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Abstract: Leaf functional traits are important indicators that reveal plant adaptation and re-
sponse to environmental changes. Characteristics and adaptive strategies of leaf functional
traits of staple bamboo species (SBSs) for the giant panda (Ailuropoda melanoleuca) remain
unclear, which limits conservation management of the giant panda and its habitat. Here,
this study investigated 10 SBSs in 15 nature reserves across 36 counties, measured eight
leaf functional traits, analyzed trait characteristics, variation, and drivers of variation, and
examined trait-based strategies and strategy–environmental constraint relationships. Our
results indicate that: coefficients of variation in leaf functional traits spanned from 9.58% to
79.16%, and significant differences were found among SBSs for leaf functional traits except
chlorophyll concentration. The linear mixed-effects models revealed that the taxonomic
factors explained 20.16 to 77.94% of variation, and environmental factors explained 17.03
to 29.12%. Leaf functional traits exhibited distinct environmental associations, primarily
driven by geographic location, topography, and soil phosphorus availability. Hierarchical
clustering and principal component analysis revealed 10 SBS clustered into two groups,
corresponding to conservative and acquisitive resource-use strategies. Canonical corre-
spondence analysis revealed that SBSs with conservative strategies were distributed in
warm and moist habitats, and SBSs with acquisition strategies were distributed in habitats
with high solar radiation. Our results reveal the key trait characteristics of SBSs and the
strategy-environmental constraint model based on traits, which can provide scientific basis
for the ecological management practice of SBSs.

Keywords: leaf functional traits; trait variation; trait–environment relationships; staple
bamboo species of giant panda

1. Introduction
The giant panda (Ailuropoda melanoleuca), an endemic species to China classified as

“Vulnerable” by the IUCN Red List of Threatened Species, currently inhabits mountainous
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regions exclusively along the western edge of the Sichuan Basin and the Qinling Mountains
and serves as a flagship species for global biodiversity conservation [1,2]. As a highly
specialized herbivore, over 99% of its diet consists of bamboo, with preferred species termed
staple bamboo species (SBSs) [3]. SBSs not only constitute the primary food source but also
form critical components of vegetation communities in panda habitats [4]. However, climate
change is decoupling the geographic ranges of giant pandas and their SBS distributions.
This decoupling manifests through reduced SBS diversity, dramatic range contraction, and
limited dispersal capacity to synchronize with panda migration, consequently elevating
foraging pressures and survival risks on pandas [5–7]. Therefore, elucidating SBS survival
strategies and their environmental relationships is essential for understanding climate
response mechanisms and assessing long-term prospects of panda populations.

As crucial organs for plant metabolism, leaves exhibit functional traits that reflect
carbon assimilation efficiency, resource allocation strategies, and environmental responsive-
ness [8]. Leaf morphology and function exhibit high interspecific diversity and intraspecific
plasticity as a result of evolutionary adaptation to spatio-temporal environmental varia-
tion [9–11], i.e., leaf functional trait variation. Leaf functional trait variation arises from
synergistic effects of genetic constraints and environmental filters [12–14]. For instance,
a global study including 3700 species found that approximately 70% of leaf nitrogen (N)
and 60% of phosphorus (P) concentration variations were jointly explained by species
identity (representing genetic background) and environmental factors [15]. However, the
relative contributions of genetic and environmental factors effects vary across traits. For
example, in Chinese desert plants, 19.3%–72.6% of leaf trait variations are explained by
combined genetic–environmental effects, with environmental factors driving 66.3% of leaf
tissue density and 52.0% of leaf mass per area variations, whereas genetic factors account
for 54.2% of leaf thickness variation [16]. This demonstrates that the relative importance of
genetic and environmental factors varied among different functional traits.

Survival strategies based on functional traits reveal how plants optimize resource
acquisition under environmental constraints [8,17,18]. The classic leaf economics spectrum
(LES) theory conceptualizes a continuum from conservative (high investment, slow return)
to acquisitive (low investment, fast return) strategies in carbon and other resource utiliza-
tion of plants [8,19]. Species with an acquisitive strategy typically exhibit low construction
costs with high nutrient concentrations and metabolic rates, contrasting species with con-
servative strategies displaying inverse patterns [8]. These strategic differences underpin
species adaptation along environmental gradients [20,21]. However, trait–environment
relationships show substantial variations across ecosystems and taxonomic groups. While
global studies have revealed some classical matching patterns (e.g., larger leaf species
matched to high precipitation climates and low latitudes) [9,22], there is still considerable
uncertainty about associations at regional scales [23–27], especially in topographically
complex ecosystems [28,29]. Consequently, understanding adaptive survival strategies of
plants based on leaf functional trait assemblages and revealing how these strategies are
correlated with habitat environmental factors remains a challenge in the field of functional
trait ecology, especially at regional scales where species are diverse and terrain is complex.

SBSs belong to Bambusoideae (Poaceae), predominantly woody small-diameter bam-
boos with characteristic monocarpic reproduction, lignified culms, hollow internodes, and
clonal growth [30,31]. These unique biological characteristics may drive distinct functional
trait variation and adaptation patterns compared to other plant taxa [32]. More importantly,
SBSs are mainly distributed in forest understory environments at altitudes of 1300–3500 m,
and the combination of high altitude and understory shaded habitats further increases the
unpredictability of their trait variation and adaptive strategies [33,34]. For example, a study
on Andean montane bamboos revealed an unexpected absence of negative correlations
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between LMA and nutrient concentrations, suggesting differences from classical LES pre-
dictions in mountainous systems [28]. Unfortunately, current SBS research predominantly
focuses on natural regeneration [35], biological characteristics [36], biomass allocation [4],
nutrient dynamics [37], and distribution modeling under climate change scenarios [38,39].
Critical knowledge gaps still exist regarding: (1) the factors that influence variation in leaf
functional traits in SBSs; and (2) the adaptive strategies of SBS leaf functional traits and
how they correspond to habitat environmental conditions.

To address these gaps, we investigated 10 SBSs across 36 panda-inhabited counties,
establishing 69 sampling sites (207 plots) along 1150–3360 m elevational gradients within
15 protected areas based on the Fourth National Giant Panda Survey [40]. We quantified
eight key leaf functional traits in SBSs, including structural (leaf thickness, leaf area, leaf
mass per area), hydraulic (vein length per area, fourth-order leaf vein diameter), photo-
synthetic (chlorophyll concentration), and nutrient economic (nitrogen and phosphorus
concentrations) traits, which capture the major axes of variation in the ecological strategies
of the plant in relation to resource acquisition, utilization, and adaptation to environmental
gradients [8,41,42]. We analyzed the characteristics, variation, and factors influencing the
functional traits. Based on these trait characteristics, we classified adaptive strategy groups
of SBS and linked these groups to environmental factors in their habitats, to reveal the
“strategy–environment” matching patterns of SBSs. This study advances understanding of
SBS trait-based strategies and adaptation mechanisms, while providing critical insights for
bamboo conservation and panda habitat management.

2. Material and Methods
2.1. Study Area

The study area covers counties and nature reserves where panda activity has been
observed, as recorded in China’s Fourth National Giant Panda Survey [40]. Spanning
three provinces—Sichuan, Shaanxi, and Gansu—the study region covers 12 cities and
36 counties (Figure 1). Geographically, the area lies between 102◦ and 108◦ E longitude
and 28◦ and 34◦ N latitude, incorporating four major mountain systems: the Qinling,
Min, Qionglai, and Daxiangling-Xiaoxiangling ranges. Most of the mountain ranges in
the study area have an elevation between 1500 to 3500 m [43]. The region is significantly
influenced by the East Asian monsoon circulation and is located in a transitional zone
between the continental north subtropical and warm temperate monsoon climate zones.
From southeast to northwest, as elevation increases, the local climate shifts from subtropical
humid conditions in river valleys to warm temperate humid, and further to temperate
semi-humid and alpine humid climates. The annual average temperature in the study
area ranges from 2 to 12 ◦C, with extreme lows of −28 ◦C and highs of 37.7 ◦C. Annual
precipitation ranges from 500 to 1200 mm, with uneven seasonal distribution, with more
rainfall occurring in summer and autumn, while winter and spring receive less. The diverse
topographic and climatic conditions of this region make it an ideal setting for studying the
variation and trade-offs in leaf functional traits of the SBS of giant pandas.
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Figure 1. Study area and the number of survey sites in each protected area. The size of the purple
circle represents the number of survey sites in the natural reserve. The texts next to the purple circles
were the abbreviation names of the protected areas. The full names of the protected areas were shown
in Table S1.

2.2. Staple Bamboo Species

According to the National Fourth Giant Panda Survey Report [40], 37 bamboo species
primarily utilized/consumed by giant pandas were documented in the study area. The top
10 bamboo species ranked by descending frequency of giant panda occurrence records were
identified as follows: Fargesia denudata, F. qinlingensis, Arundinaria faberi, Bashania fargesii,
F. qinlingensis, Yushania brevipaniculata, F. robusta, F. nitida, F. scabrida, Chimonobambusa
szechuanensis. These species were therefore initially selected as focal study subjects.

Subsequent field investigations and sampling revealed that F. scabrida exhibited spo-
radic distribution within the Baishuijiang Nature Reserve, with fewer than three accessible
sampling sites, precluding robust statistical analysis. Consequently, this species was
excluded from further study. Field surveys additionally identified Fargesia dracocephala
(36 occurrence records) as a widely distributed species in the Foping Nature Reserve, war-
ranting its inclusion. The final study subjects comprised ten bamboo species: F. denudata, F.
qinlingensis, A. faberi, Bashania fargesii, F. qinlingensis, Y. brevipaniculata, F. robusta, F. nitida, F.
dracocephala, C. szechuanensis (Figure 2).
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Figure 2. Occurrence records of giant pandas in 10 staple bamboo species. Data source: the Fourth
National Giant Panda Survey Report [40].

2.3. Survey Sites Setting

To minimize anthropogenic disturbance, survey sites were established within pro-
tected areas (nature reserves and scenic zones) across the study region. Sampling protocols
were designed to capture variations in leaf functional traits of giant panda staple bamboos,
as well as their adaptive strategies, following three principles: (1) Priority was given to
protected areas with the largest distribution ranges of each target bamboo species to reflect
characteristic habitats and trait values. (2) For conspecific populations, protected areas with
maximal spatial separation were prioritized to assess trait variation. (3) Within mountain
ranges, survey sites were systematically established at 200 m elevation intervals across the
altitudinal distribution range of each target species to assess trait variation.

Field investigations and sample collection were conducted from May to August 2022,
progressing south-to-north across study areas. Through ground-truthing, 69 survey sites
were established within 15 protected areas, spanning elevations of 1150–3360 m (Table 1).
At each site, three 20 m × 20 m plots were delineated in bamboo stands with homogeneous
growth vigor, matching slope aspect and position, and comparable elevation (±20 m at
plot centroids), totaling 207 plots.

Table 1. Protected areas and number of survey sites for the 10 staple bamboo species of giant pandas.

ID Species Protected Area and the Number of Survey Site Sum

1 A. faberi EMS (4), MBDFD (3), LBH (3), LCG (2), LXHK (2), BSH (1) 15
2 B. fargesii FP (2), TJH (1), BSJ (1) 4
3 C. szechuanensis MBDFD (3), LCG (2), EMS (1) 6
4 F. denudata WL (6), BY (2), BDG (1) 9
5 F. dracocephala FP (6) 6
6 F. qinlingensis FP (5) 5
7 F. robusta LXHK (3), BSH (1) 4
8 F. rufa XZZG (2), LBH (1), TJH (1), BSJ (1) 5
9 F. nitida MYL (5), BY (2), SML (1), MBDFD (1) 9

10 Y. brevipaniculata SML (5), BSH (1) 6

Sum — — 69
The full names of the protected areas were shown in Table S1.
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To address sampling bias from clonal replication (rhizomatous clonal growth in bam-
boos may produce genetically identical ramets) [36,44], a minimum 15 m buffer was
maintained between plots within each survey site [45]. Additionally, five 3 m × 3 m
subplots were positioned at plot corners and centers for standardized sampling, ensuring
spatial independence of ramet collections.

2.4. Sampling and Trait Measurement

In each of the five subplots per sampling site, one healthy 2–3 years-old bamboo with
average height was selected as a measurement subject, yielding 15 sampled individuals
per site. Individuals were identified as 2–3 years old based on fully extended branches,
smooth green culms lacking white trichomes or black encrustations, and nodes free of
accumulated leaf litter [46,47]. Then, fully expanded leaves from upper, middle, and
lower canopy positions, and the east, south, west, and north canopy directions of each
sampled individuals were collected, totaling 50 g per measurement subject. Composite
leaf samples (250 g per plot) were homogenized, stored in humidified Ziplock bags, and
promptly transferred to the laboratory for leaf trait measurements. For soil sampling,
surface litter and weeds were removed, and loose topsoil was cleared prior to collecting
0–20 cm depth soil cores using a 5 cm diameter auger following a five-point sampling
design. Composite soil samples per plot were homogenized, stored in Ziplock bags, and
immediately transported to the laboratory for nutrient analysis. During the site survey,
geographic information (longitude, latitude, elevation, slope, slope aspect, and slope
position) was recorded for each sampling site using GPS (A8, ZL Electronic Technology
Co., Ltd., Hefei, China), while canopy cover was visually inspected (Table S1).

In the lab, 50 morphologically intact leaves were selected from each sample set. Leaf
thickness (LT) was measured on 30 of these leaves using a caliper with 0.01 mm precision.
Leaf area (LA) was then measured using a scanner (BenQ-5560, BenQ Corporation, Shang-
hai, China) and calculated using ImageJ 1.8.0 (Wayne Rasband-National Institute of Health,
Bethesda, MD, USA) based on scanned images. The leaves were oven-dried at 60 ◦C for
48 h after a brief desiccation treatment at 120 ◦C for 30 min to determine biomass per leaf
(MPL). Leaf mass per area (LMA) was calculated based on the MPL and LA [48].

For vein length per area (VLA), another set of 10 leaves were selected. The secondary
veins were counted, and the leaf length and area were measured. Major vein density was
calculated by multiplying the number of primary and secondary veins by leaf length, then
dividing by leaf area. A 2 cm × 0.5 cm section was cut from each leaf and soaked in a 5%
NaOH solution for 12 to 48 h, depending on leaf thickness and texture, to soften the tissue
and make the venation more visible [49]. The sections were observed under an optical
microscope (SZX16, Olympus Corporation, Tokyo, Japan) at a magnification of 4 × 10,
producing images with a resolution of 0.219 mm × 0.326 mm. Minor veins were manually
traced using Image J 1.8.0 software, and VLA was calculated as the sum of major and minor
vein densities, expressed in mm−2. Meanwhile, the fourth-order leaf vein diameter (FVD),
which represents the material transport capacity of leaf venation network ends and the
structural strength of the blade, was measured for each section using Image J 1.8.0. The
results of FVD were expressed in µm.

For chlorophyll concentration measurement, the last 10 leaves were cut into strips
approximately 5 mm long and 1 mm wide. Then, a 0.100 ± 0.05 g sample was weighed and
placed into a glass mortar, to which 2 mL of a 1:1:1 mixture of 90% acetone, methanol, and
ethanol was added [50]. The sample was ground, transferred to a 10 mL centrifuge tube,
and the volume was adjusted to 8 mL with extraction solution. The tubes were shaken
gently and kept in the dark at 4 ◦C for 1.5 h. After extraction, the solution was centrifuged
at 3000 rpm for 5 min in a centrifuge (Allegra 64R, Beckman Coulter Inc., Brea, CA, USA),
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and the supernatant was collected. Chlorophyll a and chlorophyll b concentrations were
determined at wavelengths of 647 nm and 664 nm using a UV–Vis spectrophotometer (UV
2450, Shimadzu Corporation, Tokyo, Japan), with the following formulas used to calculate
concentrations [50]:

Chlla =
(−1.7858 × A647 + 11.8668 × A664)× 8

0.1 × 0.001

Chllb =
(18.9775 × A647 − 4.8950 × A664)× 8

0.1 × 0.001

where Chlla and Chllb represent chlorophyll a and chlorophyll b concentrations in mg g−1,
and A647 and A664 are absorbance values at 647 nm and 664 nm, respectively. The total
chlorophyll concentration (Chll) was calculated as the sum of Chlla and Chllb.

The remaining leaf samples were dried in an oven at 60 ◦C for 48 h after a 30 min
desiccation treatment at 120 ◦C. At the same time, soil samples were dried in a shaded
environment. The dried leaf and soil samples were then ground, passed through a 100-mesh
sieve, and analyzed for nitrogen (N) and phosphorus (P) concentrations using an automatic
Kjeldahl analyzer and the molybdenum blue method [32], respectively. The results were
expressed in mg g−1.

2.5. Climate Data of Sampling Site

To investigate climatic effects on leaf functional trait variation in SBS and their adaptive
strategy–environment coordination, historical climate data were extracted from the World-
Clim (https://www.worldclim.org/ accessed on 16 August 2024) based on geographic
coordinates of sampling sites. The climatic variables were derived at a spatial resolution of
30 arc-seconds (ca. 1 km at the equator) from historical data covering the period 1970–2000.
Temperature and precipitation are key climatic drivers of leaf functional trait variation and
survival strategy differentiation [51,52]. Furthermore, in mountain habitats, meteorological
factors including solar radiation, wind speed, and atmospheric vapor pressure mediate
plant energy acquisition, water balance, and structural stability, thereby shaping patterns of
functional trait variation and adaptive strategies [53,54]. Accordingly, the following climate
variables were extracted in our study: mean annual temperature (MAT, ◦C), mean annual
precipitation (MAP, mm), solar radiation (Srad, kJ m−2 day−1), vapor pressure (Vapr, kPa),
and wind speed (WS, m s−1).

3. Statistical Analyses
To characterize thresholds and variations in leaf functional traits of giant panda’s

staple bamboo species, we calculated minimum (Min), maximum (Max), mean (Mean),
median (Median), and standard deviation (SD) for each trait. The coefficient of variation
(CV = 100 × SD/Mean) was computed to evaluate trait variation [55].

Homogeneity of variances of leaf functional trait values were tested using the Lev-
ene’s test (car 3.1.2). For datasets meeting variance homogeneity, one-way ANOVA was
used to test for significant differences in trait values among species, followed by Tukey
HSD post hoc tests (multcomp 1.4.22) was applied [56]. For heteroscedastic data, Welch
ANOVA (oneway.test) with Holm-adjusted pairwise t-tests was employed [57]. Statistical
significance was set at α = 0.05. Results were visualized as boxplots (ggplot2 3.5.0) [58].

Linear mixed-effects models (LMMs) were constructed to quantify relative contribu-
tions of taxonomic and environmental factors to trait variation [59]. Taxonomic (Genus
and Species) was modeled as nested random effects (Genus/Species). Environmental
fixed effects included geographic (Longitude, Latitude, Elevation), topographic (Slope,
Slope position, Slope aspect), climatic (MAT, MAP, Srad, Vapr, WS), soil nutrients (SoilN,

https://www.worldclim.org/
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SoilP), and canopy cover (CanCov). Prior to modeling, multicollinearity among environ-
mental variables was assessed via variance inflation factors (VIF) using the vif() function
from the car. Wind speed (WS; VIF > 10) was excluded, and the remaining predictors
exhibited VIF < 10, indicating acceptable collinearity [60]. All trait variables were z-score
standardized. Variance components from random effects were extracted via VarCorr(),
with marginal R2 (fixed effects) and conditional R2 (fixed + random effects) calculated to
quantify explanatory power [61,62]. Fixed effect estimates and variance partitioning were
visualized using forest plots and stacked bar charts (ggplot2).

Species-specific mean trait values were used to compute Euclidean distance matri-
ces. Hierarchical clustering (Ward.D2 linkage, using the hclust() function) and principal
component analysis (PCA, using the prcomp() function) were employed to delineate adap-
tive strategies [63,64]. Ten species were classified into distinct adaptive groups based on
the cut height of the dendrogram derived from hierarchical clustering and supported by
PCA ordination patterns. Visualizations included cluster dendrograms and PCA biplots
(ggplot2).

Canonical correspondence analysis (CCA) was performed to investigate the rela-
tionships between adaptive strategies and climate and soil factors [65]. After removing
collinear variables (WS), remaining climatic and soil factors (VIF < 10) were retained. The
“strategy-climate” CCA triplot revealed associations between adaptive groups and habitat
characteristics [66]. All data analyses were performed in R 4.2.0 [67], within the RStudio
2022.2.2.485 environment [68].

4. Results
4.1. Trait Characteristics and Variation

LT and LA ranged from 0.05 to 0.15 mm and from 4.96 to 57.57 cm2, respectively,
with CVs of 31.87% and 79.16% (Table 2). LMA, VLA, FVD, Chll, LN, and LP ranged
from 24.69 to 66.56 g m−2, 82.09 to 166.86 cm cm−2, 6.72 to 17.63 µm, 4.75 to 7.98 mg g−1,
16.70 to 40.57 mg g−1, and 0.77 to 2.59 mg g−1, respectively, with CVs of 24.76%, 15.69%,
25.45%, 19.05%, and 24.69% (Table 2). Chll ranged from 4.75–7.98 mg g−1, with CV of 9.58%
(Table 2).

Table 2. Descriptive statistics and CVs of leaf functional traits across 10 SBS.

LT (mm) LA (cm2) LMA (g m−2) VLA (cm cm−2) FVD (µm) Chll (mg g−1) LN (mg g−1) LP (mg g−1)

Min 0.05 4.96 24.69 82.09 6.72 4.75 16.70 0.77
Max 0.15 57.57 66.56 166.86 17.63 7.98 40.57 2.59

Median 0.08 10.52 40.01 129.29 10.76 7.00 27.29 1.54
Mean ± SD 0.08 ± 0.03 16.06 ± 12.71 41.28 ± 10.22 127.96 ± 20.07 11.07 ± 2.82 6.86 ± 0.66 27.78 ± 5.29 1.56 ± 0.38

CVs (%) 31.87 79.16 24.76 15.69 25.45 9.58 19.05 24.69

LT: leaf thickness; LA: leaf area; LMA: leaf mass per area; VLA: vein length per area; FVD: fourth-order vein
diameter; Chll: chlorophyll concentration; LN: leaf nitrogen concentration; LP: leaf phosphorus concentration.

Significant differences (p < 0.05) were observed in all functional traits except Chll
among the 10 SBS (Figure 3). Specifically, B. fargesii exhibited the largest LT and LA, F.
robusta had the highest LMA, F. rufa had the highest VLA, F. nitida had the highest FVD,
and A. faberi had the highest LN and LP. Conversely, F. denudata showed the smallest LT, Y.
brevipaniculata had the smallest LA, A. faberi had the lowest LMA and FVD, C. szechuanensis
had the smallest VLA, and F. dracocephala had the lowest LN and LP.
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Figure 3. Variance analysis of leaf functional traits among SBS. Different lowercase letters indicate
significant differences between SBS (α = 0.05). (A): LT: leaf thickness; (B) LA: leaf area; (C) LMA:
leaf mass per area; (D) VLA: vein length per area; (E) FVD: fourth-order vein diameter; (F) Chll:
chlorophyll concentration; (G) LN: leaf nitrogen concentration; (H) LP: leaf phosphorus concentration.

4.2. Factors Influencing Trait Variation

LMM results (Figure 4) indicated that taxonomy and environmental factors explained
36.16–89.55% (mean: 56.97%) of the variation in leaf functional traits (Figure 4). Specifically,
taxonomy explained 3.07%–69.11% (mean: 29.98%), and environmental factors explained
10.95%–40.85% (mean: 26.99%).

The fixed effect estimates revealed significant effects of environmental variables on
leaf functional traits (Figure 5). Specifically, Lon had positive effects on LT while Lat had
negative effects on LT; Lon had positive effects on LA while Elev had negative effects on
LA; LMA increased with SlopePos; MAP had negative effects on VLA while SlopePos had
positive effects on VLA; SoilP had positive effects on FVD; Elev, Lon, and SlopePos had
negative effects on Chll while CanCov had positive effects on Chll; and Lon, Elev, and
SlopePos had negative effects on LN.
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Figure 4. Variance decomposition of variation in leaf functional traits of 10 SBS based on LMM.
LT: leaf thickness; LA: leaf area; LMA: leaf mass per area; VLA: vein length per area; FVD: fourth-
order vein diameter; Chll: chlorophyll concentration; LN: leaf nitrogen concentration; LP: leaf
phosphorus concentration.

Figure 5. Fixed effect estimate values of environmental factors for leaf functional trait variations
(α = 0.05). Dots indicate effect values and short horizontal lines indicate confidence intervals; red
color indicates that the effect of the environmental factor on the trait is significant (*** p < 0.001;
** p < 0.01; * p < 0.05); light blue color indicates that the effect of the environmental factor on the
trait is not significant (p > 0.05). Lon: longitude; Lat: latitude; Vapr: vapor pressure; SlopePos: slope
position; MAT: mean annual temperature; Asp: slope aspect; SoilP: soil phosphorus concentration;
SoilN: soil nitrogen concentration; Srad: solar radiation; CanCov: canopy cover; MAP: mean annual
temperature; Slope: slope; Elev: elevation.
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4.3. Trait-Based Strategies and Environmental Adaptation

The results of hierarchical cluster analysis (Figure 6A), PCA (Figure 6B), and CCA
(Figure 7) showed that the 10 SBS could be classified into two groups based on leaf func-
tional traits. PCA explained 36.56% and 20.56% of the variation along the first and second
axes, respectively, while CCA explained 87.42% and 7.66% along the first and second
constrained axes. Specifically, B. fargesii, F. robusta, and C. szechuanensis showed high LA, LT,
LMA, and FVD as the first category, which were distributed in the habitats with high MAT,
MAP, and Vapr. The rest of the bamboo species showed low LA, LT, LMA, and FVD and
relatively high LN and LP as the second category, which were distributed in the habitats
with high Srad.

Figure 6. Hierarchical cluster analysis (A) and PCA (B) results of leaf functional traits among 10 SBS.
(A) The dashed line indicates the optimal grouping tree height. (B) Dots represent bamboo species
mean values. Red dots represent species with an acquisitive strategy (abbr. A) and light blue dots
represent species with a conservative strategy (abbr. C). LT: leaf thickness; LA: leaf area; LMA:
leaf mass per area; VLA: vein length per area; FVD: fourth-order vein diameter; Chll: chlorophyll
concentration; LN: leaf nitrogen concentration; LP: leaf phosphorus concentration.

Figure 7. CCA ordination of trait-based strategies constrained by environmental factors. The shaded
areas indicate the environmental distribution ranges of species with different strategy types. MAT:
mean annual temperature; MAP: mean annual temperature; Vapr: vapor pressure; Srad: solar
radiation; SoilP: soil phosphorus concentration; SoilN: soil nitrogen concentration.
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5. Discussion
5.1. Trait Characteristics and Variation

Our study revealed that the coefficients of variation (CVs) of different leaf functional
traits in SBSs varied widely, ranging from 9.58% to 79.16% (Table 2). Specifically, the CVs of
morphological and structural traits were higher than those of physiological and nutrient-
related traits, a pattern consistent with previous studies [8,41,69]. The high CVs of LA, LT,
and LMA may stem from the heterogeneous habitats of SBS. The significant variation in LA
(CV = 79.16%) is an adaptive response to competition for light resources: larger LA helps
capture diffuse light in shaded understory environments [70], while smaller LA may imply
lower construction costs and higher light use efficiency [71]. Similarly, the high variability
of LMA (CV = 24.76%) and LT (CV = 31.87%) may stem from different carbon investment
strategies, where some SBSs tend to invest in thicker foliage (high LMA and LT) to improve
mechanical strength and longevity, while the others SBSs reduce structural investment to
support rapid returns [72]. In contrast, the lower CVs of LN, LP, Chll, and VLA may be
attributed to a combination of environmental filtering and physiological constraints. In this
study, all species were understory species, and the high similarity of key habitat factors
such as low light and high humidity may drive convergence of physiological traits through
natural selection [73]. Stable chlorophyll and nutrient concentrations (Chll, LN, LP) may be
due to the fact that photosynthesis-related pigment content and nutrient concentrations
need to be maintained at a certain level for basal physiological metabolism in low-light
environments [74]. In addition, the variation in VLA was also low, probably because the
habitats of SBS are all wetting understories, and the sufficient water supply makes SBS not
need to rely on the high variation in VLA to cope with possible water stress [75].

Our ANOVA results showed that morphological structural traits such as leaf area
varied greatly among SBSs, while physiological nutrient traits such as chlorophyll concen-
tration varied insignificantly or less among SBSs (Figure 3). The LMM results also revealed
that leaf morphological and structural traits were driven predominantly by taxonomic
effects, whereas physiological and nutrient traits were mainly influenced by environment
(Figure 4). In the LMM, species identity explained the majority of variance for traits like
LA (nearly ~69% of its variation attributable to species differences), highlighting strong
phylogenetic or functional conservation in these traits [15,76]. This finding accords with
previous studies showing that a large portion of variation in structural leaf traits is tied
to taxonomic or functional group differences [77,78]. By contrast, for foliar chemical traits
such as leaf nitrogen and chlorophyll content, environmental factors accounted for a sizable
share of the variation, on par with or even exceeding species effects. This is in line with
global analyses demonstrating that around one-third of the variability in leaf nutrient
levels can be explained by environmental gradients [15,79], emphasizing high plasticity in
these traits.

Furthermore, the specific environmental factors driving trait variation differed among
traits. Leaf thickness, for example, increased significantly with latitude and longitude in
our dataset (Figure 5), suggesting that geographic gradients shape this structural trait—a
pattern consistent with leaf trait shifts along biogeographical gradients [20,80]. In contrast,
chlorophyll content was positively correlated with canopy cover (higher under shaded
conditions) but declined with increasing elevation, steeper slope positions, and eastward
longitude (Figure 5). These relationships imply that greater light availability (lower canopy
cover) and high-elevation or exposed environments constrain chlorophyll levels, whereas
shaded, low-elevation habitats allow leaves to maintain higher chlorophyll [81,82]. Such
trait–environment associations echo known plastic responses of leaf traits to light gradients
within canopies and to climatic stress across forest ecosystem [33]. Moreover, the corre-
lations between functional traits and climatic factors in this study were relatively weak
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(Figure 5), which contrasts with some previous findings [14]. This discrepancy may be
attributed to the use of climate data from the WorldClim database, which is limited in its
ability to capture fine-scale variation in certain climatic variables within the mountainous
regions of the study area [83,84]. Future research should incorporate in situ measurements
of microclimatic conditions to more accurately assess the effects of climate on functional
trait variation [85]. Overall, our findings underscore that both species identity (and its
inherent trait strategy determined by genetic makeup) and habitat conditions jointly deter-
mine trait expression. Different traits are dominated by different drivers: species identity
imposes a strong signature on structural traits, while environmental filtering plays an
equally important role for leaf nutrient and physiological traits.

5.2. Trait-Based Strategies and Environment Adaptation

The clustering and ordination analyses revealed a clear dichotomy in leaf trait syn-
dromes among the 10 SBS, reflecting the classic trade-off between conservative and acquisi-
tive resource-use strategies (Figure 6). Species in the conservative group (e.g., B. fargesii,
F. robusta, C. szechuanensis) develop larger, thicker leaves with higher leaf mass per area
(LMA) (Figure 6B), indicating substantial structural investment per unit leaf area [72,86].
These costly constructions might mean longer leaf lifespans and enhanced durability [8].
In contrast, species in the acquisitive group produce smaller, thinner leaves (low LMA
and thickness) but with significantly higher foliar nitrogen and phosphorus concentra-
tions (Figure 6B). Such traits are hallmarks of a fast-return strategy—maximizing nutrient
turnover for quick growth and resource uptake [8,41]. This acquisitive–conservative axis of
trait variation captures the balance between leaf construction costs and resource acquisi-
tion potential, as observed in the global leaf economics spectrum [8,19], and underscores
inherent differences in how SBSs invest resources in their leaves.

Plant functional trait syndromes and their matched habitat correspondence are con-
strained by environmental factors [87,88]. CCA analyses showed that SBSs adopting a
conservative strategy predominantly reside in warm and humid habitats, which are char-
acterized by higher MAT, MAP, and Vapr. In contrast, acquisitive species are associated
with intense solar radiation (Figure 7). This difference is caused by different selection
pressures along environmental gradients. First, in colder or seasonally limited habitats
(usually located at high altitudes or high latitudes), where SBSs have shorter growing
seasons and a higher risk of physiological drought due to frost in winter [89,90], they
strongly select for rapid access to resources through the production of leaves with high
nutrient concentrations and low construction costs. In contrast, conservative strategies are
preferred in warmer, wetter conditions, where the growing season is longer, water and heat
are plentiful, and SBSs can construct more costly foliage to maximize longevity and retain
nutrients to support continued photosynthesis and growth [91–93]. Similar results have
been observed in evergreen and deciduous tree species. For example, as elevation increases,
the vegetation distribution of mountains typically shifts from broadleaf evergreens with
smaller, thicker leaves to broadleaf deciduous species with larger, thinner leaves [94]. In
summary, our findings demonstrate that leaf trait trade-offs in these staple bamboos are
tightly aligned with environmental conditions, leading to two distinct adaptive syndromes.
Climatic and soil gradients act as filters that favor either an acquisitive or a conservative
syndrome, thereby driving the differentiation of species’ strategies across habitats.

6. Conclusions
Leaf morphological and structural traits in SBSs were more variable and mainly

influenced by taxonomic factors; leaf physiological nutrient traits were less variable and
more strongly regulated by environmental factors. The adaptive strategies of ten SBSs can
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be broadly categorized into two types: a conservative strategy group, represented by B.
fargesii, F. robusta, and C. szechuanensis, characterized by higher leaf area and structural
investment; and an acquisitive strategy group, comprising the remaining species with lower
structural investment but higher nutrient concentrations. These two groups show distinct
climate–strategy matching patterns, with the conservative group primarily distributed
in warm and humid habitats, and the acquisitive group occurring in environments with
high solar radiation. Our results emphasize the characterization of functional traits of SBS
leaves and the factors influencing their variation and reveal trait-based adaptive strategies
and their correspondence with environmental factors, which are crucial for the effective
conservation and management of the main bamboo species of giant pandas in the wild,
especially considering the potential impacts of climate change on their habitats.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f16060954/s1, Table S1: Basic background information for each
survey site of SBS.
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