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Abstract: Poaceae is an ecologically dominant plant family, yet integrated morpho-anatomical assessments of grasses
from the semi-arid plains of Pakistan remain limited. We aimed to (i) quantify morphological functional traits and
leaf micromorphology of 21 Poaceae species from diverse habitats in Layyah.District, Punjab, Pakistan, and (ii)
identify the traits that contribute most to separating species and leaf surfaces. We quantified plant height, culm number,
node number, internodal distance, and leaf dimensions. Stomatal and epidermal characteristics were examined using
light microscopy and scanning electron microscopy (SEM). Trait variation among species was assessed via principal
component analysis (PCA) and hierarchical clustering; anatomical variation was evaluated using stomatal and epidermal
trait-based PCA. For the 19 species with complete morphological data, the first two PCA axes explained 78.6% of total
variation (PC1 = 62.6%, PC2 = 16.0%) and reflected mainly plant size and leaf dimensions. Hierarchical clustering
separated four large grasses from 15 smaller species (mean silhouette width = 0.54). Anatomical PCA explained
90.05% of total variation (PC1 = 70.21%, PC2 =19.84%), with stomatal traits contributing most to species separation.
Adaxial and abaxial leaf surfaces differed significantly (paired tests and PERMANOVA restricted within species; p <
0.001). SEM revealed meodified stomata, dense trichomes, thick cuticles, silica bodies, and other epidermal features
that are commonly_associated with drought resistance in grasses. These results document distinct combinations of
morphological and leaf-epidermal traits among grasses of Layyah District and provide a baseline for future studies that
test trait—environment telationships with measured habitat variables and physiological data.

Keywords: Poaceae, Functional Traits, Leaf Micromorphology, Stomatal Architecture, Epidermal Traits, Scanning
Electron Microscopy, Arid Ecosystems.

1. INTRODUCTION Their evolutionary success is largely associated

with remarkable physiological and structural

The Poaceae family, comprising more than 12,000
species and over 780 genera, represents one of the
most ecologically and economically significant
plant lineages worldwide, occupying diverse
habitats ranging from grasslands, savannas, and
wetlands to arid deserts and alpine ecosystems
[1, 2]. Poaceae species contribute substantially to
ecosystem functioning by maintaining vegetation
structure, supporting biodiversity, stabilizing soils,
and regulating terrestrial carbon dynamics [3].

adaptations, particularly the widespread evolution
of C. photosynthesis, which enhances carbon
assimilation and resource-use efficiency under
warm and water-limited conditions [4, 5]. In
addition, anatomical modifications such as Kranz
anatomy, specialized stomatal structures, and
efficient epidermal arrangements enable many
grasses to tolerate drought and high-temperature
environments [6]. Beyond their ecological
significance, Poaceae species provide essential
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ecosystem services through soil stabilization,
erosion control, and nutrient cycling. Extensive
root systems and rhizomatous growth forms
improve soil structure and contribute to ecosystem
resilience by reducing degradation processes
[7]. Furthermore, grasses play a crucial role in
global carbon sequestration through accumulation
of above- and belowground biomass [8]. Their
dominance in natural ecosystems and human-
modified landscapes highlights their importance as
ecological engineers, habitat providers, and forage
resources [9, 10]. However, dense growth and
competitive abilities of some Poaceae species may
also create management challenges in agricultural
and natural systems [11].

Poaceae is also fundamental to global food
security, with economically important species,
including maize (Zea mays), rice (Oryza sativa),
wheat (7Triticum aestivum), and sorghum (Sorghum
bicolor), contributing substantially to human
nutrition and the global caloric supply [3, 12]. In
addition to their nutritional importance, grasses
support livestock production by providing essential
fodder resources and sustaining pastoral agricultural
systems [13]. Several non-food applications.further
demonstrate their versatility; for example, Arundo
donax is utilized for reed and_paper production,
whereas Cortaderia selloanais widely cultivated
as an ornamental species [ 14]. In Pakistan, Poaceae
species contribute significantly to agroecosystem
stability by, reducing/soil erosion and supporting
wheat-andrice-based agricultural landscapes[3, 11].

Despitetheirimportance,accurateidentification
and ecological characterization of Poaceae species
remain challenging due to high phenotypic
plasticity and considerable overlap in external
morphological characteristics [4]. Consequently,
traditional morphological approaches alone are
often insufficient for resolving species-level
differences, highlighting the importance of detailed
anatomical and micromorphological investigations
[15, 16]. Leaf epidermal traits, including stomatal
architecture, trichome density, and silica body
characteristics, provide valuable taxonomic
and functional information for distinguishing
species and understanding ecological adaptation
mechanisms [17, 18]. Particularly, stomatal size,
density, and distribution influence plant responses
to drought, light availability, and herbivory pressure
by regulating gas exchange and water loss [19].

Advanced imaging approaches, especially
scanning electron microscopy (SEM), provide
detailed visualization of epidermal and stomatal
structures that cannot be accurately resolved
through conventional microscopy. SEM-based
investigations facilitate precise assessment of
stomatal morphology, trichome development,
cuticular structures, and other diagnostic traits
while providing insights into plant-environment
interactions [20, 21]. Such anatomical approaches
are particularly valuable in environmentally
stressful regions where structural modifications
determine plant persistence and ecological success.

Arid and semi-arid regions represent important
natural laboratories for investigating plant adaptive
strategies because vegetation _is" continuously
exposed to water scarcity, temperature extremes,
and soil-related limitations. [22].- Native grasses
inhabiting these, environments have evolved
diverse structural-mechanisms, including sunken
stomata, thick cuticles, silica deposition, and
trichome. development, which reduce water loss
and enhance stress tolerance [23, 24]. Variations
in| leaf size, shape, and epidermal organization
further contribute to optimizing water conservation
and photosynthetic efficiency under fluctuating
environmental conditions [18, 25].

These patterns apply directly to Pakistan, where
much of the land is arid or semi-arid and native and
cultivated grasses support rangeland grazing, soil
conservation, and cereal-based farming [3, 11].
The Layyah District of Punjab, Pakistan, provides
an ideal system for investigating these adaptations
because it encompasses heterogeneous habitats,
including semi-arid deserts, sandy rangelands,
floodplain environments, and irrigated agricultural
landscapes. Variation in vegetation structure, soil
characteristics, and moisture availability across
these habitats generates diverse selective pressures
that may shape functional trait differentiation
among Poaceae species [26, 27]. Understanding
these trait responses can improve knowledge of
grass adaptation to drought, soil erosion, and other
environmental constraints [28].

Although previous studies have investigated
Poaceae micromorphological traits [20, 29],
integrated assessments combining taxonomy,
functional morphology, anatomy, and ecological
adaptation remain limited in Pakistan, particularly
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in arid and semi-arid ecosystems [3, 30, 31].
The application of advanced techniques, such
as SEM, remains largely unexplored in native
grasses of southern Punjab, thereby restricting our
understanding of their adaptive mechanisms. This
study therefore addressed three questions: (1) how
strongly do 21 Poaceae species from Layyah District
differ in plant architecture and leaf dimensions, and
do they form distinct morphological groups? (2)
How do stomatal and epidermal traits, including
stomatal index (SI) and trichome index (TI), vary
among species and between the adaxial and abaxial
leaf surfaces? (3) Which traits contribute most to
separating species? We expected species to separate
mainly along a plant-size axis and stomatal traits
to differ strongly between leaf surfaces. Because
environmental variables were not measured, the
study is descriptive and comparative: it documents
trait variation that can generate hypotheses about
adaptation to water-limited conditions but does not
test them.

2. MATERIALS AND METHODS
2.1. Study Area and Sampling Period

The study was conducted from May 2024 to
June 2025 in Layyah District, Punjab, A PakKistan,
an ecologically diverse _region characterized
by arid and semi-arid« climatic’ conditions and
heterogeneous grass “habitats. The primary
sampling site-was Bakhry Ahmed Khan (30.7531°
N, 70.8655° E),, selected due to its representative
Poaceae diversity; however, additional specimens
were collected from different ecological zones
across the district to encompass habitat variability.
The region experiences a hot semi-arid climate,
with mean annual temperatures ranging from
approximately 26 °C to summer maxima of 40-45
°C, while annual precipitation averages around 439
mm, primarily concentrated during the monsoon
season [32]. The combination of high temperature,
irregular rainfall, and variable soil moisture
availability creates strong environmental pressures
that influence plant structural and anatomical
adaptations, making Layyah an appropriate location
for investigating drought-related functional traits
in grasses. The sampled habitats included sandy
desert rangelands (Thal-type dunes and sand
plains), irrigated agricultural fields, floodplain
loamy soils near river systems, and semi-arid grass-
shrub communities. These habitats represented

contrasting environmental conditions in terms
of vegetation density, soil texture, and water
availability. Because Poaceae species differ in their
reproductive phenology, each species was sampled
during its own peak flowering period (Table 1).
The 13-month sampling window therefore reflects
staggered species-specific sampling rather than
repeated seasonal sampling of the same species.
Nevertheless, seasonal variation in leaf traits,
including stomatal density, may have contributed
to the observed interspecific differences.

2.2. Plant Material Collection and Identification

A total of 21 Poaceae species representing 20
genera were collected during their -respective
flowering periods from different ecological habitats
within Layyah District (Table<1). Apart from the
three crops (Oryza sativa; Zea mays, and Sorghum
bicolor), which were'sampled from farmers’ fields,
all species, including.those of temperate origin
such as_ Agrostis_stolonifera, Lolium perenne,
Phleumpratense, and Bouteloua dactyloides, were
collected from naturally growing populations in
the sampled habitats rather than from cultivated or
experimental plots. Most specimens were collected
at Bakhri Ahmed Khan (30.7531° N, 70.8655° E),
with additional specimens from other locations in
the district covering the four habitat types described
in Section 2.1. The habitat of each specimen was
not recorded systematically at the species level, so
traits were compared among species but not among
habitat types. Sampling was conducted randomly
to capture interspecific morphological and
anatomical variation associated with contrasting
environmental conditions. For each species,
mature and healthy individuals were selected for
morphological measurements and anatomical
investigations. Plant specimens were identified
using standard taxonomic references, including
the Flora of Pakistan and the International Plant
Name Index (IPNI) databases. Voucher specimens
were prepared and deposited in the herbarium for
future reference. The collected species represented
diverse ecological and functional groups, including
perennial grasses, annual grasses, forage species,
and economically important crops. The flowering
period of each species was recorded to ensure
accurate identification based on both vegetative
and reproductive characteristics and to optimize
sampling during peak physiological activity.
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Table 1. Taxonomic diversity and flowering periods of 21 Poaceae species collected from different ecological habitats
of Layyah District, Punjab, Pakistan.

S.No.  Scientific Name Common Name Flowering Season
1 Agrostis stolonifera Creeping bentgrass July to August

2 Alopecurus myosuroides Blackgrass May to August

3 Arundo donax Giant reed June to December
4 Bouteloua dactyloides Buffalo grass June to August

5 Chloris gayana Rhodes grass August to September
6 Chrysopogon zizanioides Vetiver grass August to October
7 Cortaderia selloana Pampas grass August to October
8 Dactyloctenium aegyptium Crowfoot grass July to October

9 Digitaria sanguinalis Crabgrass July to September
10 Echinochloa crus-galli Barnyard grass June to October

11 Eleusine indica Goosegrass June to August

12 Eragrostis pilosa Lovegrass May to:September
13 Lolium perenne Perennial ryegrass May to July

14 Oryza sativa Rice July to October

15 Panicum virgatum Switchgrass July to September
16 Phleum pratense Timothy grass June to August

17 Schizachyrium maritimum Gulf bluestem July to September
18 Sorghum bicolor Grain sorghum March to June

19 Sorghum halepense Johnson grass May to October
20 Thysanolaena maxima Tiger grass / Broom grass March to June

21 Zea mays Maize / Corn March to April

2.3. Morphological Trait Characterization

Morphological functional traits were recorded for
all collected species, including plant height (cm),
number of culms, number of nodes, internodal
distance (cm), leaf length (cm), leaf width (cm),
leaf sheath characteristics, and leaf pubescence.
Measurements were obtained from three mature
individuals per species, with each trait measured
three to five times per individual. Repeated
measurements on the same individual were
averaged, and the three individuals per species
were treated as the biological replicates. Mean
values and standard errors (SE) were calculated
to summarize trait variation among species.
These traits were selected because they represent
major components of plant architecture, biomass
allocation, and resource acquisition strategies.
Quantitative morphological measurements were
subsequently used for functional trait analysis
through multivariate approaches.

2.4. Light Microscopy and Epidermal
Preparation

Leaf epidermal characteristics were examined
following a modified protocol of Cotton [33].
Mature, fully expanded leaves were collected
from three individuals per species and maintained
in distilled water for two hours to preserve
tissue hydration. Epidermal impressions were
prepared using the nail-polish replica technique
and epidermal peeling where required. Samples
were fixed in FAA solution (formalin: acetic acid:
alcohol, 1:1:3) and preserved in 70% ethanol.
Suberin-associated structures were examined using
Sudan IV staining, while epidermal preparations
were stained with Delafield’s haematoxylin and
mounted using glycerin jelly [34, 35]. Microscopic
observations were performed using a Nikon
ECLIPSE E200 compound microscope equipped
with a DCM35 digital camera. Observations were
conducted at different magnifications to evaluate
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stomatal morphology, epidermal cell characteristics,
and trichome presence. Anatomical terminology
followed Metcalfe [36, 37].

2.5. Scanning Electron Microscopy (SEM)
Analysis

We conducted detailed micromorphological
investigations using scanning electron microscopy.
Mature, undamaged leaf segments were collected
from the middle portion of leaves from three
individuals per species. Two leaves per individual
were examined to capture within-species variation.
Where epicuticular wax accumulation was present,
samples were treated with xylene for 12-24
hours to remove surface wax while maintaining
epidermal integrity. We mounted prepared
samples on aluminium stubs with double-sided
adhesive tape, positioned them according to leaf
surface orientation, and coated them with gold-
palladium [38-40]. Samples were examined using
a JEOL JSM-5910 scanning electron microscope
at the Central Resource Laboratory. SEM images
were used to characterize stomatal morphology,
epidermal ornamentation, silica structures, papillae,
trichomes, hooks, and surface patterns.

2.6. Statistical and Functional Trait Analysis

Quantitative  morphological and anatomical
data were analyzed using multivariate statistical
approaches to. evaluate functional differentiation
among Poaceae “species. Six morphological
functional traits, including plant height, number of
culms, number of nodes, internodal distance, leaf
length, and leaf width, were standardized using
z-score transformation before principal component
analysis (PCA). For Sorghum halepense and
Thysanolaena maxima, culms were too numerous
to count reliably, and nodes and internodes could
not be measured on the dense clumps (Table 2).
Because these values were not measured, the two
species were excluded from the morphological
PCA and clustering (n = 19); their morphology
is described in Table 2 in Section 3.1. PCA was
performed using the FactoMineR package in R to
identify major axes of morphological trait variation.
Species scores, trait loadings, eigenvalues, and
trait contributions were extracted to determine the
variables responsible for species separation, and
PCA ordinations were visualized using customized
biplots generated with ggplot2 and ggrepel.

Functional similarity among the 19 species
was assessed using hierarchical cluster analysis
based on the six standardized morphological traits.
Euclidean distance matrices were calculated from
scaled trait values, followed by Ward’s minimum
variance clustering (Ward.D2). The optimal number
of functional groups was determined using mean
silhouette width analysis, which evaluates within-
cluster cohesion and between-cluster separation.
Stomatal and epidermal anatomical variation was
evaluated using PCA based on seven leaf functional
traits, including stomatal length, stomatal width,
stomatal density, epidermal cell density, trichome
density, stomatal index (SI), and trichome index
(TT). Both PCAs used mean values: species means
for the morphological PCA (n = 19) and species-
by-surface means for the anatomical PCA (n =
42). Within-species variation i§ reported as SE in
Tables 2 and 3 but was not part of the ordinations.
The two PCAs contain different numbers of traits
(six and seven) because they describe separate trait
sets measured at different scales (whole plant and
leaf epidermis) and were analyzed independently.
Since some anatomical variables contained zero
values due to the absence of stomata or trichomes
on specific leaf surfaces, data were transformed
using log(x + 1) and subsequently standardized
before PCA. Trait contributions, cos? values,
and eigenvalues were calculated to identify the
anatomical traits driving major patterns of variation.
Because the adaxial and abaxial surfaces of each
species are paired observations, surface differences
were tested with paired t-tests on species PC1 and
PC2 scores and with PERMANOVA (Euclidean
distance, 999 permutations) in which permutations
were restricted within species (adonis2 function of
the R package vegan, with permutations restricted
within species). Homogeneity of multivariate
dispersion between surfaces was checked with
PERMDISP (betadisper function of the R package
vegan), because PERMANOVA results can be
affected by unequal dispersion. Euclidean distance
was retained because all traits were continuous and
had been log-transformed (anatomical traits) and
z-standardized, so that each trait contributed equally
and the distance matrix matched the PCA ordination
space; Bray—Curtis distance is intended for non-
negative abundance data and Gower distance for
mixed qualitative—quantitative data, neither of
which applied to the trait matrices analyzed here.
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Descriptive statistics, including mean values
and standard errors (SE), were calculated for all
morphological and anatomical traits. Stomatal
index (SI) and trichome index (TI) were calculated
by following the method of Hadi et al. [38]:

S

Sl = s x 100 (1)
TI = —— x 100 )
E+T

where S represents the number of stomata, T
represents the number of trichomes, and E represents
the number of epidermal cells. All analyses were
performed to quantify functional trait variation and
identify morphological and anatomical strategies
associated with the adaptation of Poaceae species
to arid and semi-arid environments.

3. RESULTS AND DISCUSSION

3.1. Morphological Diversity and Functional
Variation among Poaceae Species

A total of 21 Poaceae species were collected,
mainly from Bakhri Ahmed Khan (30.7531° N,
70.8655° E), Layyah District, Punjab, Pakistan,
representing diverse grass habitats. Morphological
characterization revealed considerable , variation
among species in plant height, culm production,
number of nodes, internodal distance, and leaf
dimensions (Table-+2). Plant stature showed the
greatest variation among species, with Arundo
donax exhibiting the highest plant height (450 £200
cm), whereas Bouteloua dactyloides represented
the smallest growth form (12.5 £+ 7.5 cm). Similarly,
Arundo donax showed the highest number of culms
(55 £ 40) and nodes (18 £ 7), contrasting with
species such as Zea mays (3 £ 1 culms) and Lolium
perenne (5.5 £ 1.5 culms). Internodal distance also
varied markedly, with the maximum value recorded
in Cortaderia selloana (19 £ 10 cm), while shorter
internodes were observed in Bouteloua dactyloides
(4 £ 2 cm) and Dactyloctenium aegyptium (5.5 £
1.5 cm). Leaf morphology displayed pronounced
interspecific differences. Zea mays possessed the
largest leaves (70 + 25 x 8 + 2 cm), whereas Agrostis
stolonifera exhibited considerably smaller leaves (8
+ 6 x 0.35 + 0.15 cm). Qualitative morphological
traits also varied among taxa, including leaf sheath
structure and pubescence. Keeled leaf sheaths
were observed in Chloris gayana, Chrysopogon
zizanioides, —Dactyloctenium  aegyptium, and

Digitaria sanguinalis, whereas leaf surface texture
ranged from glabrous to scabrous, with Cortaderia
selloana showing strongly roughened leaves.
Sorghum halepense and Thysanolaena maxima
formed dense clumps with culms too numerous to
count, so their node number and internodal distance
could not be measured; both were tall (215 £ 125
and 300 + 150 cm) and had broad leaves (3.5 + 1.5
and 3.9 = 1.3 cm wide).

3.2. Functional Trait Differentiation among
Poaceae Species Based on PCA

Principal component analysis of the six
morphological traits for the 19 species with complete
data showed strong differentiation among species.
The first two principal components explained
78.6% of total variation, with-PC1 accounting for
62.6% and PC2 for 16.0% (Figure'1). PC1 was a
plant-size gradient, with the largest contributions
from plant height (25.1%), node number (20.7%),
leaf width(16.8%), internodal distance (15.0%),
and leaf length’ (14.8%). Large species, including
Arundo_donax, Cortaderia selloana, Zea mays,
Sorghum bicolor, and Chrysopogon zizanioides,
had high positive PC1 scores, whereas smaller
species, including Bouteloua dactyloides, Agrostis
stolonifera, Dactyloctenium  aegyptium, and
Eleusine indica,had negative scores. PC2 contrasted
culm number (39.8%) and node number (11.1%)
with internodal distance (28.1%) and leaf length
(19.9%). Cortaderia selloana, Panicum virgatum,
and Phleum pratense had long internodes and
leaves relative to culm production, whereas Arundo
donax, Bouteloua dactyloides, and Eragrostis
pilosa produced many culms.

3.3. Functional Trait Syndromes Revealed by
Hierarchical Clustering

Hierarchical clustering of the 19 species identified
two groups (Figure 2). Mean silhouette width was
highest for k = 2 (0.54), compared with 0.51 for k =
3 and 0.52 for k = 4. The first group comprised four
large grasses, Arundo donax, Cortaderia selloana,
Sorghum bicolor, and Zea mays, characterized by
tall stature and large leaves. The second group
contained the remaining 15 species, which were
smaller and had shorter internodes and smaller
leaves. At k = 3, Arundo donax separated from the
other large grasses because of its exceptional height
and culm number.
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Fig. 1. Principal component analysis (PCA) biplot illustrating functional trait variation among 19 Poaceae species
based on six morphological traits. The first two principal components explained 78.6% of total variation (PC1 =
62.6%, PC2 = 16.0%). Sorghum halepense and Thysanolaenaymaxima are not shown because their culm, node, and
internode data were missing. Red arrows represent trait loadings; with arrow direction indicating trait relationships
and length indicating contribution strength. Species codes represent individual taxa (Table 1).
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Fig. 2. Hierarchical clustering of functional traits among 19 Poaceae species with complete morphological data. The
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standardized morphological traits: plant height, number of culms, number of nodes, internodal distance, leaf length,
and leaf width. Colored branches and shading indicate the two clusters identified by silhouette analysis (optimal k =
2; mean silhouette width = 0.54).
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3.4. Variation in Stomatal and Epidermal
Functional Traits

Micromorphological analysis revealed substantial
variation in stomatal characteristics, epidermal
structures, and protective traits among the 21
Poaceae species (Table 3). Most species exhibited
the typical grass stomatal configuration consisting
of dumbbell-shaped guard cells associated with
subsidiary cells; however, notable variations were
observed in Sorghum halepense and Thysanolaena
maxima, which possessed rectangular and ellipsoid
stomatal forms, respectively. Stomatal density
varied considerably among species and leaf
surfaces. The highest stomatal density was recorded
on the abaxial surface of Oryza sativa (284 stomata
mm 2), followed by Eragrostis pilosa (177.5 mm2)
and Digitaria sanguinalis (164 mm™), whereas
the lowest abaxial densities occurred in Arundo
donax (37.5 mm™2) and Cortaderia selloana (40.5
mm 2). The stomatal index was highest in Sorghum
halepense (31.2%) and Thysanolaena maxima
(25.2%) on the abaxial surface. Trichome-related
traits also showed considerable variation. Sorghum
halepense exhibited the highest trichome index (T1
= 7.9%, adaxial), followed by Eragrostis_pilosa
(3.14%, abaxial) and Thysanolaena maxima (2.9%,
adaxial), whereas trichomes were absent (Tl =
0%) in 13 species, including Agrostis stolonifera.
Variation in epidermal structures was also evident.
Species such as_Arundo \donax and Cortaderia
selloana possessed lignified epidermal cells with
silica structures, whereas Chloris gayana and
Schizachyrium™ maritimum exhibited thick waxy
cuticles.

3.5. Multivariate Analysis of Stomatal and
Epidermal Traits

PCA based on seven anatomical traits revealed
strong separation among Poaceae species and
leaf surfaces. The first two principal components
explained 90.05% of total variation, with PCI1
accounting for 70.21% and PC2 contributing
19.84% (Figure 3; Table 4). PC1 was mainly driven
by stomatal architectural traits, including stomatal
width (18.73%), stomatal index (18.47%), stomatal
density (16.62%), and stomatal length (16.35%).
These traits showed high representation quality
on PC1 (cos? = 0.80-0.92). PC2 was primarily
associated with epidermal protection traits,
particularly trichome density (37.55%) and trichome

index (33.77%). Leaf surfaces showed significant
differentiation along both PCA axes. Paired t-tests
showed that adaxial and abaxial surfaces differed
along PC1 (to = 9.27, p < 0.001) and PC2 (t20 =
4.60, p <0.001). PERMANOVA with permutations
restricted within species confirmed anatomical
separation between leaf surfaces (pseudo-F = 19.55,
R?=0.33, p = 0.001), and multivariate dispersion
did not differ between surfaces (PERMDISP F1,40 =
1.73, p = 0.20). Species including Dactyloctenium
aegyptium, Digitaria sanguinalis, and Echinochloa
crus-galli exhibited higher positive scores
associated with increased stomatal investment.

The ordination was based on seven
standardized  anatomical traits _after log
transformation. The first two principal components
explained 90.05% of total <variation " (PC1 =
70.21%, PC2 = 19.84%). Points represent
individual leaf surfaces (adaxial and abaxial),
with species labels indicating taxonomic identity.
Ellipses represent.dispersion of leaf surface groups,
and separation‘between surfaces was tested with
paired t-tests and PERMANOVA (see Section 3.5).

3.6. SEM-Based Characterization of Leaf
Epidermal Micromorphology

Scanning electron microscopy (SEM) showed
differences in leaf-surface micromorphology
among the 21 species (Figures 4-10). Each figure
shows three species, with the adaxial surface of each
species in the upper panel and the abaxial surface
in the lower panel. Abaxial stomata were recorded
in all species (Table 3). In surface view, they were
mostly dumbbell-shaped, but they varied in size,
outline and rim thickness, and in the sculpturing of
the surrounding cuticle. Several species also had
stomata visible on the adaxial surface in SEM (e.g.,
Figures 5(C), 7(C) and 9(C)), although the light-
microscopy counts recorded adaxial stomata in
only seven species (Table 3).

Figure 4 shows Agrostis stolonifera,
Alopecurus myosuroides and Arundo donax. The
adaxial surface of A. stolonifera (Figure 4(A))
is finely striated, with long ridges parallel to
the leaf axis, and no stomata can be seen at this
magnification. Its abaxial surface (Figure 4(B)) has
sinuous, irregular cell outlines and a granular cuticle,
with small, narrow stomata between the cells; Table
3 records sunken guard cells on this surface. In 4.
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Fig. 3. Principal component analysis showing variation in stomatal.and epidermal functional traits among Poaceae

species.

myosuroides, the adaxial view (Figure 4(C)) shows
an elliptic stomatal complex with a raised, smooth
rim and a narrow, slit-like pore in.a“folded cuticle.
The abaxial view (Figure 4(D)) shows a-stoma with
a lens-shaped aperture bordered by thick guard-cell
walls. Arundo donax looks different from the other
two. Its adaxial surface (Figure 4(E)) is coarse and
densely wrinkled, with scattered surface deposits,
which fits the-silicified epidermal cells noted in
Table 3. Its abaxial stoma (Figure 4(F)) is large,
with a long pore and thickened ledges, and this
species had the longest stomata in the data set (55.5
um; Table 3).

Figure 5 shows Bouteloua dactyloides, Chloris
gayana, and Chrysopogon zizanioides. The adaxial

surface of B. dactyloides (Figure 5(A)) is made
up of elongated, ridged cells, with an elongated,
tapering outgrowth lying along the surface. On
the abaxial surface (Figure 5(B)), a stoma with
a narrow, slit-like pore and a finely toothed rim
sits between cell ridges in the intercostal zone, as
recorded in Table 3. In C. gayana, stomata with
prominent, thick rims are sunk among strongly
folded cuticular ridges, so the surface looks deeply
sculptured (Figure 5(C)). At low magnification
(Figure 5(D)), the surface is covered with a dense,
uniform network of wrinkled cuticular folds, which
matches the thick, waxy cuticle recorded for this
species (Table 3). In C. zizanioides, Figure 5(E),
shows a stoma whose narrow pore is partly covered
by an irregular cuticular layer and surface deposit.

Table 4. PCA eigenvalues, explained variance, and cumulative variance of stomatal and epidermal traits among

Poaceae species.

Principal component Eigenvalue Variance explained (%) Cumulative variance (%)
PC1 491 70.21 70.21
PC2 1.39 19.84 90.05
PC3 0.53 7.50 97.55
PC4 0.13 1.83 99.39
PC5 0.03 0.47 99.86
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Fig. 4. SEM micrographs of the leaf epidermis. (A) Adaxial and (B) abaxial leaf surface of Agrostis stolonifera; (C)
adaxial and (D) abaxial leaf surface of Alopecurus myosuroides; (E) adaxial and (F) abaxial leaf surface of Arundo
donax. Magnification and scale bars are shown on each micrograph.

Figure 5(F) shows a strongly striated surface with
longitudinal ridges and elongated cells along the
veins, which fits its waxy cuticle (Table 3).

Figure 6 shows Cortaderia selloana,
Dactyloctenium  aegyptium  and  Digitaria
sanguinalis. The adaxial surface of C.iselloana
(Figure 6(A)) is covered with an irregular network
of raised cuticular ridges and“wax particles. Its
abaxial stoma (Figure 6(B)) has a thick, raised
rim and a slit-like pore, and the stomata of this
species were among the”largest measured (52.5

cil Vor il .

CRL UOP

X1,588  18xm

B ,

X1, S 188

um; Table 3). Dactyloctenium aegyptium has a
heavily folded; ridged adaxial surface with surface
deposits (Figure 6(C)). Its abaxial stoma (Figure
6(D)) \has" prominent, dome-shaped guard cells
around a lens-shaped pore, as recorded in Table
3. In D. sanguinalis, Figure 6(E) shows a stoma
with a smooth, raised guard-cell rim. Figure 6(F)
shows a long, tapering macrohair that rises from a
swollen base on a finely reticulate surface, which
agrees with the high abaxial trichome density of
this species (21.75 mm™; Table 3).

cay vop” CRL UOP
7

y*CRL . UDF

Fig. 5. SEM micrographs of the leaf epidermis. (A) Adaxial and (B) abaxial leaf surface of Bouteloua dactyloides;
(C) adaxial and (D) abaxial leaf surface of Chloris gayana; (E) adaxial and (F) abaxial leaf surface of Chrysopogon
zizanioides. Magnification and scale bars are shown on each micrograph.
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Fig. 6. SEM micrographs of the leaf epidermis. (A) Adaxial and (B) abaxial leaf surface of Cortaderia selloana; (C)
adaxial and (D) abaxial leaf surface of Dactyloctenium aegyptium; (E) adaxial and (F) abaxial leaf surface of Digitaria
sanguinalis. Magnification and scale bars are shown on each micrograph.

Figure 7 shows Echinochloa crus-galli,
Eleusine indica and Eragrostis pilosa. In E. crus-
galli, the stomatal complex has a thick, smooth rim
and an elliptic pore surrounded by cuticular ridges
(Figure 7(A)). On a reticulate surface, several
long, stiff macrohairs rise together from a swollen
basal cushion (Figure 7(B)), which fits the barbed
macrohairs recorded for this species. (Table 3).
Eleusine indica has many small stomataarranged in
longitudinal rows between wavy cell walls (Figure
7(C)). At low magnification, its surface is finely
wrinkled, with ‘a single prickle-like outgrowth

Fig. 7. SEM micrographs of the

near a vein (Figure 7(D)). Eragrostis pilosa has
elongated, parallel long cells with spindle-shaped
hairs“lying along the leaf axis (Figure 7(E)). On
its:abaxial surface (Figure 7(F)), small stomata are
arranged in rows between the long cells, and rows
of papillae run along some cell files. This agrees
with the papillate subsidiary cells and the high
abaxial stomatal density (177.5 mm2) recorded in
Table 3.

Figure 8 shows Lolium perenne, Oryza sativa
and Panicum virgatum. In L. perenne, two stomata

“CRL UOP

{
i~ ." i

leaf epidermis. (A) Adaxial and (B) abaxial leaf surface of Echinochloa crus-galli; (C)

adaxial and (D) abaxial leaf surface of Eleusine indica; (E) adaxial and (F) abaxial leaf surface of Eragrostis pilosa.

Magnification and scale bars are shown on each micrograph.
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Fig. 8. SEM micrographs of the leaf epidermis. (A) Adaxial and (B) abaxial leaf surface of Lolium-perenne; (C)
adaxial and (D) abaxial leaf surface of Oryza sativa; (E) adaxial and (F) abaxial leaf surface of Panicum virgatum.

Magnification and scale bars are shown on each micrograph.

with thick, raised rims and elliptic pores lie between
smooth, elongated cell ridges (Figure 8(A)). At
low magnification (Figure 8(B)), the surface is
evenly wrinkled and has scattered, short hair-like
outgrowths with swollen bases. Oryza sativa has a
strongly reticulate surface with irregular cuticular
ridges (Figure 8(C)). Its abaxial surface (Figure
8(D)) is made up of long, narrow eells in parallel
files, with scattered, spindle-shaped prickles along
the veins. In Panicum virgatum, both surfaces have
smooth, elliptic stomatal complexes with narrow,
lens-shaped pores, bordered by smooth long-cell
walls (Figure 8(E ‘& F)). The abaxial surface also
has small surface granules (Figure 8(F)).

B Wz, 500 18000 CRL UOP. m

Figure 9 shows =~ Phleum  pratense,
Schizachyrium. maritimum and Sorghum bicolor.
In P_pratense, several stomata with distinct guard-
cell rims ‘are scattered among irregular, ridged
cells with surface debris (Figure 9(A)). A single
abaxial stoma has guard cells partly overarched
by the surrounding subsidiary cells (Figure 9(B)),
which is the feature Table 3 records for this species.
Schizachyrium maritimum has many stomata with
elliptic outlines set among strongly folded cuticular
ridges (Figure 9(C)). At higher magnification, one
stoma has thick, rounded guard cells and a straight
pore (Figure 9(D)). Sorghum bicolor has a smooth
adaxial surface with fine, branching ridges (Figure

a1y 3
Fig. 9. SEM micrographs of the leaf epidermis. (A) Adaxial and (B) abaxial leaf surface of Phleum pratense; (C)

adaxial and (D) abaxial leaf surface of Schizachyrium maritimum; (E) adaxial and (F) abaxial leaf surface of Sorghum
bicolor. Magnification and scale bars are shown on each micrograph.
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9(E)). On its abaxial surface (Figure 9(F)), a small
stoma with a narrow pore is surrounded by dense,
granular wax deposits.

Figure 10 shows Sorghum halepense,
Thysanolaena maxima and Zea mays. The adaxial
surface of S. halepense (Figure 10(A)) has several
stomatal complexes among irregular cuticular
ridges and fine wax flakes. Each has a rectangular
to oval outline and raised rims around a narrow,
irregular pore. Its abaxial stoma (Figure 10(B)) has
thickened guard cells around a straight pore, and
the subsidiary cells cannot be clearly told apart
in surface view (Table 3). Thysanolaena maxima
have an elliptic stomatal outline on both surfaces
(Figure 10(C & D)), with a smooth, thick rim and a
wide, lens-shaped pore. This matches the ellipsoid
stomata and the large stomatal width (22.15-24.25
um) recorded in Table 3. At low magnification, Zea
mays have small stomata scattered between long
cells on both surfaces (Figure 10(E & F)). A large,
pointed macrohair is visible on the adaxial surface
(Figure 10(E)), in agreement with the macrohairs
recorded for this species (Table 3).

3.7. Overview of Trait Differentiation

Poaceae occupies environments ranging fromhumid
ecosystems to highly water-limited arid-landscapes
[4, 41]. The 21 species-studied here from Layyah
District differed markedly in'plant architecture and
leaf-epidermal: traits.  The first two morphological
PCA axes (19 species) explained 78.6% of trait

E oo CRL UOR m

Fig. 10. SEM micrographs of the leaf epidermis. (A) Adaxial and (B) abaxial leaf surface of Sorghum halepense; (C)
adaxial and (D) abaxial leaf surface of Thysanolaena maxima; (E) adaxial and (F) abaxial leaf surface of Zea mays.
Magnification and scale bars are shown on each micrograph.

variation and were dominated by plant size and
leaf dimensions, whereas the first two anatomical
PCA axes explained 90.05% of variation and were
dominated by stomatal size, density, and index.
Because neither environmental variables (e.g., soil
moisture, texture, or salinity) nor physiological
performance (e.g., stomatal conductance, water-
use efficiency, or drought survival) was measured,
the functional interpretations below are hypotheses
based on published trait—function relationships
rather than tested adaptations. Differences among
species may also partly reflect species identity
and phylogenetic history rather than local habitat
conditions.

3.8. Functional Differentiation of Poaceae
Species through Morphological Trait
Variation

Considerable variation 1in plant architecture
among the studied species may reflect contrasting
strategies of resource acquisition and conservation.
The -morphological PCA identified plant height,
leaf dimensions, internodal distance, and vegetative
structure as the dominant traits separating species.
Large-bodied grasses, including Arundo donax,
Cortaderia selloana, Sorghum bicolor, and Zea
mays, were strongly associated with positive PC1
scores, reflecting their larger size and greater
structural development. In contrast, smaller
species such as Bouteloua dactyloides, Agrostis
stolonifera,  Dactyloctenium  aegyptium, and
Digitaria sanguinalis occupied the negative region

CRL UOF K258+ 18840m CRL_MJOF

X158 188 um CRL UOP
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of PCI, reflecting compact growth forms. Large
plant size and extended internodes are commonly
associated with habitats where water and nutrients
are relatively abundant, as increased leaf area
and vertical growth enhance light capture and
competitive ability. The exceptional height and
internodal elongation of Arundo donax indicate
a strategy based on rapid biomass accumulation
and efficient resource exploitation, consistent with
observations that tall perennial grasses generally
dominate moist or nutrient-rich habitats [42, 43].
Conversely, published work suggests that reduced
stature and shorter internodes in drought-adapted
grasses may represent a conservative strategy
that minimizes water demand and maintains
physiological stability under stressful conditions
[44]. Smaller leaves reduce transpirational surface
area, whereas compact architecture decreases
hydraulic limitations during periods of moisture
scarcity.

Hierarchical clustering supported the main
PCA axis, separating four large grasses (Arundo
donax, Cortaderia selloana, Sorghum bicolor,
and Zea mays) from 15 smaller species, with.a
reasonable clustering structure (mean silhouette
width = 0.54). This grouping is consistent with
the range of grass strategies, from tapid resource
acquisition to stress tolerance, reported in other
studies [45, 46], although testing whether these
groups differ in_habitat or performance would
require environmental and physiological data.

3.9. Stomatal and Epidermal Differentiation
among Species and Leaf Surfaces

Leaf anatomical traits represent critical mechanisms
through which plants regulate carbon gain and
water loss, particularly under arid and semi-arid
conditions [47, 48]. The present study revealed
substantial interspecific variation in stomatal
architecture, density, and epidermal characteristics.
Anatomical PCA demonstrated that stomatal width,
stomatal index, stomatal density, and stomatal length
were the primary contributors to PC1, collectively
explaining the majority of anatomical variation
among species. Because stomatal size and density
set the maximum capacity for gas exchange, these
traits probably matter for gas exchange, although
their link to drought tolerance in these species
remains to be tested.

Adaxial and abaxial surfaces differed
consistently (Section 3.5), mainly because stomata
were absent from, or sparse on, the adaxial
surface of most species (Table 3). Most species
exhibited typical grass-type dumbbell-shaped
stomata, a characteristic feature associated with
rapid stomatal movement and efficient regulation
of transpiration. However, deviations from this
pattern, including rectangular stomata in Sorghum
halepense and ellipsoid stomata in Thysanolaena
maxima, may reflect species-specific modifications
of the stomatal complex. Studies of plants from
water-limited habitats have linked such anatomical
features to improved water conservation [49,
50]. A higher stomatal index and specialized
stomatal arrangements observed in species such
as Sorghum halepense and Thysanolaena maxima
may enhance regulation of gas exchange under
fluctuating temperature, and moisture conditions.
Previous studies have demonstrated that stomatal
size, density, and._distribution strongly influence
drought _tolerance by balancing photosynthetic
activity,with \transpirational water loss [51, 52].
Conversely, Agrostis stolonifera, a species typical
of'moister temperate habitats, had a low stomatal
index; whether this reflects weaker selection for
water conservation cannot be determined from the
present data [25, 53].

3.10. Trichomes, Epidermal Structures, and
Protective Traits

Variation in trichome density and epidermal
characteristics points to additional protective traits
in the studied species [54]. Trichomes contribute
to drought tolerance by reducing boundary layer
disruption, limiting excessive radiation exposure,
and providing protection against herbivory [55].
In the present study, Eragrostis pilosa, Sorghum
halepense, and Dactyloctenium aegyptium had the
highest trichome densities (Table 3), which may
provide protection in dry and exposed habitats.
Similar protective roles of trichomes have been
documented in grasses growing under high-
temperature and water-limited conditions [56, 57].

SEM  observations  further  revealed
considerable diversity in epidermal architecture,
including silica bodies, papillae, cuticular ridges,
and specialized surface structures. Species such
as Arundo donax and Cortaderia selloana showed
silicified or lignified epidermal cells and protective
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surface modifications, which may reduce water
loss and increase mechanical resistance. Silica
deposition and cuticular reinforcement represent
important evolutionary strategies in grasses,
providing both mechanical protection and improved
water conservation [17, 58].

Waxy surfaces and thick cuticles in several
species are consistent with tolerance of high
evaporativedemand, although cuticularpermeability
was not measured. Such modifications reduce
uncontrolled water diffusion through epidermal
surfaces  while maintaining  photosynthetic
efficiency. Similar relationships between epidermal
specialization, drought resistance, and herbivore
defence have been reported across xeric grass
ecosystems [59, 60].

3.11. Xeromorphic Epidermal Traits and Cs
Photosynthesis in Poaceae

Several species showed epidermal characteristics
usually described as xeromorphic. Lignified
and silicified epidermal cells and specialized
guard cell structures (lignified ledges and silica
caps) observed in Arundo donax and Cortaderia
selloana, together with apparently sunken guard
cells in Agrostis stolonifera (Table 3),'are features
commonly associated with _reduced transpiration.
Because SEM records-only ‘the leaf surface, the
depth of stomatal-sinking 'should be confirmed
with transverse| sections. Such traits could be
advantageous in Layyah, where high summer
temperatures ‘and irregular rainfall are expected
to favour water conservation, but this hypothesis
requires physiological testing.

Several of the studied species, including
Panicum virgatum, Schizachyrium maritimum,
Sorghum bicolor, and Zea mays, are known Ca
grasses [5, 28]. Kranz anatomy, however, is an
internal leaf feature that cannot be assessed from
epidermal SEM images, so it was not evaluated in
this study; transverse leaf sections would be needed
to link the epidermal traits reported here with
Kranz-type organization. Cs metabolism provides
a physiological advantage by maintaining high
photosynthetic efficiency while reducing water
loss, making these species particularly successful in
warm semi-arid environments [61, 62]. Guard cell
and subsidiary cell morphology also differed among
species. In Sorghum bicolor, specialized subsidiary

cell structures may facilitate rapid stomatal
responses, improving regulation of water loss
during heat stress. Similar relationships between
stomatal architecture and hydraulic efficiency have
been reported in drought-resistant grasses [25, 63].

3.12. Potential Ecological and Agricultural
Relevance

Differences in plant architecture and leaf-epidermal
traits suggest that the species could occupy
different niches. Structural diversity within grass
communities has been linked elsewhere to soil
protection, nutrient cycling, and resilience to
climatic fluctuations [64, 65]. These functions were
not measured here, so the links remain untested for
Layyah. Several studied species also have direct
agricultural importance. Zea mays, Sorghum bicolor,
and Oryza sativa represent globally important crops
whose anatomical Araits ‘influence productivity
under changing(climates! Published studies show
that stomatal ‘control of water loss contributes
to their,performance under drought [66, 67]; the
epidermal data presented here provide a baseline
for comparing these crops with co-occurring wild
grasses. Additionally, extensive root systems of
grasses improve soil stability, reduce erosion, and
enhance water retention, making Poaceae essential
components of sustainable agroecosystems in semi-
arid regions [7, 68].

This study has several limitations that should
be considered when interpreting the results. First,
morphological and foliar traits were measured in
only three individuals per species. Although this
sampling provides an initial basis for interspecific
comparison, the limited replication may not fully
capture within-species variation; therefore, species-
level trait estimates should be interpreted cautiously.
Second, each species was sampled once, during
its flowering period, precluding an assessment of
seasonal variation in leaf traits, including stomatal
density. Third, scanning electron microscopy (SEM)
provided information on leaf-surface characteristics
but did not reveal internal anatomical features, such
as Kranz anatomy or the degree of stomatal sinking,
which require transverse leaf sections. Fourth,
environmental variables and physiological attributes
were not measured, limiting our ability to establish
relationships between observed trait differences,
habitat conditions, and plant performance.
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Inaddition, specimen-level habitat information
was notrecorded systematically, preventing rigorous
comparisons of traits among the four habitat types
represented in the study. Future studies should
address these limitations through larger within-
species sample sizes, repeated seasonal sampling,
systematic recording of habitat conditions, and
anatomical analyses of transverse leaf sections.
Integrating environmental measurements with
physiological assessments, including stomatal
conductance and water-use efficiency, would
further help evaluate the ecological significance
of the observed trait variation and test potential
trait-environment relationships. Despite these
limitations, the 21 Poaceae species examined from
Layyah District exhibited interspecific variation
primarily in plant-size-related, stomatal, and
trichome traits, alongside consistent differences
between the adaxial and abaxial leaf surfaces. These
findings provide a comparative morphological and
foliar-anatomical baseline for further taxonomic
investigation and generate hypotheses regarding
the potential relationships between grass functional
traits, habitat conditions, and drought adaptation.
However, these ecological interpretations
require further testing using directly measured
environmental and physiological data.

4. CONCLUSIONS

The 21 Poaceae-species) from Layyah District
exhibited substantial yariation in plant architecture
and leaf epidermal characteristics. In the 19 species
with complete data, plant height, node number, leaf
dimensions, and internodal distance separated four
large grasses from 15 smaller species. Stomatal size,
density, and index were the principal epidermal traits
differentiating species, with consistent differences
between adaxial and abaxial leaf surfaces. Scanning
electron microscopy further revealed variation in
trichomes, silica bodies, papillae, and cuticular
features, providing valuable taxonomic evidence
for interspecific comparisons. Although some of
these characteristics are associated with water
conservation, their adaptive significance remains
untested because environmental conditions and
physiological performance were not measured.
This study establishes a comparative baseline
for the morphological and foliar characterization
of Poaceae in Layyah District. Future research
integrating larger sample sizes, habitat assessments,
transverse leaf anatomy, and physiological

measurements will help clarify trait-environment
relationships and evaluate potential contributions
to drought tolerance.
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