotenv.2023.166177

Zotz G (2016) Plants on plants: the biology of vascular epiphytes.
Springer, Cham

Zotz G, Hietz P (2001) The physiological ecology of vascular epi-
phytes: current knowledge, open questions. J Exp Bot 52:2067—
2078. https://doi.org/10.1093/jexbot/52.364.2067

Publisher's Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1890/05-1051
https://doi.org/10.1093/aobpla/plad018
https://doi.org/10.1093/jxb/ern029
https://doi.org/10.1007/s11099-009-0086-4
https://doi.org/10.1111/ppl.12747
https://doi.org/10.1111/ppl.12747
https://doi.org/10.1093/aobpla/plz034
https://doi.org/10.3732/ajb.93.1.73
https://doi.org/10.3732/ajb.1000124
https://doi.org/10.3732/ajb.1000124
https://doi.org/10.1640/0002-8444-111.4.308
https://doi.org/10.1640/0002-8444-111.4.308
https://doi.org/10.1016/0926-6585(65)90170-6
https://doi.org/10.1016/0926-6585(65)90170-6
https://doi.org/10.1038/nature02403
https://doi.org/10.1038/nature02403
https://doi.org/10.1007/s11099-009-0020-9
https://doi.org/10.1007/s11099-009-0020-9
https://doi.org/10.1016/j.scitotenv.2023.166177
https://doi.org/10.1093/jexbot/52.364.2067

	﻿Habitat explains intraspecific leaf morphological and physiological variation in the facultative epiphyte ﻿Nephrolepis cordifolia﻿
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Study species
	﻿Study site
	﻿Plant sampling
	﻿Frond morphology
	﻿Frond carbon isotopes and nutrient concentrations
	﻿Chlorophyll concentration and photochemical efficiency
	﻿Data analysis

	﻿Results
	﻿Light availability



