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Preface to “Recent Progress in Plant Taxonomy and
Floristic Studies”

There is a relentless human need to understand life by tracing the historical development of the
discipline of plant sciences, the part of natural science that covers traditionally treated plants.

The history of plant taxonomy and floristic studies—the botanical classification of plants into
different groups and their distribution in different natural habitats and evolution—stretches from
the work of ancient Greeks to modern evolutionary botanists and plant scientists. As an area of
science, plant systematics came into being slowly, with early plans usually being considered as part
of the research on medicine or drugs. Later on, classification, description, and evolution were driven
through natural biology and natural history. Until the discovery of the theory of evolution, almost all
classifications and descriptions were based on natural history and natural biology. Botany in the 18th
and 19th centuries made significant advancements toward a more holistic classification methodology,

eventually based on evolutionary relationships.

Alessio Papini, Mushtaq Ahmad, Fazal Ullah, and Wajid Zaman
Editors
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Abstract: Ricinus communis L. (Euphorbiaceae, Acalyphoideae) is a highly variable species known
as the castor oil plant. This study aimed to describe R. communis using several methodologies, such
as vegetative morphometry, leaf surface ultrastructure, soil analysis, and gas chromatography-mass
spectrometry (GC-MS) analysis, to understand the diversity of this species. The morphological
analysis revealed that some samples had purple stems while others were grayish-green. The purple-
stemmed R. communis phenotype reflects the intra-specific diversity of the species. The multivariate
analysis of 25 R. communis samples based on 34 vegetative morphometric characteristics revealed that
they belonged to three main groups (morphotypes). Each group attained some specific characteristics
discriminating it from the other groups. Selected samples from each group were investigated
using SEM, soil analysis, and GC-MS. The performed GC-MS technique revealed that six major
compounds were detected in the chromatograms of the studied samples. The highest percentages of n-
Hexadecanoic acid and 9,12,15-Octadecatrienoic acid were recorded. Ricinus communis demonstrated
adaptive growth capability, where plants inhabiting coastal sites are salt-sensitive, while inland
plants are relatively drought-tolerant species. The intra-specific variation between R. communis
morphotypes indicated the possibility of the direct and indirect use of these varieties in genetic
improvement programs of the species.

Keywords: Gas chromatography-mass spectrometry (GC-MS); leaf; morphometry; morphotype;
Ricinus communis; SEM; stomata

1. Introduction

Ricinus communis L. is known as the castor oil plant [1]. It is a perennial oilseed
shrub that belongs to the Euphorbiaceae family and subfamily Acalyphoideae [2—4]. The
species originated in Africa and is currently cultivated in many tropical and subtropical
regions around the world [5]. The plant is a high protein source for animal feedstock
and can be cultivated as a garden ornament [6]. The castor bean plant has earned in-
creasing attention due to its commercial castor oil production, pharmacological activ-
ities, and agricultural applications [7]. The species was reported to possess therapeu-
tic properties, such as antiasthmatic, antidiabetic, anticancer, antioxidant, antimicrobial,
anti-inflammatory, antiulcer, wound healing, and laxative effects [8-14]. According to
Abbes et al. [15], castor seeds contain a toxic glycoprotein called ricin, which is regarded as
a potent poison. The leaf and seed extracts of R. communis have larvicidal activity against
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mosquitoes [16]. It contains ricinine in all parts of the plant which is considered a strong
insecticide [17]. Leaf extracts of R. communis were effective against the replication of the
hepatitis A virus [18]. Mboyazi et al. [19] reported that extracts of R. communis leaf have
proved to be a safe source of therapeutic agents. Since R. communis oil has a high ricinoleic
fatty acid content, it is now used in biofuel production [20].

This species can be self- and cross-pollinated, containing a large amount of pollen
biomass per flower, which contributes generously to the plant’s distribution [21]. However,
Allan et al. [22] reported that castor bean germplasm had limited genetic diversity. In
contrast, Anjani [23] mentioned that many wild and semi-wild types with wide genotypic
and phenotypic diversity resulted from natural selection in various agro-climatic regions.
Nevertheless, the plant’s morphological characteristics vary greatly depending on the
environment. This highly variable species can be classified into wide varieties and forms
based on different vegetative and floral morphological characteristics [24-30]. Despite that,
limited leaf characteristics of R. communis were reported in those previous works. Although
there are several forms with distinctive characteristics, they are closely related through
intermediate forms and hybridization [29,31]. Investigating the leaf’s micromorphological
characteristics—epidermal cells and stomata—explains the plant responses to abiotic and
biotic stresses [32]. Stomata mediate interactions and act as channels between plants and
the environment [33].

Analyzing soil in different sites identifies the soil’s chemical, physical, and biological
characteristics and determines the concentration of soil nutrients [34]. Soil pollutants released
by anthropogenic activities endanger the stability of biological systems [35]. Nazzal et al. [36]
considered copper, iron, manganese, and zinc as major soil contaminants. Plants growing in
such contaminated soils have developed defense mechanisms for toxic metal ions [37]. Heavy
metal precipitation and mobilization in soil may be due to the uncontrolled discharge of wastes
during industrialization or agricultural activities that affects the metabolism of plants [38—41].
Tyagi et al. [42] studied the impact of industrial pollution on R. communis compared to a plant
grown in unpolluted natural areas. Ricinus communis can thrive in heavy-metal-contaminated
soils [43] and function as a biosensor of environmental quality because of its massive growth
and large leaf area, which aids in pollution detection [44]. Thus, it is a possible candidate for
environmental restoration and bioremediation [45].

The essential oil isolated from R. communis leaves could be used in the formulation
of natural remedies [46]. Mboyazi et al. [19] mentioned that harvesting R. communis at
different geographic locations could yield various phytochemicals with potential thera-
peutic significance. Major compounds have been detected in castor leaf extract with the
help of GC-MS analysis, such as octadecanoic acid, n-hexadecanoic acid, 1-hexadecanol,
triethyl citrate, 2-Methyl, diethyl phthalate, 3-octadecene, «-thujone, and 1,8-cineole [17,46].
Meanwhile, long-chain fatty acids and their derivatives were detected in the castor seed oil
of some cultivars, such as oleic acid, palmitic acid, and linoleic acids [17,47].

Leaf traits are frequently measured to predict how anthropogenic pressures will affect
ecosystems [48]. The leaf oil composition of R. communis has been insufficiently studied
compared to its seeds, which was extensively studied [6,49-53]. Accordingly, this study
aimed to describe its leaves using different approaches to understand the diversity of
this species and how environmental conditions may affect its morphological traits and
chemical composition. Thus, several methodologies were used to characterize this plant in
different locations in Egypt, such as vegetative morphometry, leaf surface ultrastructure,
soil analysis, and gas chromatography-mass spectrometry (GC-MS) analysis.

2. Materials and Methods
2.1. Plant Materials and Vegetative Morphometry

Twenty-five R. communis samples were gathered from eleven sites in the western
Mediterranean coastal desert of Egypt (Table 1, Supplementary Figure S1). From each
shrub, ten leaves were collected from different branches. Measurements of the third and
fourth healthy undamaged leaves from the top of the stem were carried out to minimize
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variation due to different stages of leaf growth. Voucher specimens were deposited in
ALEX University Herbarium, Alexandria, Egypt. Image] program (version 1.51j8) was used
to measure the quantitative characters [54]. Leaves with a number of lobes above ten were
disregarded in this study. The central lobe (first lobe) was measured, while the lateral lobes
were represented as an average of the two similar lobes, as well as the lobe sinus (depth
between every two lobes) (Figure 1). The terminology of Singh [55] and Beth et al. [56] was
used, the categories of leaf area were described according to Ash [57], and the plant stature
was ranked based on the study of Silva et al. [27].

Table 1. Localities and coordinates of Ricinus communis samples from Egypt.

Site Sample No Coordination Location
onnl A il o Anl1m off Mehwar Al-Ta’ameir, about 700 m from kilo 26 wastewater

! - 3170240.57 N 2974271397 E treatment plant, and 26 km from West Alexandria.

36 km from Alexandria—Matrouh International Coastal Road, and
u onn/ 1 ong! " ’

2 7 31700°00.07 N 29°36'35.27 E 200 m from Amoun Resort, Sidi Kirayr.

3 8.9 30°59'19.3" N 29°35/27.2" E 3? l.<m.from Alexandria—Matrouh International Coastal Road,
Sidi Kirayr.

4 10-11 30°49'19.5” N 29°11’47.8” E Omayed Biosphere Reserve, Alexandria Desert Road.

5 12-13 30°49'16.4" N 29°11/49.9" E 1 km from East Omayed biosphere reserve, Alexandria
Desert Road.

6 14-15 30°52/07.4” N 29°20'20.3" E InterrTatlonal Coastal Road, 5 km west of El Hammam Central
Hospital, El Hammam.

v 16 30°52/50.7" N 29°22'07.9" E International Coastal Road, 2 km west of El Marwa Resort, El
Hammam, Egypt.

8 17-19 31°00'43.6” N 29°38'04.7” E 175 m from South Sidi Kirayr Bridge.

9 20-21 30°56'57.6" N 29°4127.5” E 3 km from Borg-El Arab International Airport, Borg El-Arab.

10 29-23 30°56/50.7" N 29°50'31.9" E Calro.—Alexandrla Desert Road, 7 km south of Amaria General
Hospital, second Al Amaria.

1 2405 30°56/14.3" N 29°50'57.9" E Cairo—Alexandria Desert Road, 11 km south of Amaria General

Hospital, second Al Amaria.

’First lobe (Central lobe)

Second lobe

Third lobe

Third lobe

Fourth lobe

Fourth lobe

Fifth lobe

Fifth lobe

Figure 1. Description of leaf morphological traits in Ricinus communis. The yellow arrow indicates
the lobe sinus (depth between two lobes).
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2.2. Leaf Surface Ultrastructure (SEM)

The leaf surface micromorphology was investigated for six R. communis samples (4,
8,11, 12, 17, and 22). These samples were selected from the three major subclusters that
resulted from the multivariate analysis of the macromorphological data. Both the abaxial
(AB) and adaxial (AD) leaf surfaces were mounted on the copper sample holder with double-
sided adhesive tape. The samples’ coating was completed with gold in a Polaron JFC-1100E
coating unit for 5 min. Firstly, the leaves were examined using a stereomicroscope and
directly observed under a JEOL JSM-IT200 Scanning Electron Microscope (Tokyo, Japan) at
the Electron Microscopy Unit of the Faculty of Science, Alexandria University, Alexandria,
Egypt. Twenty-seven quantitative and qualitative characteristics were studied for both
leaf surfaces. The quantitative traits included stomatal count at 2560 x 1920 um? as well
as stomatal and epidermal size parameters. Measurements were made by using Image]
(1.51j8) [54]. The terminology of Barthlott et al. [58] was used.

2.3. Soil Sampling and Elemental Analysis

A total of thirty-three soil samples were collected for the eleven studied sites (three
subsamples per site). According to Piper’s method [59], every three subsamples were
mixed as a composite sample. Six samples corresponding to six sites (1, 3-5, 8, and 10)
were selected based on the multivariate analysis of the vegetative traits. Then, the samples
were crushed into small pieces using a mechanical crusher and dried overnight at 35 °C to
a constant weight. The dried samples were ground to fine powder, and then the powdered
samples were sieved using a standard set of sieves to diameters <125 and >63 um. Every
powdered sample was shaken using an electric shaker to be sure that the sample was
homogenized. The saturation percentage (SP) was identified as the amount of water in
milliliters needed to saturate 100 g of soil. Soil pH was measured in a soil-water ratio of 1:2.5
by using a pH meter (PB-21, Sartorius, Géttingen, Germany). Soil organic matter (SOM)
was examined using the potassium dichromatic oxidation titration technique, according to
Walkely and Black [60].

The available nitrogen (N) was determined using the Kjeldahl method with a Kjeldahl
analyzer (Kjeltec TM8200, FOSS, Shanghai, China) [61]. The available phosphorus (P) was
digested using perchloric and sulfuric acids, then was analyzed using the molybdenum
antimony blue colorimetric method [62]. According to Hanway and Heidel [63], the
available potassium (K) was digested using ammonium acetate and analyzed via atomic
adsorption spectrometry. In order to determine the metal soil contents, the solutions were
subjected to inductively coupled plasma-optical emission spectroscopy (ICP-OES; Agilent
5100 VDV, Santa Clara, CA, USA). The contents of Zn**, Ca*™, Cu**, K*, Mg** and Na*,
were computed as parts per million (ppm). Flow rates of plasma, auxiliary, and nebulizer
of ICP-OES were kept at 12, 1, and 0.7 mL min~!, respectively. The sample uptake and
stabilization time was 10 s for each sample.

2.4. Gas Chromatography-Mass Spectrometry (GC-MS) Analysis
2.4.1. Preparation of Plant Extracts

The fresh R. communis leaves were shade-dried until the samples became well-dried
for grinding. After drying, the plant materials were ground well into a fine powder using a
mechanical blender, and then were dried under shade and ground again. The dried plant
material was soaked in hexane and then concentrated to dryness using a rotary evaporator
at 40 °C [64].

2.4.2. GC-MS Analysis Conditions

The GC-MS analysis was carried out for the six selected samples (1, 3-5, 8, and 10) by
using gas chromatography-mass spectrometry with the following specifications: a TRACE
GC Ultra Gas Chromatographs (THERMO Scientific Corp., Waltham, MA, USA) coupled
with a Thermo mass spectrometer detector (ISQ Single Quadrupole Mass Spectrometer).
The GC-MS system was equipped with a TR-5 MS column (30 m x 0.32 mm i.d., 0.25 pm
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film thickness). The column oven temperature was initially maintained at 150 °C for 2 min,
and then increased at 1 °C/min to 210 °C, and next was sustained at 220 °C for 40 min.
The injector and detector temperatures were 275 °C and 220 °C, respectively. The carrier
gas was helium, with a flow rate of 1.5 mL/min [65]. The quantities of the phytochemicals
detected in the extracts were expressed as percentages from the total extract (area %). The
identification of the compounds was de-convoluted using AMDIS software and identified
by its retention indices (relative to n-alkanes C8-C22), and mass spectrum matching to the
Wiley spectral library collection and NSIT mainlib and replib databases.

2.5. Data Analysis

Different software was used to analyze the data, including Excel 365, Minitab version
20, and R software (Vienna, Austria); the latter had the necessary packages loaded [66]. The
mean and standard deviation were computed as descriptive statistics for each component.
Based on several measurable qualities, interpretive multivariate statistics were employed
to divide the 25 samples into many homogenous groups.

The similarity and dissimilarity between and among samples were visualized using
the “pheatmap” and “ggplot2” packages [67,68]. The color scale varied depending on how
much the studied readings differed. According to Viscosi and Cardini [69], a red color
implies a high degree of similarity between accessions, whereas a blue color denotes a low
degree of similarity. Following the normalization and scaling of various variables using
R-software, agglomerative cluster analysis was performed using Ward’s linkage approach
and Euclidean distance measurement. Installing the “factoextra” and “ggplot2” packages
in R allowed for the creation of a scatter diagram using principal component analysis (PCA)
to display the distance matrices [70].

The correlation coefficients for the association between the two variables were obtained
and displayed using the “Corrplot” package [71]. White with a 0 shows no link between
the two variables, whereas blue with a 1 suggests a high positive correlation. Red with a
—1 indicates a significant negative correlation.

Utilizing Minitab 20, the optimal approach was used to apply the Box—-Cox transforma-
tion for dependent variables that are not normal. Under the general linear model, several
comparisons were made using one-way and two-way analysis of variance (ANOVA). Re-
sults demonstrated a satisfactory fit for several models, and after data transformation,
normal residual probability plots displayed a linear attitude for all studies. p-values were
measured as significant at (p < 0.05). Tukey’s test for pairwise comparisons was used to
conduct a post hoc analysis of all group interactions. The post hoc analysis results are
shown as letters, with the same letter indicating no significant difference between groups
and different letters indicating significant differences between groups.

3. Results
3.1. Vegetative Morphometry

The descriptive and qualitative data of the vegetative morphometry are illustrated in
Table 2 and Supplementary Table S1. Ricinus communis is a shrubby plant, and its height
varied from 1.02 m in sample 5 to 3.72 m in sample 24. The plant’s stature was categorized
as very tall, “>2.50 m” (Figure 2a); tall, “2.0-2.5 m”; medium, “1.51-2.0 m”; and short,
“1.0-1.5 m” (Figure 2b). The stems were smooth, glabrous, and with divergent branches
sometimes covered by wax (Figure 2a,b). Stems were mostly greyish-green (Figure 2a),
except for samples 1-4, 12-13, and 20-21, which had purple ones (Figure 2b). Each shrub
had both condensed and elongated internodes. The petiole was green or purple and
inserted sub-basally to the leaf at 9.85% to 26.14%. The leaf petiole length ranged from
5.58 cm to 39.8 cm (in samples 10 and 19, respectively), and the petiole length ratio varied
approximately from half to about one and a half times the leaf length.
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Table 2. Descriptive quantitative data of Ricinus communis vegetative morphometry.

Variable Mean + StDev SE Mean Min. Q1 Median Q3 Max. IQR
Plant length (m) 2144 +0.725 0.145 1.02 1.57 2.03 2.7 372 1.13
Petiole length/leaf length ratio ~ 0.9756 - 0.2785 0.0557 0.49 0.755 1.01 1.155 1.54 0.4
Petiole attachment (%) 18.302 + 2.838 0.568 11.76 1631 17.65 20.805 23 4.495
Leaf area (cm?) 178.7 4 90.9 182 529 112.1 151.8 251 352.9 1389
Leaf incision (%) 63.796 + 4.454 0.891 54.82 61525 6377 65.755 744 423
Leaf length (cm) 19351 + 4.722 0.944 11.6 15.805 18.42 23.38 27.49 7.575
Leaf width (cm) 20.57 +5.33 1.07 123 16.82 19.62 25.38 30.52 8.55
Leaf length/width ratio 0.9444 +0.03318  0.00664 0.88 0.92 0.94 0.97 1 0.05
First lobe length (cm) 1351 + 3.366 0.673 8.22 10.775 13.63 16.495 20.06 5.72
First lobe width (cm) 4579 + 1217 0.243 217 3615 453 5515 7 19
First lobe length/width ratio  3.0224 + 0.3283 0.0657 243 2.785 3 3.205 3.97 0.42
Second lobe length (cm) 12.505 + 3.161 0.632 7.55 10.09 11.83 15.04 18.84 4.95
Second lobe width (cm) 3.864 + 1.019 0.204 1.97 326 3.69 462 551 1.36
Second lobe length /width ratio ~ 3.3036 - 0.2736 0.0547 2.75 315 33 3.46 415 0.31
Third lobe length (cm) 10.855 + 2.924 0.585 6.64 8.765 10.03 13.445 16.62 4.68
Third lobe width (cm) 3.075 + 0.893 0.179 1.72 252 292 3.865 472 1.345
Third lobe length/width ratio  3.6092 - 0.29 0.058 294 339 3.66 3.825 417 0.435
Fourth lobe length (cm) 8.916 + 2.588 0.518 493 7.14 8.34 11.095 13.69 3.955
Fourth lobe width (cm) 239 £ 0.757 0.151 1.25 1.93 226 2.77 378 0.84
Fourth lobe length/width ratio ~ 3.8452 4 0.378 0.0756 3.08 3.54 3.79 4.16 4.59 0.62
Fifth lobe length (cm) 6.933 + 2187 0.437 35 5.045 6.46 9.135 1021 409
Fifth lobe width (cm) 1.739 + 0.583 0.117 0.88 1.225 1.72 2.195 28 0.97
Fifth lobe length/width ratic ~ 4.103 + 0.508 0.102 3.29 3.725 4.06 444 533 0.715
Depth between firstand second 4 g6 1 gg7 0.207 15 3.682 4617 6.029 9.19 2.348
lobe (cm)
Depth between second and 4.68 + 1.69 0.194 1.559 3524 4435 5.472 8.902 1.948
third lobe (cm)
E);zt?crl;e)tween third and fourth 5 55 4 1 459 0.171 1.313 2.697 3.643 4.797 7.609 2.099
Depth between fourthand fifth 5 55 1 1g) 0.136 0.98 2.043 2817 3.848 6.204 1.805

lobe (cm)

Figure 2. (a,b) Photographs of Ricinus communis: (a) very tall grayish-green stem showing both
condensed and elongated internodes (sample no 7), (b) short purple-waxy stem (sample no 4).
(c—e) Dried herbarium leaves of the plant: (c) mesophyll blade with lanceolate lobes (sample no 11)
and (d,e) macrophyll blade. (d) First, second and third lobes are oblong and the fifth is lanceolate
(sample no 24). (e) First, second and third lobes are lanceolate and the fifth is linear-lanceolate (sample
no 17). Scale bar = 30 cm (a,b); 4 cm (c—e).
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Leaves were alternate, green, glabrous, more or less flat, and elliptic, and their size
was 7.10-32.57 x 7.89-34.39 cm (Table 2). The leaf area ranged from 225.14 to 5000.19 mm?,
where the leaf blade classes fell into the mesophyll (225-1820 mm?) and macrophyll
(<1820 mm?) categories (Table 2). Ricinus communis leaves are symmetric or asymmet-
ric, with a variable number of lobes in the same shrub; 7 to 13 lobes. Leaves are simple and
lobed with a palmatipartite incision. The incision percentage of the leaf represents 52.28 to
80.64% (in samples 1 and 21, respectively), with a curved sinus.

The first lobe (central lobe) size was 4.86—24.41 x 1.49-7.83 cm, the second pair size
was 4.60-21.49 x 1.26-7.29 cm, and the third pair size was 3.86-17.84 x 1.01-6.15 cm. The
latter lobes had oblong or lanceolate shapes. Generally, the fourth and fifth pairs attained
lanceolate lobes; their sizes were 2.97-14.61 x 0.58-4.62 cm and 2.35-12.61 x 0.51-3.47 cm,
respectively (except sample 17 which had linear-lanceolate fifth lobe). Each lobe had a
prominent vein, acuminate apex, and serrate margin. The leaf teeth were straight or curved
with 4 to 7 orders.

3.2. Multivariate Analysis

Twenty-five samples of R. communis were subjected to cluster analysis based on 34
quantitative and qualitative vegetative morphological characteristics. The agglomerative
cluster analysis revealed two major clusters (Figure 3a). The first cluster represented group
1, which contained nine samples collected from sites 1, 3, 6, 7, 8 and 11. The second major
cluster was divided into two subclusters; groups 2 and 3. Group 2 also comprised nine
samples from sites 1, 2, 5, 8, 9 and 10, while group 3 contained the remaining samples
from sites 2, 4, 6,9, 10 and 11. The heatmap (Figure 3b) exemplified the overall variations
between the investigated samples.

Cluster Dendrogram
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Figure 3. (a) Agglomerative cluster analysis of Ricinus communis based on 34 vegetative morpho-
metric characters. Red asterisks show the six investigated samples using SEM. (b) Heatmap of
Ricinus communis based on 34 vegetative morphometric characters.
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The principal component analysis (PCA) performed for the twenty-five samples
(Figure 4), based on 27 quantitative characters, revealed that the first axis (Dimension
1) scored 56.5%, followed by the second axis (Dimension 2) that accounted for 12.8% of
the total variation. The first axis separated group 1 and sample 6 (belonging to group
2) from groups 2 and 3. The second axis split samples of group 1 (except 16 and 24),
samples 4, 5, and 18 of group 2, and samples 10, 11, and 20 from group 3. The significant
characteristics attributed to the ordination of dimensions 1 and 2 and their correlation
values are summarized in Table 3. For dimension 1, the highest contribution was for the
leaf area (0.987), and the lowest was for the leaf length/width ratio (0.425). In contrast,
dimension 2 recorded a higher correlation for the third lobe length /width ratio (0.818), and
the lowest was the fifth lobe length /width ratio (0.463).

PCA - Biplot

Second.lobe ratiw:w\ Third.lobe |5atiw:-

= Groups

g Group1
: Group2
E EI Group3

Petiolg altta-:hmem

i

0
Dim1 (53.6%)
Figure 4. Principal Component Analysis (PCA) of 25 Ricinus communis samples based on 27 quan-
titative morphometric characters with the correlation between different variables and the first two
components. Length of the variable arrow representing the importance of different variables where
longer arrows contribute the most to the discrimination of the three groups.

Table 3. Principal component analysis (PCA) with their Eigenvalues and variance for Ricinus communis
based on 27 quantitative morphometric traits.

Dimension 1 r Dimension 2 r

Leaf area (cm?) 0.987 Third lobe length/width ratio 0.818
Depth of third and fourth lobe (cm) 0.984 Second lobe length /width ratio 0.793
Second lobe width (cm) 0.980 Fourth lobe length/width ratio 0.691
Third lobe width (cm) 0.980 First lobe shape 0.679
Fourth lobe length (cm) 0.980 First lobe length /width ratio 0.651
Third lobe length (cm) 0.978 Second lobe shape 0.626
Depth of fourth and fifth lobe (cm) 0.9745 Third lobe shape 0.555
Leaf width (cm) 0.973 Fifth lobe length /width ratio 0.463
Leaf length (cm) 0.970 Petiole attachment (%) —0.613
First lobe length (cm) 0.970

Second lobe length (cm) 0.970

Fourth lobe width (cm) 0.967

Depth of second and third lobe (cm) 0.966

Depth of first and second lobe (cm) 0.953

Fifth lobe length (cm) 0.948

First lobe width (cm) 0.932
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Table 3. Cont.

Dimension 1 r Dimension 2 r

Fifth lobe width (cm) 0.887

Blade class 0.878

Leaf incision (%) —0.568

Leaf length/width ratio —0.425

Eigenvalue 17.68 Eigenvalue 4.640
Variance % 53.59 Variance % 14.06
Cumulative variance % 53.59 Cumulative variance % 67.66

According to the cluster analysis, a one-way ANOVA was performed for the three
resulting groups to indicate the statistically significant morphological characters (Table 4).
There was a significant difference between the three studied groups for the following traits:
leaf length, width and area, first lobe width, second lobe length and width, third lobe length
and width, fourth lobe length and width, fifth lobe length and width, depth between first
and second lobe, depth between second and third lobe, depth between the third and fourth
lobe and depth between fourth and fifth.

Table 4. One-way ANOVA results and pairwise comparisons between the three groups of
Ricinus communis showing the significant morphological traits. Groups that share same letters are
non-significant, while different letters represent significantly different groups.

Variable Group 1 Group 2 Group 3
Plant length (m) 2207 +£0.7212 1931 £0.722 2.403 £0.764 2
Petiole length/leaf length ratio 091 £0.2776 2 0.962 £ 0.262 2 1.097 £ 0.316 2
Petiole attachment (%) 17.824 £ 24172 19.165 £ 2.671% 17.58 £3.742
Leaf area (cm?) 283.7 £ 5022 14557 £17.9° 76.61 +22.31°¢
Leaf incision (%) 60.75 + 3.64 P 64.74 + 4.19 66.8 +3.622

Leaf length (cm)

Leaf width (cm)

Leaf length/width ratio
First lobe length (cm)

First lobe width (cm)

First lobe length /width ratio
Second lobe length (cm)
Second lobe width (cm)

Second lobe length /width ratio

Third lobe length (cm)

Third lobe width (cm)

Third lobe length /width ratio
Fourth lobe length (cm)

Fourth lobe width (cm)

Fourth lobe length /width ratio
Fifth lobe length (cm)

Fifth lobe width (cm)

Fifth lobe length /width ratio

Depth between first and second lobe (cm)
Depth between second and third lobe (cm)
Depth between third and fourth lobe (cm)
Depth between fourth and fifth lobe (cm)

24523 +£1.792
26.493 +2.3182
0.92333 £ 0.01936 2
17.168 +1.489 2
5.801 £ 0.5752
2991 +£0.303 2
15.961 £ 1.587 2
4937 £0.496 2
3.2778 +0.2954 2
14.174 £1.4022
4.047 £0.5412
3.57 +£0.358 2
11.871 £1.1222
3.198 £ 0.517 2
3.801 +0.403 2
9.416 + 0.586 2
2.303 £0.3952
4252 +0.632
6.744 1+ 0.866 2
6.322 +£0.7722
5.403 4+ 0.567 2
42+05122

18.393 + 1.409 b
19.281 + 1.459 P
0.958 + 0.02974 2
12.832 £ 1.016°
4412 4+ 0.549°
2.968 + 0.2523 2
11.839 + 0.699 P
3.672 £0319b
3.275 4+ 0.1203 @
10.009 + 0.645 P
2.832 +0.243P
3.607 4+ 0.2132 2
8.121 + 0.689 P
2.183 4+ 0.1863 P
3.812 + 0.3083 2
6.249 + 1.029 b
1.641 + 0.338 P
3.923 +0.4152
4.494 4 0.488"°
43113 £ 0.3129 P
3.5332 £ 0.2429 b
2.7431 4+ 0.1295 P

13.19 £ 1.676 ¢
13.813 £ 1.622 ¢
0.9533 + 0.0427 @
9.152 + 1.081P
3.023 +0.624¢
3.16 £ 0.4754
8.432 + 0.861 ¢
2577 £ 0.526 ¢
3.39 4+ 0.426 2
7.285 + 0.769 €
2.023 £0.334°¢
3.672 £0.332
5.81 4+ 0.845¢
1523 +0.315°¢
3.967 +0.482
435+ 0.681°¢
1.055 + 0.142 ¢
4178 +0.4262
3.052 + 0.494 ¢
2.88 + 0.459 ©
2373 £ 0.394 ¢
1.766 + 0.303 ©

3.3. Leaf Surface Ultrastructure (SEM)

Six R. communis samples were selected from the three subclusters (groups) that re-
sulted from the cluster analysis based on vegetative morphology, illustrated with red
asterisks in Figure 3a. The quantitative leaf ultrastructure characters of the six selected
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R. communis samples are represented in Supplementary Table S2. Ricinus communis has
an amphistomatous leaf; however, the stomatal count on the abaxial surface is higher
than that of the adaxial one at a unit area (2560 x 1920 um?). The one-way ANOVA
demonstrated that the stomatal length, width, and area at the closed state and the epi-
dermal cell length/width ratio significantly differed between the abaxial and the adaxial
surfaces (Supplementary Table S3).

The epidermal cell outline was undistinguishable (Figure 5a), isodiametric, pentagonal,
hexagonal (Figure 5b), or oblong, and more or less arranged (Figure 5c). The anticlinal
wall was straight, and the relief of the cell boundary was channeled. A convex periclinal
wall was observed in the examined samples (Figure 5b,c). Generally, the fine relief of
the periclinal wall was striate with different densities. A densely striate periclinal wall
was detected in sample 22 on both surfaces and sample 12 on the AD surface (Figure 5d).
Moderate striations were found on the AB surface of sample 11 (Figure 5e). Conversely, the
remaining samples exhibited sparsely striated elements (Figure 5f). Furthermore, the AB
surface of sample 4 showed rodlets of epicuticular crystalloid wax (Figure 5g), where the
average length of the rodlets was 2.18 & 1.5 um, and their average width was 0.42 £ 0.2 um
(Figure 5h). Rarely, a sessile gland was found on the AB surface near the tips of the
margin’s teeth but not associated with every tooth (Figure 5i). The average gland size
was 311.038 £ 9.69 x 354.8495 + 111.99 pm. The paracytic stomata had smooth guard cell
surfaces and elliptic pore shapes (Figure 5a—g).

Figure 5. Scanning electron microscope (SEM) photomicrographs of Ricinus communis leaf surfaces.
(a,c) General view showing the epidermal cell outline, anticlinal wall, and curvature of the outer
periclinal wall. (d—f) Showing the striation density of the fine relief of the periclinal wall: (d) dense,
(e) moderate, (f) sparse. (g,h) Rodlets of epicuticular crystalloid wax. (i-k) Anomalous stomata.
Abaxial leaf surface (a,f-i). Adaxial leaf surface (b—e,j k). Scale bar = 100 pm (i-k); 50 pm (a,c); 10 pm
(b,d-g); 2 um (h).

10
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®

Closed Stomatal tarits

Anomalous stomata were noticed in their opened state on both leaf surfaces of sam-
ples 8 and 12 (Figure 5jk, respectively). At the AB surface, the stomatal size was 166.47—
286.33 x 94.33-175.33 um, and their area was 15,004.28-39,840.30 pm?. The stomatal pore size
was 143.68-250.68 x 70.55-133.05 um, and its area ranged from 8122.01 to 21,468.05 um?2, while
at the AD surface, the measured stomatal size was 139.60-333.94 x 88.83-150.85 um and its
area was 10,707.04-35,927.39 umz. Its pore size was 120.99-235.04 x 54.20-122.28 um, and the
pore area was 6063.53 to 20,388.87 um?.

For the AB surface, the stomatal size with the closed pore was 7.66-27.74 x 2.94-12.05 um,
and its area varied from 27.01 to 246.55 um? (Figure 6a), showing the most variation between
all samples, while the stomatal size with an opened pore was 11.24-24.54 x 4.81-13.20 um
with a pore size is 6.99-19.98 x 2.23-8.55 um. The stomatal and pore areas were in the
range of 42.04-207.88 pm? and 12.58-90.10 um?, respectively (Figure 6¢), showing the low
variation between all samples. The epidermal cell parameters (in terms of mean + SD) were
as follows: the length was 28.85 & 7.04 pm, the width was 14.12 & 4.75 pum, and the area was
427.52 + 246.17 um? (Figure 6e), showing the significant variation between all samples.
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Figure 6. Boxplots of the leaf ultrastructure traits of Ricinus communis for all samples and for groups,
respectively. (a,b) closed stomatal traits, (c,d) opened stomata, (e,f) epidermal cell size traits.
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For the AD surface, showing a significant difference between all samples, the stomatal
size with the closed pore was 5.82-13.17 x 2.66—6.30 um, and its area varied from 10.24 to
56.13 um? (Figure 6a), while the stomatal size with an opened pore was
6.76-132.49 x 3.38-65.73 um with a pore size is 4.13-116.03 x 1.13-33.07 um. The stom-
atal and pore areas were in the range of 16.95-6780.36 um? and 3.30-2403.10 um?, respectively
(Figure 6c). The epidermal cell length was 26.36 &+ 9.19 um, the width was 16.04 & 6.00 um,
and the area was 451.23 + 287.98 um? (Figure 6e).

The two-way ANOVA (Table 5) showed a significant difference in the epidermal cell
width and area of group 1 (samples 8 and 17), between their abaxial and adaxial surfaces
(Figure 6f). Group 2 (samples 4 and 12) exhibited significant variation for the following
characteristics: closed stomata length and area; opened stomata length, width and area;
stomatal pore length and area; epidermal cell length and length/width ratio (Figure 6b,d).
In contrast, group 3 (samples 11 and 22) showed no significant difference between the
two surfaces. The number of stomata, closed stomata width, and the opened stomata
length/width ratio represented non-significant variation for each group (Figure 6b,d,f).

Table 5. Two-way ANOVA analysis of Ricinus communis abaxial and adaxial leaf ultrastructure traits.
Different letters represent significant differences.

Group 1 Group 2 Group 3
Characters (Samples 8 and 17) (Samples 4 and 12) (Samples 11 and 22)
Abaxial Adaxial Abaxial Adaxial Abaxial Adaxial
Number of stomata 14.67 £ 5772 13.75 + 1.258 @ 16.5 + 0.707 @ 15+1412 25+ 132 17.67 +7.232
1c105ed stomata 9.095+ 13375  8567+1.934¢ 13541238 828 +321°¢ 16.68 £4.9° 12.22 + 1.315 abe
ength (um)
Closed stomata 4719403952  3.889+ 13452 5525+ 0.602° 3.737 + 14692 637 +£3.12 4478 +1.261°

width (um)

Closed stomata
length/width ratio

1.948 + 0.406 ©

2.288 4+ 0.44 2

2451 + 0.1606 2

22152 + 0.0771 2

2.957 £1.096 2

2.87 £0.635 a

Closed stomata

area (um?) 29.44+226ab 26.18 £ 1542  60.51 +9.432 21.81 +£12.36° 88.2+7292 40.45 + 14.81 2
gﬁ;‘}f?::n")mata 1678 £ 15162 489 4+53.72 14.26 + 3.612 8.652 £ 2.046 P 19.263 £3.0332  16.922 £ 3.069 2
Sfdetr}‘le(duitf)’mata 9323 +£219% 2642562 6.919 + 1473 4567 +1.076 ¢ 9.177 £1.373 8577 +£1.765%
gﬁg‘}f‘/j;ﬁrt‘}’frt:ﬁo 1.859 403372  1.666 +0.2942  2.076 + 0.358 2 1.921 4 0.321 2 2114 402762 2.006 + 0.3222
gﬁjﬁiﬁ;ﬁmm 1223 +£3742 2099 £29962  80.6+ 3692 273141171 132.6 £ 382 110 £ 4322
lsetg;ﬁt?ig;re 1107 £2992 41244812 9.91 +2.862 5212 4+ 1.202° 1327 £29753  11.766 +2.6142
S;iodrﬁft(ﬂnf:)ore 5004 £2.1762 1297 £12.998 4021 +1.12 2.319 + 1.255° 3.6114£09373 4127 +1.3742
fgﬁgﬁ%ﬁgﬁ Latio 2411 +0.663Y  2.621+£0.735% 2491 + 0.336 " 2555 + 0.816 ° 3.808 +£0.8942 3 40.631°
i’iz?(a:fi})’ore 388 4+2692 743 + 1063 2 29.06 & 14.69 2 829 +5.11° 3336+18.132 3525418732
i‘:;tf‘(‘ﬁ )Ceu 25.4 +3.07b¢ 3057 £5.12%  2242427°¢ 13909 £ 1.8184 353244512 3194 £ 565
fﬁé‘:ﬁrﬁi;eu 1147 +£3.68% 2126 +52 10491 £2224¢ 1075 £2.97°¢ 17.83 £ 3.96 2 17.06 + 5.43 2
iﬂigtfflvjil dct‘ilra o 23694+ 06633 1494 403933 2224 + 0.54° 1.389 4 0.453 2.054 £ 04283  1.977 4+ 0.523
ffe i:f;f;?; cell 2604+ 851P 600924682  199.8 + 44.1b¢ 1237 £385°¢ 674.6 12158 623.7 £ 20052
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3.4. Soil Analysis

The soil physicochemical properties of the studied sites (1, 3-5, 8, and 10) are illustrated
in Table 6. The mechanical analysis revealed that the studied sites have calcareous loamy
sand with a saturation percentage between 39 (site 10) and 59 (site 5). The highest pH was
recorded for site 3 (7.91), and the lowest was 7.3 for site 8. The electrical conductivity ranged
from 4.05 dS/m (site 8) to 65 dS/m (site 1). Site 1 showed the highest EC (65.55 dS/m) and
the highest concentration of Ca**, Mg**, Na*, K*, HCO3;~, Cl~, SO, ™~ (464, 246, 315, 4.7,
16, 278, and 735.7 meq/L, respectively), SAR (16.7), available K (348 ppm), and CaCO3
(25%), while site 8 showed the lowest EC (4.05 dS/m) and the lowest concentration of
Ca*™,Mg**, Na*, K*, HCO3~, Cl~, SO4~~ (28.0, 14.6, 19.6, 2.1, 5.2, 20.2, and 38.9 meq/L,
respectively), SAR (4.2), and CaCOj3 (15.7%). The lowest values of organic matter (0.06%),
available nitrogen (0.56 ppm), and available phosphorus (6 ppm) were recorded at site
1. The highest concentration of available phosphorus (16 ppm), and the lowest available
potassium (137 ppm) was detected at site 10. Minor concentrations of iron, zinc, manganese,
and organic matter were recognized in the studied samples. Bar plots and boxplots of soil
traits per site and group are illustrated in Figure 7. The one-way ANOVA of the soil traits
showed non-significant variation for the three studied groups (Supplementary Table S4).

Table 6. Physicochemical soil properties of Ricinus communis. Where SP refers to Saturation Percent-
age, and SAR refers to Sodium Adsorption Ration. Different letters represent significant differences.

Variable Mean =+ StDev SE Mean  Min. Q1 Median Q3 Max. IQR
Gravel (%) 3.533 +1.317°¢ 0.538 1.7 2.375 3.75 4.25 5.6 1.875
Sand (%) 73.5 4+ 13.05 abc 5.33 60 61.5 72 86.25 920 24.75
Silt (%) 19 £9.25¢ 3.78 8 9.5 19.5 27.75 30 18.25
Clay (%) 75+4.04¢ 1.65 2 4.25 7.5 11.25 12 7

SP (%) 50.67 + 6.98 abc 2.85 39 45.75 51 56.75 59 11

pH 7.5483 + 0.2046 € 0.0835 7.3 7.39 7.55 7.6475 791 0.2575
EC (dS/m) 17.3 £23.75¢ 9.7 4.05 5.96 8.25 24.71 65.55 18.75
Ca*™* (meq/L) 118.2 + 169.8 abc 69.3 28 43.8 55 159.5 464 115.8
Mg*™ (meq/L) 63.1 + 89.8 abc 36.7 14.6 23.1 29.5 86.3 246 63.1
Na* (meq/L) 79.1 + 115.8 abc 47.3 19.6 25.9 36.5 108 315 82.1
K* (meq/L) 3.217 4+ 0.999 © 0.408 2.1 2.475 2.9 4.25 4.7 1.775
HCO;™ (meq/L) 9.18 +3.8°¢ 1.55 52 6.17 8.45 11.88 16 5.7
Cl~ (meq/L) 73 + 100.6 2b¢ 41.1 20.2 28.3 35.3 98.4 278 70.1
SO4~ " (meq/L) 181 +272 ab 111 39 61 80 248 736 187
SAR 71+475°¢ 1.94 42 45 5.65 8.52 16.7 4.02
N (ppm) 093+ 0.275°¢ 0.112 0.56 0.643 0.975 1.15 1.3 0.508
P (ppm) 9.65 +3.7°¢ 1.51 6 6.97 8.3 13 16 6.03
K (ppm) 1922 +78542 32.1 137 146 167 225.8 348 79.8
Fe (ppm) 0.643 +£0.279 € 0.114 0.28 0.408 0.62 0.907 1.02 0.5
Zn** (ppm) 0.3217 £ 0.0679 € 0.0277 0.27 0.2775 0.295 0.3675 0.45 0.09
Mn** (ppm) 0.2883 £+ 0.1158 ¢ 0.0473 0.18 0.2175 0.23 0.405 0.48 0.1875
Cu*™ (ppm) 0.2133 £0.1724 ¢ 0.0704 0.03 0.06 0.175 0.3925 0.46 0.3325
O.M. (%) 0.1267 £+ 0.0758 © 0.0309 0.06 0.06 0.1 0.215 0.23 0.155
CaCOs3 (%) 19.67 +£341°¢ 1.39 15.7 16.9 19 22.75 25 5.85
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3.5. Gas Chromatography-Mass Spectrometry (GC-MS)

The hexane extracts of R. communis samples using GC-MS are presented in Table 7. The
total ion chromatograms are shown in Figure 8. The peaks were distributed at a retention
time of 6.36-34.31. Comparing the analytical data revealed differences in the quantitative
composition of phytochemicals between different samples.

Table 7. Major phytochemical compounds identified in hexane extract of Ricinus communis. RT:
Retention time (in minutes); MF: molecular formula; MW: molecular weight. Different letters
represent significant differences.

Rt Phytochemical Compounds M.F MW Mean + StDev SE Mean Min. Q1 Median Q3 Max. IQR
10.97 Isophytol Cz0HsO 296 1.383 + 0.965¢ 0.394 0.42 0.495 1.3 2.03 3.08 1.535
13.53 n-Hexadecanoic acid C16H3,0; 256 29.78 + 6.15a 2.51 22.04 23.66 30.67 35.21 36.25 11.55
16.88 9,12,15-Octadecatrienoic acid Ci3H300, 278 22.65 £ 3.92b 1.6 17.31 18.98 23.26 25.97 26.86 6.99
15.27 Oleic acid C13H340, 282 0.22 £+ 0.1361c 0.0556 0.13 0.1375 0.17 0.2875 0.49 0.15
17.10 Octadecanoic acid C13H360, 284 3.63 £+ 0.676¢ 0.276 3 3.203 3.5 3.912 494 0.71
19.24 Tributyl acetylcitrate Cp0H3403 402 1.552 + 1.54c 0.629 0.15 0.165 1.145 3.25 3.55 3.085
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Figure 8. GC-MS chromatogram of Ricinus communis hexane extract.

Six major common compounds were detected in the chromatograms of the studied
samples. Oleic acid represented the lowest values for the studied samples. The highest
percentages for n-Hexadecanoic acid (36.25%) and 9,12,15-Octadecatrienoic acid (26.86%)
were recorded in the hexane extract of site 5, whereas their lowest values were recorded
for sites 10 and 1, respectively. The highest concentration of Isophytol was detected for
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Major phytochemical compounds identified in hexane extract of Ricinus communis leaves

site 1 (3.08%), and the lowest was site 10 (0.42%). Octadecanoic acid had its highest value
(4.94%) for site 8 and the lowest (3.0%) for site 4. The highest concentration of Tributyl
Acetylcitrate was found in site 10 (3.55%), and the lowest was 0.15 in site 8. Bar plots and
boxplots of the identified phytochemical compounds concentrations per site and group are
illustrated in Figure 9. The one-way ANOVA of the phytochemical concentrations exhibited
non-significant variation for the three studied groups (Supplementary Table S5).

Boxplot of major phytochemical compounds identified in hexane
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Figure 9. (a,b) Bar plots and boxplots for major phytochemical compounds identified in hexane
extract of Ricinus communis per site and for groups.

3.6. Correlation Analysis

Pearson’s correlation analysis was performed to explore the relationship and cor-
relation between examined parameters (the macro- and micromorphological characters,
soil analysis, and chemical composition) (Figure 10a,b). The results showed a significant
positive correlation (p < 0.05) between vegetative morphological traits, which confirms the
discrimination of the resulting groups (morphotypes).

Plant length showed a positive correlation with leaf size parameters (length, width,
and area), the length and width of each lobe, depth between first and second lobe, depth
between second and third lobe, depth between third and fourth lobe, depth between fourth
and fifth lobe, pH, and N. The leaf size parameters and lobes dimensions (first and second
lobe dimensions, and the third, fourth and fifth lobe lengths) positively correlate with the
soil pH and nitrogen content. A positive correlation exists between petiole length /leaf
length ratio and petiole attachment against EC, soluble salts (Ca**, Mg*™*, Na*, K*, HCO3 ™,
Cl~, and SO4~7), CaCO;3, SAR, and isophytol. Phosphorus negative correlated with EC,
soluble salts (Ca**, Mg**, Na*, K¥, HCO3;~, Cl~, and SO, ~ ), CaCO3, SAR, N, Fe, Zn**,
and Mn**. A negative correlation was found between EC, soluble salts (Ca™, Mg**, Na*,
K*, HCO;~,Cl7, and SO;~ ) and SAR against Cu**, Mn*™*, N, and P (Figure 10a).

The analysis revealed that the leaf length, width, and area positively correlated with
the opened stomata and the pore lengths, widths, and areas at the AD surface. pH and
nitrogen are positively correlated with the opened stomata and the pore length, width,
and area in the AD leaf surface, while leaf size parameters negatively correlate with the
closed stomata and the epidermal cell lengths, widths, and areas at both leaf surfaces.
The soil-soluble HCO3; ™~ positively correlated with length, width, and area of the closed
stomata at both leaf surfaces. Oleic and octadecanoic acids are positively correlated with
the stomatal pore size parameters at the AB surface of the leaf (Figure 10b).
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4. Discussion

Plant growth is affected by stressful environmental conditions such as soil salinity
and drought [72]. One of the highly adaptable plant traits to environmental change is
leaf size [32,73]. Soil nitrogen is essential for plant development and growth [74]. Some
researchers have reported that plant growth parameters, such as leaf size and area, are
affected by many abiotic factors, including soil pH and nitrogen supply [75,76]. The latter
outcomes are congruent with the present study, where the leaf and lobe size parameters
positively correlate with the soil nitrogen concentration (Figure 10a). The plant length
demonstrated a positive correlation with leaf parameters, and a similar finding was reported
by Liu et al. [77]. Phosphorus negatively correlated with EC, soluble salts (Ca**, Mg**,
Na*, K*, HCO;~, Cl~, and SO4~7), CaCO3, SAR, N, Fe, Zn**, and Mn**. The phosphorus
uptake decreased due to the precipitation of phosphate ions with Ca** in salt-stressed
soil [78]. A positive correlation exists between petiole length/leaf length ratio and petiole
attachment against EC, soluble salts (Ca*™*, Mg**, Na*, HCO3~, C1~, SO4~ ), CaCOs3, SAR,
and isophytol. Hammad et al. [72] stated that environmental factors influenced castor
oil composition.

The physiology and anatomical properties of a plant’s stomata are highly plastic and
are affected by various environmental factors, such as the availability of nutrients [79].
The correlation analysis examined whether the macromorphological characteristics were
associated with leaf ultrastructure. The analysis revealed that the leaf length, width, and
area at the adaxial surface positively correlated with the opened stomata and the pore
lengths, widths, and areas. In turn, the latter-mentioned traits and the epidermal cell
length and area positively correlate with soil pH and nitrogen concentration (Figure 10b).
Generally, the ionic form in which the element is located in the soil is affected by pH [80].
However, these leaf size parameters negatively correlate with the closed stomata and
the epidermal cell lengths, widths, and areas at both leaf surfaces (Figure 10b). This
is incompatible with Murphy et al. [73], who tested a field-grown woody species and
proposed that differences in leaf stomatal traits are induced by sun and shade but not
regulated by leaf size. Oleic and Octadecanoic acids correlated positively with the stomatal
pore. Mohamed et al. [81] reported that the stomatal aperture and fatty acid composition
are highly correlated.

Ricinus communis growing along roadsides and wastelands of Egypt is affected by
several abiotic stresses [82]. Anomalous large stomata were observed on the leaf surfaces
of samples 8 (collected from site 3, 39 km from Alexandria—-Matrouh International Coastal
Road, Sidi Kirayr) and 12 (collected from site 5, 1 km from East Omayed Biosphere Reserve,
Alexandria Desert Road). Plants absorb minerals such as magnesium, calcium, and copper
from the soil. Such anomalies in the stomata may be ascribed to the accumulation and
transportation of Mg** ions, which may interfere with the functions and mobilization
of other mineral ions and cause leaf distortion [83]. Otherwise, copper deficiency in the
studied sites may lead to morphological alterations in the leaf architecture, where it is a
vital element with different functions in plant development and metabolism [84,85]. More-
over, the distortion of stomata may be attributed to the existence of some environmental
pollutants or phytotoxic gases at sites 3 and 5. Angeles et al. [86] reported that the diffu-
sion of these pollutants through the stomatal opening according to different concentration
gradients caused lesions and a distorted stomatal complex on leaves of Mangifera indica L.
Plants located in the study area, the northwestern coastal desert of Egypt, are under
pressure resulting from anthropogenic disturbance, agricultural practices, pollution, and
urbanization [87]. Even the Omayed Biosphere Reserve has recently encountered new
human-induced disturbances [88,89].

Important morphological markers of R. communis were previously used in the identifi-
cation, and to verify the genuineness, of different castor varieties. These markers included
plant stature, stem color, the presence/absence of anthocyanin pigmentation, stem wax,
type of internode, bloom, branching habits, leaf shape, and adaxial and abaxial leaf surface
traits [26-29]. The multivariate (clustering and PCA) analysis of 25 R. communis samples
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based on 34 vegetative morphometric characters revealed three subclusters (groups). A
heatmap of all the combined traits, vegetative morphometry, leaf micromorphology, and
soil and GC-MS analysis (Figure 11) confirmed the discrimination of the three groups or
morphotypes resulting from multivariate vegetative morphological characteristics analysis.
Each group attained some specific characteristics discriminating it from the other groups
(Tables 4 and 5). Samples 1-4, 12-13, and 20-21 collected from sites 1, 5, and 9, respectively,
had purple stems. These samples had no more specific characteristics; thus, they were
scattered across the three groups. Wahibah et al. [28] reported that the purple-stemmed
R. communis variety with an anthocyanin coloration reflected the intra-specific diversity
of the species. According to Shankar et al. [90] and Santha et al. [91], this phenotype is
resistant to the severe wilt syndrome caused by Fusarium oxysporum f. sp. ricini, which
leads to up to 77% yield loss based on the degree of infection. Its ability to resist fungal
growth indicates the existence of a specific resistance mechanism in this genotype. This
variety provides valuable genetic resources to produce wilt-resistant genotypes.
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Figure 11. Heatmap analysis of Ricinus communis combined traits (vegetative morphometry, leaf
micromorphology, soil analysis, and GC-MS analysis).

Morphological traits are useful indicators of environmental stress [92]. For the vegeta-
tive morphometry, group one represented the highest range of leaf length (22.73-27.49 cm)
and width (23.88-30.52 cm), first lobe length and width (15.13-20.06 cm and 5.05-7.00 cm, re-
spectively), second lobe length (14.10-18.84 cm) and width (4.13-5.51 cm), third lobe length
(12.50-16.62 cm), fourth lobe length (10.76-13.69 cm), fifth lobe length (8.62-10.21 cm),
depth between first and second lobe (5.43-8.04 cm), depth between second and third lobe
(5.13-7.39 cm), depth between third and fourth lobe (4.53—-6.14 cm), depth between fourth
and fifth lobe (3.71-5.10 cm), and macrophyll leaf blade with leaf area (207.04-352.89 cm?).
For SEM leaf characteristics, this group was characterized by the lowest number of closed
stomata at the AB surface. For the soil chemical characteristics, this group (sites 3 and 8)
exhibited the lowest values for soluble salts (Ca**, Mg**, Na*, HCO;~, C1~, SO, ~ ") and
SAR. Members of this group are located at coastal sites, where plants grown along coastal
areas are exposed to salt spray [92]. The macrophyll leaf blade characterizing this group
reveals the ability of its individuals to retain a sizeable transpiring surface area, which is
considered a sort of acclimation to salt stress [93,94].

Group two exemplified the medium range of leaf length and width (16.19-20.35 cm and
17.58-21.63 cm, respectively), first lobe length and width (10.79-14.08 cm and 3.53-5.44 cm,
respectively), second lobe length (10.53-12.70 cm) and width (3.17—4.14 cm), third lobe
length (9.19-11.26 cm), fourth lobe length (7.13-9.28 cm), depth between first and second
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lobe (3.60-5.24 cm), depth between second and third lobe (3.83-4.85 cm), depth between
third and fourth lobe (3.10-3.83 cm), depth between fourth and fifth lobe (2.54-2.91 cm),
and mesophyll leaf blade with leaf area (117.31-181.24 cm?). For SEM leaf character-
istics, group 2 (samples 4 and 12) showed smaller values than the other two groups.
For the adaxial leaf surface, the opened stomata width and area was 3.38-5.83 pm and
16.95-40.28 um?, respectively, pore area was 3.30-14.98 um?, and epidermal cell length
and area was 11.77-16.44 um and 74.51-163.22 pm?, respectively. Sample 4 specifically
(collected from site 1 at Mehwar Al-Ta’ameir, about 700 m from kilo 26 wastewater treat-
ment plant, and 26 km from West Alexandria) had a small epidermal cell size at both leaf
surfaces. This is in accordance with Cookson et al. [95], who mentioned that area of the leaf
is affected by environmental factors because of the cell number and/or cell size differences.
Additionally, rodlets of epicuticular crystalloid wax were observed on its AB surface. The
presence of epicuticular waxes reveals how plants interact with their environment [96].
According to the soil chemical characters, this group (sites 1 and 5) displayed an example
of wasteland areas. It recorded the lowest values for the available potassium, copper, and
organic matter, whereas the highest was for CaCOj3. Furthermore, this group demonstrated
a minor nutrient concentration of nitrogen and phosphorus. The depletion of nutrients,
especially nitrogen, and phosphorus, characterizes wasteland areas [97]. Plants growing in
such areas demonstrated a reduction in their growth and productivity due to some physio-
logical and biochemical changes [98]. Nevertheless, site 1 represented the highest EC and
concentrations of Ca**, Mg**, Na*, K*, HCO3;~, Cl~, SO, ~, and SAR, copper, and organic
matter. Jeschke and Wolf [99] mentioned that higher concentrations of NaCl enhanced the
reduction in R. communis growth and leaf size, and suppressed shrub branching.

The third group had the lowest range of leaf length (11.60-15.42 cm) and width
(12.30-16.06 cm), first lobe length and width (8.22-10.76 cm and 2.17-3.63 cm, respectively),
second lobe length (7.55-9.65 cm) and width (1.97-3.35 cm), third lobe length (6.64-8.34 cm),
fourth lobe length (4.93-7.15 cm), depth between first and second lobe (2.25-3.67 cm),
depth between second and third lobe (2.11-3.38 cm), depth between third and fourth
lobe (1.85-2.89 cm), depth between fourth and fifth lobe (1.44-2.22 ¢cm), and mesophyll
leaf blade with leaf area (52.94-106.81 cm?). For SEM leaf characteristics, the highest
number of closed stomata, and the highest scores for the epidermal cell area were noticed
at the abaxial leaf surface (547.82-889.71 um?) of group 3 (samples 11 and 22). This
group includes individuals growing in inland sites. Our findings are in accordance with
Papazoglou [100], who reported that R. communis showed a tolerance capability under
water stress conditions, although the leaf area decreased due to water scarcity. As an
adaptive response to drought stress, plants reduce their leaf area and keep their stomata
closed to minimize water losses through transpiration [101,102]. The lowest percent of
n-Hexadecanoic acid is noticed for group 3 (22.04-24.2%), in comparison with the other two
groups (26.86-36.25%). The Palmitic acid concentration is affected by drought [103,104].
n-Hexadecanoic acid is also called Palmitic acid and functions as an anti-inflammatory
agent to treat rheumatic symptoms [105].

The results confirmed that R. communis could adapt to stresses in coastal lands or
inland habitats, causing phenotypic and chemical variations to cope with the different
environmental stresses in the study area. However, the soil heterogeneity may be ascribed to
the soil’s different nature and geomorphologic characteristics. A similar adaptive response
was detected for some xerophytic taxa on the Al-Alamein—-Alexandria International Desert
Road of Egypt [87].

5. Conclusions

Ricinus communis samples were subjected to different analyses, such as analyses of
vegetative morphometry, leaf surface ultrastructure, soil analysis, and GC-MS analysis, to
assess the varietal diversity of the species. Multivariate analysis based on 34 quantitative
and qualitative morphological traits distinguished 25 castor samples into three main groups
(morphotypes). The results of UPGMA cluster analysis and PCA were consistent with each
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other. There was a discrimination of the three groups: the first one enclosed individuals
inhabiting coastal habitats and was characterized by macrophyll leaf blades with larger
leaf length, width, and area. The third group’s individuals that occupied inland sites had
the smallest leaf size parameters. In contrast, the second group was in the middle of the
other two groups. The present study revealed that the following traits are important for
studying the varietal identification of R. communis; leaf size parameters, leaf area, blade
class, lobes size and shapes, stomatal and pore size, and epidermal cell size parameters.
Some R. communis samples had purple stems, while the others were grayish-green. The
purple-stemmed phenotype has no more specific characteristics; however, it may reflect
the intra-specific diversity of the species. Ricinus communis revealed an adaptive growth
capability, where plants inhabiting coastal sites are salt-sensitive, while inland plants are
a relatively drought-tolerant species. The intra-specific variation between R. communis
morphotypes indicated the possibility of the direct and indirect use of these varieties
in genetic improvement programs of the species. Further molecular studies should be
implemented to evaluate the genetic diversity among these morphotypes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy13040985/s1, Figure S1: Map of Egypt indicating the sampling sites of Ricinus
communis; Table S1: Qualitative characters of Ricinus communis vegetative morphometry. The plant’s
stature ranks: very tall “>2.50 m”, tall “2.0-2.5 m”, medium “1.51-2.0 m”, and short “1.0-1.5 m”;
Table S2: Quantitative characteristics of abaxial leaf (AB) and adaxial leaf (AD) surface ultrastructure
of Ricinus communis; Table S3: One-way ANOVA of abaxial leaf and adaxial leaf surface ultrastructure
characters of Ricinus communis; Table S4: The one-way ANOVA of the soil traits showed non-
significant variation for the three studied groups of Ricinus communis; Table S5: The one-way ANOVA
of the phytochemical concentration exhibited non-significant variation for the three studied groups
of Ricinus communis.
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Abstract: This study aims to examine pollen morphologically via studies of 16 plant taxa from
Turkish flora. The pollen structures of the taxa examined, and their microscopic relevance, was
discussed and studied with the help of microscopic visualization using scanning and transmission
microscopies. Pollen grains were first acetolyzed, and then quantitative and qualitative pollen features
were used to evaluate the species. The pollen grains were prolate, spherical, elliptic, tricolporate,
3-colpate, and hexacolpate. Sculpturing patterns of surfaces vary from reticulate, micro-reticulate,
and striate regulate. As the findings reveal, palynological data can aid in the taxonomic classification
of Turkish floral species. Microscopic implications can be made via micromorphological examination
to correctly identify the species. While the pollen morphology of 16 taxa collected from the study
area was studied for the first time from this region, the palynological research of some taxa was
introduced to the literature for the first time with this study. Pollen morphology and photographic
and statistical data of the taxa in our study were determined. This study contributed to bee plant
research, melisapalinological studies, and systematic botanical flora studies.

Keywords: Turkish flora; pollen morphology; surface; clustering analysis (CA); principle component
analysis (PCA)

1. Introduction

Palynological features provide ancillary knowledge and indulge the systematic stand
of species with its individual family. Pollen morphology can help support the taxonomic
approach [1]. The word palynology was first confined by Hyde and William [2]. Since
then, the botanical sciences have become an advanced sub-division with distinct applica-
tions. The microscopic investigation of spores, pollen, and other imperceptible structures
is known as palynology [3]. Previous studies revealed that pollen morphology shows
advancement in taxonomic characteristics like pollen type, exine and sexine appearance,
position, measurement, number of apertures, type, and ornamentation [4]. Pollen grains are
considered advantageous in morphological and phylogenetic studies [5-10]. Angiosperm
might possess pollen apertures that are categorized based on their type; position and
number vary from simple to composite [11].

Among angiosperm, pollen morphology plays an important role in advanced classifi-
cation, which is carried out by using the maximum number of possible characteristics [12].
The division of families into subfamily tribes and subtribes is facilitated by palynology [13].
Different families have been divided into subfamilies and tribes on the bases of pollen
morphology [14,15]. Some characteristics are specific to the family, which could include the
size of pollen, type of sculpturing, aperture type, etc., which become a key to identifying
that family. Asteraceae angiosperms show the most diverse types of pollen, showing the
maximum number of pollen characteristics compared to any other taxa [7,16-18].

Palynology is also helpful for various uses, such as atmospheric pollen inspection,
spore production, and the archaeological excavation of shipwrecks. Primarily, the inves-
tigation of morphological diversity in pollen is directly concerned with the classification

27



Agronomy 2023, 13, 962

Kingdom

Ireland

London

Barcelona Rome

Portugal ‘Madrid =S
Lisbon Spain

Western
Sahara

/ A v
L0
&
= o 2
Ve P Y
S.enegal ”

le Gambia Bamako s

Belgium
Paris Czechia

France

Algiers

L
o
w

of plants [18,19]. Palyno-morphological characteristics are fruitful for solving various
taxonomic problems at species, genus, and family levels [7,20-22].

The primary objective of this research is to offer detailed insight into micromorpho-
logical features via SEM and TEM among selected plants from Turkey. In our study, taxa
belonging to Lamiaceae, Boraginaceae, Fabaceae, Amaryllidaceae, Scrophulariaceae, Api-
aceae, and Convolvulaceae families were selected and palynologically analyzed. The pollen
morphology of 16 taxa collected from the study area was studied for the first time from
this region, and palynological research of some taxa was introduced to the literature for
the first time with this study. The current study provides a comprehensive analysis of the
palyno-morphology for determining the extent to which these microscopic techniques can
be utilized to discriminate among the taxa analyzed.

2. Materials and Methods
2.1. Specimen Collection and Plant Identification

The 16 taxa belonging to different families were collected from Turkey (Figure 1,
Table 1). The collection period runs from April 2020 to November 2021, including two seasons.
Localities, times, and collector numbers are given in Table 1. After collecting the plants, they
were then identified with the help of flora from Turkey. Plant material was identified, and
voucher specimens were deposited in a Turkish herbarium (name it and insert its acronym).
Flowering specimens were collected. Anthers were removed to create the specimens. Pollen
was extracted directly and investigated with microscopic tools.
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Figure 1. Map of the collection sites of the study area (Source: Google). The red zone represents the

working area.

2.2. Light Microscopy (LM)

Pollen obtained from the samples was prepared according to the methods of Ertman
and Wodehouse [23,24]. Some changes were made to the acetolysis procedure. Plant matter
was marked by applying a drop of glycerin jelly. Each specimen received 4-5 prepared
slides in total. Pollen samples were measured from at least 20 completely evolved grains ac-
cording to the pattern beneath a Euromex CMEX- 10 PRO light microscope (Papenkamp 20,
Holland) (100x). These measurements are reported in Tables 2 and 3 and in Figures 2-7.
The terminology used is mainly from Faegri and Iversen, Ertman, and Kilig et al. [25-27].
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Table 1. Plant sampling, vouchering, and endemism.

. Endemic Voucher
No Plant Name Locality Situation Specimen
1. Ajuga reptans L. Bingol-Tunceli - AD-257
5 Micromeria cremnophila Boiss. Et Heldr. subsp. anatolica Elazig-Harput Endemic AD-1011
P. H. Davis castle
Onosma bornmuelleri Hausskn. Bingol Endemic AD-200
4. Onosma sericeum Wild. Bingol - AD-176
Rindera caespitosa (A. DC.) Bunge Bingol Endemic AD-78
6. Paracaryum Schreber Bmss: subsp. cristatum Elazig Endemic AD-1012
Schreber Boiss.
7. Paracaryum strictum (Koch) Boiss. Elazig Endemic AD-1051
8. Astragalus aucheri Boiss. Elazig Endemic AD-1034
9. Astragalus aureus Wild. Bingol - AD-155
10. Astragalus dactylocarpus Boiss. Bingol - AD-230
Ixiolirion tataricum Pallas Herbert subsp. montanum -
11. Labill. Takht. Bingol - AD-158
1. Linaria kurdica Boiss. Et HOHEN. subsp. kurdica Boiss. Elazig } AD-1098
Et Huet
13. Linaria grandiflora Desf. Bingol - AD-253
14. Foeniculum vulgare Miller Bingol - AD-543
15. Convolvulus carduchorum Davis Elazig Endemic AD-123
16. Convolvulus reticulatus Choisy subsp. reticulatus Choisy Bingol - AD-112
Table 2. Qualitative micromorphological pollen characteristics of selected plants.
Type and . .
Plant Name Shape Number of Exine . .COIPI.
Ornamentation Orientation
Aperture
Oblate- Tectatae- Sunken,
A. reptans . 3-colporate
. spheroidal granulatae angular
Lamiaceae :
M. creminop I?zlu Sub-oblate 6-colpate Reticulate Sunken
ssp. anatolica
. Scabrate-
O. bornmuelleri Sub-prolate 3-colporate - Sunken
reticulate
O. sericea Sub-prolate 3-colporate Scsfnbrate— Sunken
reticulate
Boraginaceae R. caespitosa Sub-prolate 3-colporate Granulate Pseudocolpus,
margo
P crzs’tatum SSp- Prolate 6-colporate Rugulate Pseudocolpus,
cristatum margo
P. strictum Prolate 6-colporate Rugulate Pseudocolpus,
margo
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Table 2. Cont.

Type and . .
yp Exine Colpi
Plant Name Shape Number of . . .
Ornamentation Orientation
Aperture
Sunken,
8. A. aucheri Prolate 3-colporate Reticulate angular,
margins distinct
Sunken,
9. Fabaceae A. aureus Prolate 3-colporate Reticulate angular,
margins distinct
Sunken,
10. A. dactylocarpus Prolate 3-colporate Reticulate angular,
margins distinct
L. tataricum Sunken,
11. Amaryllidaceae subsp. Sub-prolate 3-colporate Perforate angular,
montanum margins distinct
L. kurdica subsp. Oblate- .
12. . P . 3-colporate Reticulate Sunken
kurdica spheroidal
Scrophulariaceae Oblat
) ate- .
13. L. grandiflora . 3-colporate Reticulate Sunken
spheroidal
14. Apiaceae F. vulgare Per-prolate 3-colporate Scabrate Sunken
Oblate-
15. C. carduchorum . 3-colporate Perforate Sunken
spheroidal
Convolvulaceae ;
C. reticulatus Oblate
16. subsp. . 3-colporate Perforate Sunken
. spheroidal
reticulatus
Table 3. Quantitative pollen features via microscopic measurements.
Exine Polar Equatorial P/E Colpi W Pores .
Plant Name Thickness Diameter Diameter Ratio Length Colpi Width Length Pores Width
A. reptans 1.1+ (0.1) 224+ (2.0) 227+ (2.1) 0.98 16.7 + (1.2) 7.6 + (1) -
Lamiaceae i
M. cremnophila 15+ (1.2) 40 + (2.3) 46.6 + (1.3) 0.85 235 + (1.3) 8.3+ (1.6) -
ssp. anatolica
O. bornmuelleri 1.0 + (0.5) 17.3 + (1.0) 14.7 + (1) 1.17 13.9 + (0.3) - 3+(0.5) 3.29 + (0.5)
O. sericea 1.0 + (0.5) 17.8 + (1.0) 14.9 + (0.1) 1.19 13.8 + (0.1) - 2.83 £ (0.3) 2.29 + (0.5)
Boraginaceae R. caespitosa 0.5+ (0.3) 13 + (1.0) 10 + (0.1) 1.30 7.1+ (1.0) 25+ (1.2) 3.8+ (0.5) 53+ (0.3)
b lerjittlzlg;ssp 0.24 +(0.2) 9.1+ (0.3) 5.6+ (0.1) 1.62 53+ (1.3) 1.5 + (1.5) 29+ (0.3) 43 +(0.7)
P. strictum 0.23 + (0.1) 10.1 £ (0.5) 52+ (0.2) 1.94 6.5+ (1.3) 1.9+ (1.1) 2.8+ (0.5) 47 £(03)
A. aucheri 045 + (0.1) 355+ (19)  236+(128) 150 29.2 + (1.3) 42+ (03) 63+ (0.2) 42+ (05)
Fabaceae A.aureus 0.5+ (0.1) 35.8 = (1.2) 235+ (1.0) 1.52 275+ (0.3) 3.9 +(0.9) 5.9 + (0.6) 42+(07)
A. dactylocarpus 0.5 = (0.1) 38.7 + (2.2) 25.3 + (1.5) 1.52 29.8 + (1.5) 55+ (1.2) 74+ (1.2) 5.7 + (1.1)
L. tataricum
Amaryllidaceae subsp. 1.8+ (0.7) 512+ (43) 416+ (33) 1.23 389 + (1.9) 15.0 + (1.8) -
montanum
L. kurdica 0.9 +(0.2) 109 + (1.2) 112 + (1.1) 0.97 8.01 + (2.3) 24+ (2.3) 44+ (14) 45+ (1.8)
Scrophulariaceae subsp. kurdica ’ ’ : ’ : ’ ’ ’ i : ’ : ’ ’ ’
L. grandiflora 0.82 + (0.2) 10.0 + (1.2) 10.3 + (1.3) 097 7.85 + (1.2) 3.8+ (09) 423 +(12) 3.98 + (1.5)
Apiaceae E vulgare 1.8+ (0.5) 26.8 + (1.9) 10.0 + (1.8) 2.68 14.9 + (2.9) 4.0+ (2.3) 3.8+ (0.9) 41+(03)
C.carduchorum 2.1+ (0.4) 423 £ (1.3) 43+ (1) 0.97 18.2 + (1.9) 13.7 + (1.1) -
Convolvulaceae C. reticulatus
subsp. 1.9 + (0.3) 419 + (0.9) 435+ (1.2) 0.97 17.3 + (1.2) 12.4 + (1.3) -

reticulatus
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Figure 2. Graph of pollen’s morphological measurements of the studied taxa.

2.3. Scanning Electron Microscopy (SEM)

Pollens belonging to each taxon were placed on metal carriers covered with double-
sided adhesive tape under a binocular microscope and later coated with gold on a JEOL JSM
6510 (Akishima, Tokyo) (operating voltage range: 500 V-30 kV). The pollen appearances
and detailed surface ornamentations of the studied pollen were obtained from Bingol
University Central Laboratory. Microphotographs at 1500x-10,000 x magnification were
taken for each taxon.

2.4. Transmission Electron Microscopy (TEM)

A transmission electron microscope (Beijing, P.R. China) (TEM, Tecnai G2 F20 S-TWIN,
200 kV) was used to analyze the sculpturing of pollen exine. The pollen sampled for TEM
analysis was prepared by placing a drop of pollen on a carbon-coated copper TEM grid
and allowed to evaporate (150 x 30 Mx).

2.5. Cluster Analysis and PCA (Principal Component Analysis)

The pollen data were subjected to cluster analysis from numerical taxonomic methods
for the 16 taxa. For this analysis, XLSTAT 2022 (Denver, CO, USA) software and the
UPGMA statistical method were used. The results of these analyses were illustrated using
dendrograms and evaluated in terms of numerical chemotaxonomic relationships. In the
resulting cluster analysis tree, the relationships of the species are indicated (Figure 8).
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Figure 3. Scanning and light microscopic images of A. reptans, M. cremnophila subsp. anatolica,
O. bornmiilleri, and O. sericea.
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Figure 4. Scanning and light microscopic images of P. cristatum, P. strictum, R. caespitosa, and A. aucheri.
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Figure 5. Scanning and light microscopic images of A. orientalis, A. dasycarpus, I. tataricum subsp.
montanum, and L. kurdica subsp. kurdica.
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Figure 6. Scanning and light microscopic images of L. grandiflora, F. vulgare, C. carduchorum and
C. reticulatus subsp. reticulatus.
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Figure 7. TEM micrographs: (A,B) A. reptans, (C) A. aucheri, (D) A. orientalis, (E) C. reticulatus subsp.
reticulatus, (F) L. kurdica subsp. kurdica, and (G,H) R. caespitosa.
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Figure 8. Clustering analysis of palynological data of taxa: Plant name pl—Ajuga reptans;
p2—Micromeria cremnophila ssp. anatolica; p3—Onosma bornmuelleri; pA—Onosma sericea; p5—Rindera
caespitosa; p6—Paracaryum cristatum ssp. cristatum; p7—DParacaryum strictum; p8—Astragalus
aucheri; p9—Astragalus aureus;, pl0—Astragalus dactylocarpus; pll—Ixiolirion tataricum subsp.
montanum; pl2—Linaria kurdica subsp. kurdica; p13—Linaria grandiflora; pl4—Foeniculum vulgare;
p15—Convolvulus carduchorum; pl6—Convolvulus reticulatus subsp. reticulatus.

Multivariate analysis was conducted to identify the structure of variability and to
measure the distances between groups. These analyses were performed on complete data
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sets. The UPGMA (unweighted pair-group average linkage) clustering method based
on Pearson distances was used to measure the similarities between each measured unit
(Figure 9). Principle component analysis (PCA) and cluster analysis (CA) were used to
evaluate the pollen morphology data of 16 taxa. The raw data were standardized to the
same weight as previously reported.
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Figure 9. PCA correlation circle from the analysis of the palynological data of taxa.

3. Result

The micromorphological pollen features of selected 16 taxa from Turkey are summa-
rized in Tables 2 and 3. The pollen’s ultrastructure characteristic illustrations are shown in
microscopic detail in Figures 3-7.

3.1. Pollen Descriptions
3.1.1. A. reptans

The results of light microscopy examinations in the pollen of the Ajuga reptans taxon re-
vealed the tricolpate structure: polar axis of 22.4 & (2.0) um; equatorial axis of 22.7 & (2.1) um;
pollen shape: oblate-spheroidal, (P/E = 0.98); polar aspect; colpus length of 16.7 & (1.2) um
in equatorial aspect; and colpus width of 7.6 & (1) pm. Exine thickness was 1.1 & (0.1) pm,
and their ornamentation showed a singletate granulate ornamentation according to SEM
results (Figure 3).

3.1.2. M. cremnophila subsp. anatolica

Polar axis of 40 £ (2.3) um, equatorial axis of 46.6 & (1.3) um, exine of 1.5-2.4 um, and
P/E: 0.85 sub-oblate. Pollen ornamentation showed reticulated ornamentation according
to the SEM results.

3.1.3. O. bornmuelleri and O. sericeum

O. bornmuelleri have the following characteristics: polar axis 17.3 £ (1.0) um; equato-
rial axis 14.7 £ (1) um; pollen shape subprolate; (P/E = 1.17); polar aspect, colpus length
13.7 4 (0.1) um in equatorial aspect; and pore width 3 x 3.29 um. Exine thickness was
1.0 £ (0.5) pm, and their ornamentation showed a scabrad-granulate ornamentation ac-
cording to SEM results. The polar axis of O. sericeum pollen grains was 17.8 £ (1.0) pm,
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equatorial axis was 14.9 =+ (0.1) um, pollen shape was subprolate, (P/E = 1.19), polar aspect,
equatorial aspect, colpus length was 13.8 £ (0.1) pm, and pore width 2.83 pm x 2.29 um.
Exine thickness was 1.0 £+ (0.5) um, and the ornamentation showed a scabrad ornamen-
tation according to the SEM results. Both Onosma species are similar in terms of pollen
morphology (Figure 3).

3.1.4. R. caespitosa

Polar axis 13 % (1.0) um, equatorial axis 10 = (0.1) um, and pollen shape subprolate
(P/E = 1.3). Exine thickness was 0.5 &+ (0.3) pm, and ornamentation showed granulate
ornamentation according to SEM results.

3.1.5. P. cristatum subsp. cristatum, P. strictum

The pollen grains have a 6-heterocolpate and are hexagonal from the polar view. The
aperture margins are strongly thickened. Polar axis was 9.1 & (0.3) um, equatorial axis
was 5.6 & (0.1) um, exine was 0.24 % (0.2), P/E ratio was 1.62, and the pollen shape was
prolate with respect to P. cristatum subsp. cristatum. The P. strictum pollen grains have a
6-heterocolpate and are hexagonal from the polar view. Polar axis was 10.1 £ (0.5) um,
equatorial axis was 5.2 £ (0.2) um, exine was 0.23 £ (0.1), and P/E ratio was 1.94. The
pollen was elliptical from the equatorial view, £hexagonal from the polar view, and the
pollen shape was prolate.

3.1.6. A. aucheri, A. aureus, A. dasycarpum

Polar axis 35.5 & (1.9) um, equatorial axis 23.6 £ 1.28 um, P/E ratio 1.50, and pollen
shape prolate in A. aucheri. According to the SEM results of the ornamentation, it was
determined that they showed micro-reticular ornamentation. The A. aureus pollen grains
have a polar axis of 35.8 &+ 1.2 um, equatorial axis of 23.5 & 1.0 um, P/E ratio of 1.52,
and prolate pollen shape. Amb diameter average 20 + 1.5. Exine thickness subtectate
0.5 £ 0.1 um. According to the SEM results of the ornamentation, it was determined that
they showed micro-reticulate ornamentation (Figure 5). Polar axis 38.7 & 2.2 um, equatorial
axis 25.3 & 1.5 um, P/E ratio 1.52, and pollen shape prolate in A. dasycarpum. According to
the SEM results of the ornamentation, it was determined that they showed micro-reticular
ornamentation (Figures 4 and 5).

3.1.7. L tataricum subsp. montanum

Pollen grains heteropolar, monosulcate, and polar axis 51.2 &+ (4.3) mm, equatorial
axis 41.6 £ (3.3) um, P/E: 1.23 sub-prolate. Exine 1-1.8 pm, and the ornamentation showed
a reticulate ornamentation according to SEM results.

3.1.8. L. kurdica subsp. kurdica

Pollens with radial symmetry, isopolar, tricolporate; polar axis 10.9 =+ (1.2) um, equa-
torial axis 11.2 + (1.1) um. Exine thickness 0.9 + 0.2 um. P/E: 0.97. Exine is reticulate.
Colpus length 8.01 £ (2.3) pm; colpus width 2.4 &+ (2.3) um.

3.1.9. L. grandiflora

Pollens with radial symmetry, iso polar, tricolporate; polar axis 10.0 £ (1.2) pm,
equatorial axis 10.3 & (1.3) um. Exine thickness 0.82 £ 0.2 um. P/E: 0.97. Exine is reticulate.
Colpus length 7.85 & (1.2) um; colpus width 3.8 & (0.9) pm.

3.1.10. F. vulgare

Polar axis 26.86 =+ (1.9) um, equatorial axis 10.07 & (1.8) um, exine 1.8-2.1 um, pollen
shape 2.68 per-prolate, colpus length 14.90 um, colpus width 4.9 um, por ¢ap1 3.8 um. The
ornamentation showed a rugulate-striate ornamentation according to the SEM results.
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3.1.11. C. carduchorum and C. reticulatus subsp. reticulatus

Convolvulus species have an isopolar pollen shape. Pollen grains are radial and the
pollen type is three zonocolpate in C. carduchorum. The pollen grains were symmetrical.
The polar axis was 42.3 =+ (1.3) m, equatorial axis was 43.5 £ (1.2) mm, exine was 2.1 £ (0.4),
P/E: 0.97, and pollen shape was oblate-spheroidal in C. carduchorum. The polar axis was
42.3 £ (1.3) um, equatorial axis was 43.5 £ (1.2) um, exine was 2.1 £ (0.4) pm, P/E: 0.97,
and pollen shape was oblate-spheroidal in C. reticulatus subsp. reticulatus.

Principle component analysis (PCA) and cluster analysis (CA) were performed to
identify the palynological data of taxa. The PCA was then performed with Varimax
rotation using the matrix correlation configuration. The main components of the principal
component analysis were PC1 with 45.19% and with PC2 26.13%, respectively. The total load
of PC1 and PC2 was 71.33%. The Kaiser-Meyer-Olkin (KMO) method was conducted to
examine the correlation of the variables. KMO was at 0.798, which is considered acceptable.
Barlett’s test of sphericity also showed a statistical significance at alpha 0.04 for the data set.
PCA analysis, which clarified the relationship between the taxa and pollen morphology,
was explained with two possible groups (PC1 and PC2). The results are presented in
Figure 9.

4. Discussion

The morphological parameters of pollen provide additional information in plant tax-
onomy and systematics. Pollen analyzed by LM showed high variability in equatorial
diameter, polar diameter, width, and length of the colpi and exine. Variations were ob-
served in the pollen morphology of a wide range of species selected from a particular
area (Figure 2). This suggests that palynological data play a vital role in evolutionary
studies. Pollen size and exine ornamentation are two of the most prominent diagnostic
features of plant species in systematic studies. This study differs from previous studies on
species collected from the study area in terms of qualitative and quantitative microscopic
characteristics.

Kose et al. [28] studied the pollen grains of eight different Ajuga species and measured
the pollen morphology of A. reptans suboblata-subprolata and tricolpatae, with P/E = 0.89
and the orientation is tectatae-granulate; they determined that the exine thickness was
1.46 um. According to these results, A. reptans pollen grains collected from the Bingol
region and the pollen findings studied by Kose et al. show differences, albeit partially. In
another study, Onosma bornmuelleri pollen grains have an equatorial appearance, a polar
axis of 25.08 um, and an equatorial axis of 21.47 pm [29]. Ornamentation in the polar
region was determined as granulate. The exine is 1.05 pm thick [29]. In our study, the polar
axis was 22.4 £ (2.0) um and the equatorial axis was 22.7 & (2.1) um, while in the other
study, the polar axis was 19.02 & 2.15 um, and the equatorial axis was 21.32 & 2.1 um. This
situation caused different pollen shape results.

Bigazzi et al. [30] reported that Paracaryum cristatum pollen grains were small and
had a polar axis of 10.7-14.4 um, equatorial axis of 10.2-13.4 um, were elliptic in the
equatorial view and hexagonal in the polar view, and ranged from prolate-spheroidal
to subprolate in shape (P/E: 1.06-1.25), with (3-)6-hetero-colpate and ectocingulate. The
composed apertures are spindle-shaped and rarely rhombic, with margins not thickened
or only slightly thickened; the endoapertures are elongate, about 1.5 x 3 mm, situated
at the equator, and exhibited a granular membrane; the simple colpi are narrow and
generally shorter than colporate apertures. According to the results of this study, the
pollen’s shape was found to be prolate with respect to P. cristatum subsp. cristatum and
P. strictum. The pollen morphologies of P. cristatum subsp. cristatum found in this study
were close to each other. Rindera caespitosa’s pollen shape was subprolate and ornamentation
showed granulate ornamentation according to this study’s SEM results. Our results show
similarities with the studies conducted.

In a study of two sections of this genus, with respect to Astragalus falcatus, A. odora-
tus, A. ornithopodioides, A. stevenianus var. stevenianus, A. stevenianus var. kochianus, and
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A. jodostachys species with a polar axis (P) of 24.53—-40.76 pm and equatorial axis (E) of
21.82-31.48 um, pollen shapes were determined as prolate-spheroidal, prolate, or sub-
prolate. Ekici et al. studied the revision of the Hololeuce Bunge (Astragalus) section of
Turkey. They found that the pollens of all species were tricolporate types and had reticulate
ornamentation. As a result of pollen measurements, they stated that the pollen shapes
showed slight differences, but pollen characteristics did not show systematically significant
differences between species [31]. As a result of light and electron microscopy studies of
the specimens in the Onobrychoidei section of the genus Astragalus L., they reported that
the pollen was generally tricolporate, prolate, subprolate, or prolate-spheroidal. The polar
axis of the pollen varied between 23.4 and 42.6 um, and the equatorial axis varied between
14.3 and 36.4 um; their external appearance was elliptic or flattened oval in the meridional
optical region and trilobat and sometimes tetrabulate in the polar optical region [32]. The
shape of pollen belonging to A. aucheri and A. orientalis species that we determined in this
study is prolate. In this respect, our results show parallelism with the studies carried out.
Akan et al. (2005) studied the pollen morphology of taxa belonging to the Alopecias Bunge
section of the genus Astragalus in Turkey, employing light and electron microscopy. They
found that the pollen shape of the taxa was subprolate or prolate-spheroidal, the pollen
type was tricolpate, and ornamentation was microreticulate [33]. The ornamentation of the
Astragalus species in our study was determined as reticulate. Thus, pollen, especially polar
ornamentation in the region, differed from each other.

Oybak Donmez and Isik [34] determined that the Ixiolirion sp.’s pollen ornamentation
was micro-reticulate, and it has a polar axis of 50 £ (1.34), equatorial axis of 43 £ (1.26),
and exine of 1-1.5 pm. In another study of Linaria kurdica subsp. kurdica, the pollen was
tricolporate and prolate-spheroid; the polar axis was 16.95-15.37 pum, equatorial axis was
14.88-15.86 um, and exine thickness was 0.94 um (exine embellishment reticulate). The
intin was 0.61 um thick, the colpus length was 12.5 um, and colpus width was determined
to be 3.4 pm [35]. According to the results of this study, L. kurdica subsp. kurdica pollens
are isopolar and tricolporate. However, the polar and equatorial lengths were found to be
smaller in this taxon from Turkey.

The pollen morphology studies of the Convolvulus genus taxa in this study were
presented for the first time in this study. Qualitative and quantitative observations of the
pollen of Convolvulus carduchorum and C. reticulatus subsp. reticulatus were observed to be
compatible within the genus [36].

Beekeeping is an agricultural activity in which honey bee colonies are used for the
purpose of maximizing the worker bee population during the periods when the nectar
flow is most abundant and for the production of honey, pollen, royal jelly, and pollination
of plants [37]. Baydar and Giirel found that Fabaceae-type pollens are among the most
preferred for honey bees and that pollen has an important role in the Fabaceae pollen
of species belonging to the family compared to species from both families because they
are much richer in protein and minerals [38]. Pollen quality is also important in pollen
preferences. Fabaceae is the most important species in the flora. In our study, there are
three specimens from the Fabaceae family. However, all pollens analyzed in this study
were important species for beekeeping.

Qualitative and quantitative observations obtained as a result of palynological data
were grouped by cluster analysis (Figure 8). According to this result, the taxa at the family
and genus levels gave results that were consistent with their morphological and systematics.
Taxa in the same genus were also found in close clades. Pollen morphology data were
examined from all aspects with both statistical methods and data visualization techniques.
All methods supported each other by making the study more comprehensive. Pollen
morphologies studied for the first time have made a great contribution to the science of
systematic taxonomy.
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5. Conclusions

The analyzed plant taxa have 3-colporate, zono-colporate, mono-sulcate, and 6-colpate
pollen with reticulate and micro-reticulate exine-sculpturing patterns. The pollen grains’
qualitative data were utilized to evaluate pollen types and differentiate species at the genus
level. It was concluded that individuals within the genus, which are morphologically
similar to each other, can be easily distinguished by using the data obtained as a result
of palynological studies. For example, the genus Onosma, Paracaryum in the family Bor-
aginaceae in this study can easily be distinguished from each other thanks to the data
provided by this and other studies in the study of pollen analysis in honey and beekeeping.
The type and number of apertures, exine ornamentation, and pollen shapes of the species
in these genera are different from each other. Furthermore, quantitative data concerning
pollen are important tools for finding the similarities and dissimilarities between taxa.
The morphological features of pollen that are provided in this study might be useful for
systematic and phylogenetic analysis.

In this study, the comprehensive palynological significance of the reported species
was examined. The available information emphasizes that pollen’s morphology charac-
teristics of the studied species can be used to accurately identify the species. Significant
variation among palynological characteristics was studied during both quantitative and
non-quantitative analyses. The traits examined in this study were reviewed and compared
with previous literature. When comparing the current results of the reported species with
previous results, a degree of similarity emerged. Taxonomic data based on qualitative
traits were established for the investigated species for precise recognition and identification.
Pollen morphology, as well as photographic and statistical data of the taxa, were deter-
mined in this study. While the pollen morphology of 16 taxa collected from the study area
was studied for the first, the pollen morphologies of some taxa were also introduced to the
literature for the first time in this study. The species analyzed with TEM were visualized
in taxa collected from this region for the first time. This study contributed to bee plant
research, melissopalynological, and systematic botanical flora studies.
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Abstract: Palaeoflora in Pakistan in the Miocene is characterized by its high biodiversity. The present
study investigated the pollen of fossil plants from the Murree Formation of Pakistan. Shales and
mudstones were collected from the Murree section located at the foothills of the Margalla hills and
analyzed by palynofacies and palynostratigraphic analyses. In this paleopalynological study of the
Miocene Murree Formations of Pakistan, 31 samples were analyzed using microscopic techniques
containing 48 pollen types from 12 families. The quantitative and qualitative morphological features
of pollen were determined using light and scanning electron microscopy to help identify the pollen
grains. Exine ornamentations and spines were the most important diagnostic features for distinguish-
ing one pollen grain from another. The maximum exine thickness was observed in Ocimum basilicum
of 4.25 ym, whereas the maximum pollen diameter was recorded for Pinus of 69.5 um. Lamiaceae,
Asteraceae, and Poaceae were the dominant families. The results showed that the preservation of
floral records was not optimal. The presented results provide data on the dominant fossil plant taxa
that existed in Pakistan (23.03-5.33 Ma). The evolution and phytogeographical histories of fossil
plants can be unraveled using rock sediments to preserve biodiversity.

Keywords: palynoflora; taxonomic; microscopy; systematics; vegetation’s origin
Yy Y Y; Sy

1. Introduction

In the tertiary period, the Himalayas formed as a result of a collision between the
Eurasian and Indian plates [1]. The Himalayas have been further classified into higher
Himalayas, lesser Himalayas, and sub-Himalayas and are considered the main source for
the Murree Formation. This formation has a strong tectonic affinity regarding the structural
evolution with the Himalaya orogeny. It has been named Murree owing to the locality
of Murree hills in the district of Rawalpindi, Pakistan. The Rawalpindi formation lies in
the early Miocene period [2]. Therefore, it provides important information on how the
fossil plant pollen record in the core-mantle boundary relates to the Indo—Asian tectonic
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collision and the environmental change preceding the Miocene—-Eocene Transition [3].
In Pakistan, the Murree Formation comprises the area of Islamabad, Kohat, Murree, and
Attock districts. Regarding the current climate (temperature and precipitation), four seasons
are recorded in the study area: summer, autumn, winter, and spring. The summer season
is longer than others; it begins in April and ends in September. Geographically, the
country comprises mountains, plateaus, rivers, deserts, and forests. The regions with lower
altitudes exhibit tropical and subtropical climates, while higher altitudes possess temperate
environments [4,5].

Pakistan has Gondwanan, Eurasian, and Tethyan ancestors of the vegetation compo-
nents. The Indus basin of Pakistan, which is in the center, south, and east of the country,
represents the Gondwanan heritage [6]. The sedimentary strata of the Murree Formation
consist of purple, grey, and dark red sandstone formed from a monotonous sequence. The
lower part consists of calcareous sandstone containing numerous foraminifera, generally
known as Fatehjang. In the Attock district, one of the types of sections is exposed at the
north of the Dhok Maiki (Lat. 33°25' N: Long. 72°35’). The main body of the formation
consists of fossiliferous, silicified wood, plant remains, and fish [7-9]. The current study
analyzed some fossil plant pollen records from different families. Pollen and spores are
essential sources to determine the climate variations of the study area. They are important
investigative tools in several fields, including paleobotany, archaeology, and geography, re-
garding the climate and other environmental factors affecting flora in any area [10,11]. The
Stratigraphic committee of Pakistan has worked on the stratigraphic nomenclature in the
country [6]. Paleo-environmental changes in Asia occurred mainly in the Miocene period.
Therefore, numerous relevant fossils of the period can be obtained from the corresponding
stratum [12]. The sedimentary strata of the Murree Formation consist of various coarse
to fine-grained units. In the Attock district, the Murree Formation comprises lamellated
claystone, sandstone, and conglomerates. In Kohat, the formation is characterized by
medium to coarse-grained sandstones [13]. In northern Potwar, the formation reaches its
maximum thickness of approximately 3030 m, but in western Kohat, it thins out and is
approximately 9 m thick [4]. The main deposition of the Murree Formation occurred in
a fluviatile environment that was affected by meandering rivers and turbidity currents,
as evidenced by cyclic deposition of shale, siltstones, and sandstones, as sedimentary
structures, such as calcite concretions, ripple marks, cross-bedding, worm barrows, and
lithofacies (Figure 1). The sediments of the Murree Formation contain fossil materials of
plant and animal remains. For example, in Fathehjang, numerous mammal bones have
been discovered, including remains from different even-toed ungulates, rhinoceros, and
hippopotamus-like animals [7]. Based on the mammalian fossil record, the age of the
Murree Formation has been constrained to the Miocene.

A study was conducted to estimate the effects of climate change on Pakistan’s natural
forest ecosystems, using 1990 as the base year and assuming a 0.3 °C rise in temperature
and changes in precipitation of 0, +1, and —1% decade™!. The study predicted that the
atmospheric CO, concentration of 350 ppmv will rise to 500 ppmv in 2050 and 575 ppmv
in 2080. The current climate of the country was reported to vary. Some major biomes
were noted, such as croplands, mosaic vegetation, evergreen forest, mosaic grassland, open
grassland, barren area, and permanent snow. Owing to various climatic conditions, the
variations were investigated in different kinds of forests in the study area, i.e., alpine tundra,
mixed woodland, cold conifer, warm conifer, xerophytic wood, grassland, steppe, and
desert (Figure 1). Extreme biomes on either side of the spectrum are more vulnerable to
climate change than others. The alpine tundra loses approximately 32% of its area to other
biomes, particularly those directly beneath it (such as cold coniferous/mixed forest). On
the other hand, warm conifers expand their range significantly when temperatures and
precipitation rise. Climatic variations led to significant shifts in forest areas from one biome
to another in northern Pakistan. The overall climate has a significant negative impact on
the natural and forest ecosystem of Pakistan [13-15].
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Figure 1. Stratigraphic column of the Murree Formation, Pakistan [13].
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The multiple scenarios support the study area’s rich and diverse vegetation. This
diversity is reflected in the current flora of Pakistan (see http:/ /legacy.tropicos.org/Project/
Pakistan), where more than 6000 higher vascular plant species have been described, along
with approximately 190 pteridophytes. Approximately 80% of the flowering plants were
recorded. Important for this study is that the pollen morphology of plants occurring in
various vegetation units of Pakistan is well documented. Optical and scanning electron
microscopy-based pollen morphologies of over 70 plant families in Pakistan have already
been published in a series of reputable papers [14]. These data make it practical to compare
the fossil pollen grains to pollen from extant plants whose ancestors most likely occurred
in the study area during the Miocene.
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Palaeopalynology is the study of ancient spores and pollen occurring in sedimentary
rocks. Pollen grains are the male reproductive parts (male gametophyte surrounded by a
sporal wall) found in seed plants and show a very high degree of diversity in shapes and
size [16,17]. The outer wall layer of the pollen grain is called the exine, while the inner layer
is the intine; each is made up of several compounds, among which sporopollenin is the
most important of the exine layer. Exine can be divided into a sexine (more external) and a
more internal nexine. The wall of the pollen grain is resistant to the action of the external
environmental conditions. In different families and genera, pollen varies in sculpturing,
walls, size, shape diameters, colpi, and pores [18]. Spores are the long-distance dispersal
units in seedless terrestrial plants, and monilophytes can also be used in paleopalynology.
Pollen and the spore morphology also play a vital role in species identifications [19-21].

Palynological investigations in mountainous areas of Pakistan in the Miocene age are
few and limited to some regions [22]. The primary goal of this investigation is to study
the palynomorph assemblages found in the tidal and marine environments of the study
area. The assemblages of palynoflora recovered from the rocks are relatively diverse and
well-preserved. The floral characters were compared to those found in previous studies. In
addition, several changes were made to the original matrix of morphological characters
based on a previous study [23]. The following questions are addressed in the current
study. What were the dominant types of vegetation in the investigated age? What were the
biogeographic origins of Pakistan’s modern flora? How did these pollen types compare
with morphotaxa from Miocene records of adjacent regions?

The following approaches were made to answer all these questions. Palynomorphs’
morphological features were investigated using qualitative and quantitative pollen charac-
ters to determine the paleo-climate of the past marine environment and further described
along with the section near the Murree Formation. Paleopalynology knowledge is es-
sential for knowing the past climate of the Miocene reconstruction of vegetation and
paleo-environment. The purpose of this study was to investigate fossil plant pollen records
preserved in the sedimentary strata of the Miocene and its correlation with the paleo-
environment [12]. This research was very useful in investigating fossil pollen of the Miocene
Murree Formation for the first time. The study helps reconstruct Miocene palaeovegetation
and climatic changes occurring in the depositional environment. It also helps to estimate
the regional palaeoclimate, paleophytogeographic history of the paleoflora and its relation
to the modern flora of Pakistan.

2. Materials and Methods

The field surveys were conducted in November and December 2021 on the numerous
different sequential horizons in the foothills of Margalla Islamabad, Pakistan, during
which the latitude, longitude, rainfall, and temperature were recorded (Figure 2). The
main deposition of the Murree Formation occurred in a fluviatile environment affected by
meandering rivers and turbidity currents, as evidenced by the cyclic deposition of shales,
siltstones, and sandstones, as well as sedimentary structures, such as calcite concretions,
ripple marks, cross-bedding, worm barrows, and lithofacies.
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Figure 2. Map of the study area showing the sample localities [8].
2.1. Samples Collections

The Miocene Murree Formation has distinguished features, such as lithofacies, bed
thickness, sedimentary structures, grain size, and color. Sandstones of the formation are
generally fine-grained with a dominant reddish color followed by greenish and greyish
color grains [13]. The study area is considered the Miocene Murree Formation based on
these unique features and the discovery of the mammalian fossil record [7,13].

The samples were collected after digging 30 cm of sedimentary rock carefully to ensure
that it contained palynomorphs (Figure 3). For paleopalynological purposes, 31 samples
were collected from shales and mudstones along a 50 m thick Murree section and processed
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at the Plant Systematics and Biodiversity Laboratory, where all necessary instrumentations
and chemicals are available. The samples were photographed, collected in polyethylene
bags, and then brought to the laboratory for further processing. Palynological samples
were also used to identify palynomorphs in plant taxonomy and systematics [24,25].

‘a

L

-

Figure 3. Field photography: (A) Hammer placed on the rock for cutting the rock sediments.
(B) Sample collection from the study area. (C) Samples collected and placed in a polyethylene bag for
palynological purposes. (D) View of the study area.

2.2. Sample Preparation

The preparation of sedimentary rock samples was undertaken using the standard
protocol of palynology with some modifications [26,27]. The rock sediments were treated
with 10% HCI for 1 day to remove carbonates and then treated with distilled water to
neutralize them. The samples were again reacted with 40% HF for at least one day to
remove silicate particles and treated with distilled water for neutralization. For further
palynological processing, the samples were centrifuged at 2500 rpm to separate the heavy
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and light particles. Heavy liquid with a specific gravity of 1.9-2.0 was treated with samples
and centrifuged again at 2500 rpm for five minutes. With a 150 pm mesh, the samples
were sieved to remove the plant fragments and coarse debris. The resulting pollen residue
was filtered through a 10 um sieve and kept in distilled water until mounted into glycerol
jelly on slides for pollen analysis. The macerated sample was washed and mounted in
glycerin jelly. The pollen was classified into different classes based on the pollen size, shape,
numbers, exine thickness, pores, and colpi. The pollen taxa were identified by comparing
them with the regional palynolora reported elsewhere [25,26]. The Tortonian age of the
Murree Formation was assigned to the late Miocene, based on the correlation of plant fossils,
fossilized fish remains, and mammalian records and its geological age was confirmed [7].
The main morphological characteristics of the pollen grains to be investigated were as
follows: dimension, aperture types, sculpturing, pollen diameter, and shape [1,25]. In the
31 samples analyzed, 15 were barren and 16 contained different types of pollen. With
the help of optical and scanning microscopy, we described each sample’s morphological
features of the pollen grains (Figures 4-8).

n 0 P

Figure 4. Optical microscopy images of pollen. (a) Gevuina Avellana. (b,c) Sanguisorba minor.
(d—g) Pinus sp. (h) Sparganium sp. (i-1) Quercus sp. (m) Juniper sp. (n) Myrtaceae. (o) Artemisia
sp. (p) Interporopollenites sp.
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Figure 5. Optical microscopy images of pollen. (a) Chenopodiaceae. (b) Cupracaceae. (c,d) Liliaceae.
(e-1) Asteraceae. (m—p) Poaceae.

n

Figure 6. Optical microscopy images of pollen. (a—d) Poaceae. (e-p) Lamiaceae.
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Figure 7. Scanning electron microscopy images of pollen. (A) The scale bar represents 5 pm for
Myrtaceae, (B) 10 um for Artemisia spp. (Asteraceae), (C) 5 um for Chenopodiaceae, (D) 5 um for
Cichoriodeae (Asteraceae), (E-G) 10 um for other Asteraceae, (H) 5 um for Poaceae, and (I) 5 um
for Lamiaceae.

Figure 8. Scanning electron microscopy images of pollen. (A-I) The scale bar represents 10 um
for Lamiaceae.
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2.3. Samples’ Identifications

From the late 1970s, the use of standard microscopic techniques has been established
as a standard for investigating pollen of fossil plants. Since then, a vast amount of data on
the pollen morphology of numerous plant systematic lineages has been gathered. These
include books or articles in series that focus on specific genera, families, or species groups.
Many smaller publications focused on a single species or multiple species. As a result,
prehistoric pollen can be compared using informational descriptions and high-resolution
pictures of actual plant material. This makes it possible to identify many fossil pollen
grains confidently and gives us the context we need to place the fossil pollen record in
a palaeo-botanical and palaeo-biogeographic context. The diagnostic features from the
literature under light and scanning electron microscopy were compiled to identify the
palynological record of fossil plants. One of the most important criteria is the sculpturing
pattern of pollen grains. Different kinds of sculpturing patterns, i.e., psilate, reticulate, and
echinate, have been noted in the pollen grains. In addition, the above feature, number of
pores, colpi, and spines are the critical features for species identification [19]. The fossil
plant source of the pollen grain identification was also made by referencing a collection of
modern pollen grains and the published literature. The identification was carried out up to
the family, genera, and sometimes to the species level [25].

3. Results

In the present study, 89 pollen types were recorded from 31 samples, of which 48 pollen
grains were identified as belonging to 12 different families. Qualitative and quantitative
pollen characters are shown in tabular form (Tables 1 and 2) and micrographs are shown
in Figures 4-8. The results of the present study showed that the morphological features
of pollen were sufficiently variable to be considered helpful for the classification at the
species level. The fossil palynomorphs were investigated using optical and scanning
electron microscopy.

Table 1. Micromorphological characteristics of pollen—qualitative.

S.No Species/Taxon/Family Pollen Shape  Pollen Type Colpi/Pore Ornamentations  Spines
1 Gevuina Avellana Molina Triangular Tricolporate p Psilate A
2 Circular - A Psilate A

Sanguisorba minor Scop
3 Spheroidal Tricolpaorte P Psilate A
4 Circular Monoporate A Regulate A
5 Subprolate Dicolporate P Psilate A
Pinus spp.
6 Peroblate - P Psilate A
7 Angular Monoporate A Regulate A
8 Sparganium spp. Circular Monoporate P Psilate A
9 Inter-angular Tricolpate P Regulate A
10 Prolate- . A Psilate A
spheroidal
Quercus spp.
11 Prolate - A Psilate A
Prolate-
12 spheroidal - A Regulate A
13 Juniperous spp. Prolate - A Psilate A
14 Myrtaceae Angular Tricolpate p Psilate A
15 Artemisia spp. Spheroidal - A Regulate A
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Table 1. Cont.

S. No Species/Taxon/Family Pollen Shape  Pollen Type Colpi/Pore Ornamentations  Spines
16 Interporopollenites spp. se;l?f(flz_a te A Psilate A
17 Chenopodiaceae Spheroidal Pentaporate P Regulate A
18 Cupressaceae Spheroidal - A Psilate A
19 B Prolate - A Psilate A
20 Liliaceae Peroblate - A Psilate A
21 Cichoriodeae Spheroidal Polyporate P Echinate A
22 Spheroidal - A Echinate p
23 Spheroidal - A Echinate P
24 Spheroidal - A Echinate P
25 Asteraceae Spl;rgrlga);Z;l Tricolporate P Echinate P
26 Circular - A Echinate P
27 Spheroidal - A Echinate p
28 Circular Tricolporate P Echinate P
29 Elliptic Monoporate P Psilate A
30 Spheroidal - A Psilate A
31 Prolate - A Psilate A
32 Subprolate - A Psilate A
33 Poaceae Spheroidal - A Psilate A
34 subIarllrtlegtlar - A Psilate A
35 Circular - A Psilate A
36 Spl;rgrlgit;ﬂ - A Psilate A
37 splzgrlgits;ll i A i A
38 Semi-angular - A Psilate A
39 Circular - A - A
40 Circular - A - A
41 Angular - A Psilate A
42 Lmiaceae Circular - A - A
43 Angular - A - A
14 Creular- : A Psilate A
45 Prolate - A - A
46 Cli;;‘élc‘i‘r' - A Psilate A
47 Circular - A Psilate A
48 Ocimum basilicum L. spcf)llejllr?)f:l_al Hexacolporate P Reticulate A

Note: P = Present; A = Absent.
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Table 2. Quantitative features of fossil plants pollen from the Murree Formation, Pakistan.

S.No Species Name Exine (Ffl }:Skness Poller:friz;meter COII:L]lf)ngth Colpi Width (um)
1 Geouina Avellana 225 25.5 7.0 6.25
Molina

2 Sanguisorba minor 3.25 21.75 10.75 2.25
3 Scop 4.00 38.5 - -
4 2.5 55.75 - -
5 3.75 59.00 13.00 17.25
6 s spp- 35 69.5 - -
7 1.25 53.5 - -
8 Sparganium spp. 2.75 38.00 - -
9 1.6 32.25 2

10 3.25 21.00 - -
11 Quercus spp- 1.25 29.25 - -
12 2.00 51.25 - -
13 Juniperous spp. 3.5 56.5 - -
14 Myrtaceae 4.07 31.8 - -
15 Artemisia spp. 1.5 22.5 - -
16 Interporopollenites 195 4025 25 3

spp.

17 Chenopodiaceae 3.5 25.25 - -
18 Cupressaceae 3.25 26.00 - -
19 - 1.00 4255 - -
20 Liliaceae 25 3225 - -
21 Cichoriodeae 3.5 22.75 - -
22 4.00 17.5 - -
23 3.75 17.25 - -
24 3.75 22.00 - -
25 Asteraceae 3.5 38.5 - -
26 3.5 36.75 - -
27 3.25 32.00 - -
28 3.75 21.00 - -
29 2.25 31.00 - -
32 2.00 27.5 - -
31 1.75 23.00 - -
32 2.00 26.25 - -
33 Poaceac 1.25 40.00 - -
34 2.25 25.25 - -
35 1.75 31.75 - -
36 1.25 16.5 - -
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Table 2. Cont.

S. No Species Name Exine (Ffl l;iikness Diarl:;ltleerr(‘pm) Colpi Length(um)  Colpi Width(um)
37 1.25 31.00 - -
38 3.00 30.25 - -
39 325 39.00 - -
40 25 38.25 - -
41 2.5 40.25 - -
2 Lamiaceae 3.00 38.25 - ]
43 225 31.25 - -
44 2.25 37.5 475 5.25
45 225 385 - -
46 2.75 32.75 - -
47 3.00 43.00 - -
48 Ocitmum basilicum 425 57.23 226 422

L.

Approximately 60% of the pollen grains from the study area were identified. An
investigation of pollen in thin sections was difficult because the identifications can be made
complicated by unfavorable cuts (and damages) through the specimens. The specimens
were compared with Pakistan’s extinct and modern plants in shape, size, sculpturing
pattern, exine thickness, and aperture morphology. The species were identified using
microscopic techniques based on morphological features.

3.1. Proteaceae

Gevuina avellana pollen was tricolporate, triangular, isopolar, and radially symmetrical
with psilate ornamentations; the exine thickness was 2.25 pm; the pollen diameter was
25.5 pm; the colpi length was 7.00 pm; the colpi width was 6.25 pm.

3.2. Rosaceae

An unidentified genus and species belonging to Rosaceae is listed. The pollen was
spheroidal, suboblate, striate micro-perforate, and tricolporate; the exine thickness was
4.00 pm, and the pollen diameter was 38.5 um.

3.3. Pinaceae

Pinus pollen was circular, subprolate, peroblate, monoporate, angular, dicolporate,
psilate, and regulate. The exine thickness was 1.25-3.5 um; the colpi length was 17.25 um;
the colpi width was 17.25 pm; the pollen diameter was 55.75-69.5 pum.

3.4. Typhaceae

Sparganium pollen was circular, monoporate, and psilate; exine thickness was 2.75 um
and the pollen diameter was 38.00 um.

3.5. Fagaceae

An unidentified genus and species belonging to Fagaceae is listed. The pollen was
inter-angular, prolate-spheroidal, prolate, tricolpate, psilate, and regulate. The exine thick-
ness ranged from 1.25 to 3.25 pum; the pollen diameter was 21.00-32.25 pm; the colpi length
was 7.00 um; the colpi width was 6.25 pm.
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3.6. Cupressaceae

The Interporopollenites pollen is inter-semilobate and psilate; the exine thickness was
1.25 pm and the pollen diameter was 40.25 um. Juniperus pollen was prolate and psilate;
the exine thickness was 3.5 pm and the pollen diameter was 56.5 pm. Cupressaceae sp.
(unidentified species) pollen was spheroidal and psilate; exine thickness was 3.25 uym and
pollen diameter was 26.00 pm.

3.7. Myrtaceae

Unidentified genus and species belonging to Myrtaceae. Pollen angular, tricolpate,
and psilate. The exine thickness was 3.00 um and the pollen diameter was 23.00 pum.

3.8. Asteraceae

Artemisia pollen was spheroidal and regulate; the exine thickness was 1.5 pm and
the pollen diameter was 22.5 um. An unidentified genus and species belonging to the
subfamily Cichorioideae were found. The pollen was spheroidal and echinate; the exine
thickness was 3.5 um and the pollen diameter was 22.75 um. While the rest of the pollen is
spheroidal, prolate-spheroidal, circular, and tricolporate; the exine thickness ranged from
3.25 t0 4.00 pum and the pollen diameter ranged from 17.25 to 38.5 pm.

3.9. Chenopodiaceae

An unidentified genus and species belonging to Chenopodiaceae were found. The
pollen was pheroidal, pentaporate, and regulate; the exine thickness was 3.5 um and the
pollen diameter was 25.25 pum.

3.10. Liliaceae

An unidentified genus and species belonging to Liliaceae was found. The pollen was
prolate, peroblate, and psilate; the exine thickness was 1.00-2.5 um and the pollen diameter
ranged from 32.25 to 42.5 um.

3.11. Poaceae

Unidentified genus and species belonging to Poaceae. The pollen was spheroidal,
circular, prolate, subprolate, inter-subangular, monoporate, and psilate; the exine thickness
ranged from 1.75 to 2.25 um. The pollen diameter was 16.50—40.00 um. The colpi length
was 7.00 um and the colpi width was 6.25 um.

3.12. Lamiaceae

An unidentified genus and species belonging to Lamiaceae was found. The pollen
was prolate-spheroidal, semi-angular, angular, circular, and psilate. The exine thickness
was 1.25-3.25 pm; the pollen diameter was 30.25-43.00 um; the colpi length was 7.00 pm;
the colpi width was 6.25 pm.

4. Discussion

In the present study, 48 species were reported belonging to 12 different families. In
this research, most of the pollen belongs to families of angiosperms: Lamiaceae, Poaceae,
Asteraceae, Liliaceae, Cupressaceae, Pinaceae, Fagaceae, Typhaceae, Myrtaceae, Rosaceae,
Chenopodiaceae, and Proteaceae (Table 3). Optical and scanning electron microscopy
revealed the qualitative and quantitative characteristics of pollen, including the exine thick-
ness, pollen diameter, colpus length, and width. Different pollen shapes were examined,
i.e., triangular, circular, spheroidal, prolate, suboblate, subprolate, inter-subangular, and
semi-angular. Three types of exine ornamentations were investigated, i.e., psilate, reticulate,
and echinate. Similarly, different pollen types were noted, such as tricolporate, monoporate,
dicolpate, and pentaporate. In this study, the majority of the species investigated were pre-
viously reported in many other regions, i.e., South Asia, Africa, Europe, and America. The
contribution of the present work can be considered very important in the understanding of
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the paleoflora of the study area [28,29]. The existence of pollen in the study area and its
identifications is a very reliable tool for the reconstruction of the palaeo-environment and
palaeoecology of the area [30]. The floral record of Miocene strata provides a better source
as an indicator of the environment.

Table 3. Pollen category, families, taxa, and their counts.

S.No Category Family Taxa/Tribe Counts
1 Angiosperm Proteaceae Gevuﬁz&(t)?ﬁ:llana 1
2 Angiosperm Rosaceae Sanguisorba minor Scop 2
3 Gymnosperm Pinaceae Pinus spp. 4
4 Angiosperm Typhaceae Sparganium spp. 1
5 Angiosperm Fagaceae Quercus spp. 4
6 Angiosperm Asteraceae Artemisia spp. 1

Juniperous spp. 1
7 Gymnosperm Cupressaceae Interporopollenites spp. 1
- 1

Angiosperm Lamiaceae - 12
9 Angiosperm Chenopodiaceae - 1
10 Angiosperm Asteraceae - 7
11 Angiosperm Poaceae - 8
12 Angiosperm Liliaceae - 2
13 Angiosperm Asteraceae Cichoriodeae 1
14 Angiosperm Myrtaceae - 1

The study of fossil pollen records from the Miocene Epoch sedimentary strata was dis-
cussed comprehensively using palynological analysis from micro-fossils [22]. The Quercus
pollen of Miocene strata was compared with that of the deciduous forest of China based on
scanning electron microscopy showing uniformly fine granule, regulate, scabrate-verrucate,
and rod-like elements of exine sculpturing [30]. The presence of Quercus in the study area
revealed a warm temperate climate, and Pinus indicates a temperate climate. Cupressaceae,
Lamiaceae, Fagaceae, and Rosaceae were investigated in other coeval excavations showing
accordance with the present results. In the late Miocene-Pleistocene, mixed forests were
described for the Yunnan Plateau of China, particularly coniferous plants belonging to the
genus Abies and Picea pollen [31]. Asteraceae, Poaceae, Fabaceae, Cupressaceae, Liliaceae,
Myrtaceae, and Pinaceae were studied in the palynological study of the late Miocene from
Siwalik sediments of Uttar Pradesh, which also supports the present findings for evidence
in the fossil records of pollen and provides information on the presence of minimal rain
with a warm, humid climate in Southeast Asia, such as India and China [32-37]. An
early Miocene study on the Dulte Formation was carried out to determine the linkage
of palynology and palaeoecology [23,38]. Using combined optical microscopy and SEM,
the pollen morphology of Miocene flora for Bignoniaceae, Myrtales, and Lamiales has
been reported and showed variations within different palynological features, which are
useful for species classification and identification [39]. The formation has marine and tidal
influences showing that the vegetation grew near coastal areas, such as salt marshes or
mangroves [28]. The indication of the palaeo-environment appears to be in accordance
with a previous study [12].

Pollen grains of Asteraceae today were recorded as having tricolporate and were
spheroidal, echinated, and zonocolporated [40,41]. In the present study, the Asteraceae
pollen was reported to be spheroidal, prolate-spheroidal, and with echinated sculpturing.
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A palynological study of the current Poaceae members showed a monoporate-diporate
aperture, aerolate and scarbate tectum, while in this study, they were mostly spheroidal,
subprolate shapes and inter-subangular and psilate ornamentations [40]. Climatic varia-
tions occurred during the Miocene and were responsible for the development and spreading
of grasses. Similarly, the past pollen record of Pinaceae in the area was monad, oblate,
and nearly circular with narrow attachment alveolate structuring and vesiculate-bisaccate,
while in this study, it had a bisaccate, circular-angular shape, and with psilate-regulate
exine sculpturing [41]. Quercus pollen grains were eutectate, prolate, sculpturing perforate,
microverrucate, microregulate (scanning electron microscopy), and scabrate (optical mi-
croscopy), while basic sculpturing units were rod-shaped [42]. Several species of Ocimum
(Lamiaceae) originated from India and then migrated towards the east and west. The
palynological record of fossil pollen noted in the literature was mainly hexacolpate, as
in the present study with reticulate exine ornamentations. The biogeographical history
and phylogeny of other Lamiaceae originating from China and spreading towards the
Southwest are closely related to the present results [43,44]. A palaeoecological record of
Sanguisobra minor (Rosaceae) from the late Eocene-late Miocene was reported from south-
ern central Anatolia [45]. The present study provides data about a larger distribution
area with respect to what was previously thought [45]. The Miocene epoch of Pakistan is
very important because of the significant environmental changes, but the fossil vegetation
records were investigated. The Miocene Murree Formation palynoflora in relation to the
palaeoclimate of Pakistan were compared with the modern flora with the fossil record in
the depositional environments in China [46,47]. The pollen record for the late Miocene
epoch of the Tibetan Plateau was recorded, showing the climatic changes and vegetation
distribution briefly as with the present results [48]. Sanguisorba minor was dominant in
the present investigation showing two different pollen types, while data about the genus
Pinus showed four distinct pollen grains. Lamiaceae can also be considered dominant, with
12 species attributed on the base of the pollen grains, followed by nine Asteraceae, four
Poaceae, and two Liliaceae, while the remaining families contain only one pollen grain.
Ocimum basilicum had the highest exine thickness (4.25 pm), corresponding to the other
literature data. Regarding the pollen diameter, Pinus had a maximum value of 69.5 um,
whereas the pollen grains attributable to Asteraceae had a minimum value of 17.25 pm on
average. The fossil record of Asteraceae from the Miocene of Patagonia has been reported
as being echinated and tricolporated in nature, whereas the current Asteraceae analyzed
pollen grains were circular, tricolpate, and echinate exine ornamentations having high
thickness [27]. Gevuina Avellana (Proteaceae) is considered the oldest species, having psilate
exine ornamentations, and radially symmetrical and tricolpated pollen.

This study showed that the paleoflora from Murree formation in the foothills of
Margalla provide important information on the paleo-environmental changes in the study
area. Fossil-based floral studies were neglected in Pakistan, despite being ecologically and
stratigraphically very important, and have never been explored in the proposed study
area [29]. Additional research to combine findings from many proxies, including plants and
isotope data, is required to comprehend the palaeoclimate history of this region. This type of
study will be very important for the paleobotany, paleo-environment, and biogeography of
Pakistan, being the first in the investigated area. In addition, such a study helps understand
the vegetation origin, the effects of climatic changes with time, and in solving taxonomic
problems [49,50].

5. Conclusions

Palynological studies of fossil plants from the Miocene Murree Formation of Pakistan
were dominated by angiospermic pollen. This study examined the past vegetation’s
record, its correlations with the past climate, and its reconstructions. Using optical and
scanning electron microscopy, various morphological features were examined, which
helped in species identifications. Pollen morphological features, such as pollen size, shape,
exine ornamentations, and symmetry, are important for species identifications in plant
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taxonomy and systematics. The overall results of the Murree Formation are similar to
what was previously reported, but some variations in the qualitative and quantitative
characteristics of pollen were observed. Further studies to identify the species and genus
using advanced microscopic techniques, such as transmission electron microscopy (TEM),
are recommended.
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Abstract: In this paper, integrating field surveys and literature data, an analysis of Ophioglossum lusitanicum
plant communities and related 92/43/EEC habitats are reported for Italy. Two new syntaxa, Euphorbio
exiguae-Ophioglossetum lusitanici ass. nova hoc loco and trifolietosum scabri subass. nova hoc loco
of the Rumici bucephalophori-Ophioglossetum lusitanici were described in the Apulia and Campania
regions.Both types of vegetation identified in Apulia, Campania, and Sicily regions represent two
different aspects of the same priority habitat: “pseudo-steppe with grasses and annuals of the
Thero-Brachypodietea” (habitat code 6220%). A phytosociological and ecological dataset of the literature
and new field surveys highlighting the soil type as parameters affecting the vegetation cover of this
small fernlike plant, with the Trachynion distachyae Rivas-Martinez, 1978 alliance on calcareous soils
and Helianthemion guttati Br.-Bl. in Br.-Bl. et al., 1940 alliance on volcanic soils. Many species of
other types of annual meadows have been identified within Ophioglossum communities due to the
very small patches of land, where they have been found, and ecological conditions that facilitate this
phenomenon of the transgression of other therophytes species.

Keywords: fernlike plant; new syntaxa; Ophioglossaceae; phytosociological study

1. Introduction

Ophioglossum L. is a cosmopolitan monophyletic genus, belonging to the oldest ex-
isting evolutionary line of the vascular cryptogams megaphylls [1,2], and includes about
25-30 species [1-3]. The number of chromosomes in the genus ranges from 2n = 240
(O. lusitanicum L.) to 2n = 1440 (O. reticulatum L.), the latter being the highest chromosomal
number known in plants [4]. Ophioglossum lusitanicum is a small fernlike plant a few centime-
ters high (from 2 to 7 cm) (Figure 1), difficult to observe in the field due to its size and ecol-
ogy, it is generally found mixed and undercover with the biggest plants [5]. Its distribution
is very fragmented and includes the temperate zones of the Atlantic coast and extends from
the Macaronesian region eastwards up to India, including the Mediterranean basin [6] and
Iran [7]. Three species of the genus Ophioglossum have been reported in Italy: O. azoricum C.
Presl is only present in Latium and Veneto, while it is doubtful in Tuscany; O. vulgatum L.
is present in all Italian regions, except for Valle d’Aosta and Apulia; and O. lusitanicum L. is
present in all Tyrrhenian regions, Apulia, Sicily, and Sardinia [8]. In Italy, all the species of
Ophioglossum are of conservation interest, as reported in the Regional Red Lists [9]. Indeed,
O. lusitanicum (Figure 1) was evaluated as lower risk (LR) in Tuscany, Latium, and Apulia,
and endangered (EN) in Calabria [9]. Regarding the Apulia region, it has been found
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in some sites of Salento [10], and only one in Polignano a Mare [11,12] and on Gargano
promontory [13]. This small fernlike plant was assessed as a characteristic species of sev-
eral syntaxa: in the Mediterranean Basin with the alliance of Cicendio-Solenopsion laurentiae
Brullo and Minissale 1998 [14-16], in Spain with the Ophioglosso-Cicendietum filiformis Rivas
Goday, 1970 [17], in western France with the Ophioglosso lusitanici-Isoétion histricis de Fou-
cault 1988 [18], and all aspects referable to the class of Isoéto-Nanojuncetea Br.-Bl. et Tx. in
Br.-Bl. et al., 1952. In addition, the Scillo-Ophioglossetum lusitanici Ballesteros and Sagarra,
1984 association was described in Spain [19], which differ from the previous vegetation, as
it falls under the Helianthemion guttati Br.-Bl. in Br.-BL. et al., 1940 alliance. Both types of
vegetation fall within the priority habitat of Directive 92/43 EEC [20]. Helianthemion guttati
belongs to the habitat “pseudo-steppe with grasses and annuals of the Thero-Brachypodietea”
(code 6220%), while the aspects of Isoéto-Nanojuncetea belongs to “Mediterranean tempo-
rary ponds” (code 3170%). In Croatia, unlike other countries, it grows mainly in disturbed
habitats (e.g., paths and edges of paths) in garrigue vegetation [3].Given the considerable
conservation interest of this species and, in some cases, in the habitat in which it grows,
a more in-depth research can provide an important contribution to the knowledge of its
distribution and ecology. In this study, through the integration of new field data with litera-
ture data, a phytosociological analysis of O. lusitanicum plant communities occurs in some
Italian regions. The field investigations were carried out both on volcanic and calcareous
soils, in order to assess whether the hypothesis of different types of a geological substrate
can determine a difference in the floristic composition between plant communities.

Figure 1. (a) Small patches of soil with O. lusitanicum community; (b) Individuals of O. lusitanicum in
late winter. Locality: Polignano a Mare (Bari). Date: 4 March 2012. Photos by Enrico Vito Perrino.

2. Materials and Methods

Study sites are located in Italy and are representative of soils whose parent material is
volcanic (Elba Island in Tuscany: T1-1T2; Mt. Vesuvius in Campania: CV1-CV8; Vulcano
Island in Sicily: S1-S5;) and calcareous (Tifatini Mts. in Campania: CT1-CT3; Santeramo in
Colle in loc. Alessandrelli in Apulia: P1-P5) in origin (Figure 2).

The investigated sites of Tuscany, Apulia, and Sicily are part of the Special Area of Con-
servation (SAC) of the Natura 2000 network; that is, SAC “Elba orientale” (code IT5160102),
SAC “Murgia Alta” (code 9120007), and SAC “Isola di Vulcano” (code ITA030027). In
Campania, Mt. Vesuvius study site falls into SAC “Vesuvio e M. Somma” (code 1T8030037),
SAC “Vesuvio” (code IT8030036), and Vesuvius National Park.
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Figure 2. The sampling sites evaluated for the phytosociological classification.

Field surveys, performed by applying the Braun-Blanquet method [21], were car-
ried out in Campania and Apulia in 2016 and 2021, between the late winter and spring
periods. Plant species cover was visually assessed based on the following abundance
scores: (r) <1% and rare; (+) <1%; (1) 1-5%; (2) 6-25%; (3) 26-50%; (5) 51-75%; and
(5) 76-100%. The collected plant material is preserved in the Herbarium Austroitalicum
of the University of Campania Luigi Vanvitelli (19 March 2016, Stinca A., IT 3702) and
Herbarium Horti Botanici Barensis of the University of Bari (3 March 2012, Perrino E.V. et
Signorile G., BI 35965) (IT and BI, acronyms follow Thiers 2022) [22]. As far as Tuscany
and Sicily sites, vegetation data were taken from specialistic literature [23,24]. In total,
21 relevés were selected and analyzed. For the taxa identification, Flora Europaea [25] and
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Flora d’Italia [26] were used, while for the nomenclature we followed Bartolucci et al. [8]
and Galasso et al. [27].

A multivariate analysis using XLSTAT software [28] was applied to the data matrix to
test the degree of floristic similarity between vegetation relevés. To this aim, the plant sam-
pling cover scale was transformed into the ordinal scale according to Van der Maarel [29]
and the obtained matrix was processed by agglomerative hierarchical clustering (AHC),
using Spearman’s correlation coefficient. In addition, the principal component analysis
(PCA) was performed with the application of the Euclidean biplot, using Spearman’s
correlation coefficient, to the graphical exploration of the distances among relevés.

3. Results and Discussion

Many communities of O. lusitanicum usually have early spring phenology and a
typically Mediterranean character, with an Atlantic-Mediterranean climate, moist acid soils
submerged or waterlogged in winter and dry in late spring [14], and the presence of higher
microstationary humidity compared to the surrounding soil, as observed in Tuscany [30].
These ecological features are confirmed with new data in the present study and in other
non-Mediterranean countries, such as Iran, where a dense population of this species has
been identified in the forest clearings of the submontane belt, inside small sandy patches [7],
and in Algeria in the clearing of cork oaks, in small areas of moist sandy soil [31].

In Italy, the vegetation with this interesting fern is characterized by small pools ranging
from a few centimeters to a few square meters, often within other vegetation types, such
as shrublands As a result, these plant communities are rich in transgressive taxa of other
grassland syntaxa.

The classification and ordination analysis of the vegetation relevés (a data matrix
of 145 taxa x 21 phytosociological relevés) are depicted in Figures 3 and 4, respectively.
The dendrogram (Figure 3) shows two clearly distinct groups: cluster I includes all the
plant communities of volcanic soils divided in turn into three subgroups (IA: Tuscany, IB:
Sicily, IC: Campania—Mt. Vesuvius) while cluster II includes all the relevés carried out on
limestone soils and grouping two subclusters (IIA: Campania-Tifatini Mts., IIB: Apulia).
These results are consistent with those of the biplot showing the separation of the same
groups and subgroups according to the first and second principal components. In detail, the
clusters of relevés are highlighted along the first axis (F1), which accounted for 20.74% of
the variation (to improve readability, species names are not reported) and clearly reflect the
separation of the soil types. However, the phytosociological relevés showed a separation
according to the second axis (F2), which accounted for 14.28% of the remaining variation
and clearly reflected mainly their geographical location and the characteristics of the plant
communities (Figure 4).

These results highlight significant differences between calciphilous (Brachypodietalia distachyae
Rivas-Martinez, 1978) and acidophilous communities (Helianthemetalia guttati Br.-Bl. in
Br.-Bl et al., 1940) and fully confirm our initial hypothesis regarding the effect of soil type
on the floristic composition of the studied plant cenoses.

3.1. Calciphilous Communities (Brachypodietalia distachyae)

For the surveys carried out in loc. Alessandrelli (Apulia) and on the Tifatini Mts.
(Campania) on calcareous substrates, at relatively low altitudes (i.e., 325 to 460 m.a.s.l.)
in the hinterland, O. lusitanicum and Euphorbia exigua can be considered characteristic
taxa of a new phytosociological association: Euphorbio exiguae-Ophioglossetum lusitanici
ass. nova hoc loco (holotypus: relevé P4 in Table 1, Figure 5). In Apulia, the high coverage
of Brachypodium distachyon suggests that this plant community in the annual meadows of
Trachynion distachyae, the alliance of Brachypodietalia distachyae and Stipo-Trachynietea distachyae
(habitat 6220%), is identified by the presence of Hypochaeris achyrophorus, Ononis reclinata,
Linum strictum, Trifolium scabrum, Romulea bulbocodium, Hippocrepis biflora, and other species
(Table 1). Due to the small extension of this community, we find many transgressive species
of other grassland communities well represented in the surrounding territory, especially
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those of Helianthemetea guttati (habitat 6220%) and Festuco valesiacae-Brometea erecti (habitat
62A0). The plant cenoses found in Campania and Apulia are very similar, even if slightly
different in some aspects of their floristic composition. It is interesting to note that the Apu-
lian sites are slightly richer in characteristic species of the order Brachypodietalia distachyae
and Stipo-Trachynietea distachyae, though it is above all the presence and high coverage of
Brachypodium distachyon, a species characteristic of the Trachynion distachyae which differ-
entiates, from the vegetational point of view, Campania (subgroup IIA, CT1-CT3) from
Apulia (subgroup IIB, P1-P5) (Figure 3), even spatially (Figure 4).

3.2. Acidophilous Communities (Helianthemetalia guttati)

On the volcanic soils of Vulcano Island and Mt. Vesuvius, where this species has
recently been rediscovered [32], a peculiar aspect of Helianthemetalia guttati communities
has been attributed to this fern, the Rumici bucephalophori-Ophioglossetum lusitanici Médail,
Pavon, Lo Cascio and Pasta 2016 association [24], due to the presence of Rumex bucephalophorus,
Ornithopus compressus, Trifolium arvense subsp. arvense, Lagurus ovatus, Silene mutabilis,
Aira caryophyllea, Tolpis virgata subsp. virgata, Silene gallica, and other species. This consider-
ation is not statistically supported, because the Campania and Sicilian sites belong to differ-
ent subgroups (IB, IC) (Figure 3) spatially distant (Figure 4). It seems there are good relation-
ships between communities and environments at Mt. Vesuvius (Table 2), in which the main
environmental aspect, compared to other communities, is the higher altitude while, from the
vegetational point of view, a crucial role is played by the high coverage of Trifolium scabrum
and the presence of some transgressive species of the Festuco valesiacae-Brometea erecti.
For these reasons, the communities occurring at Mt. Vesuvius have been described
as a new endemic subassociation of the Rumici bucephalophori-Ophioglossetum lusitanici:
trifolietosum scabri subass. nova hoc loco (holotypus: relevé CV4, Table 2, Figure 6). The
vegetation of Mt. Vesuvius could be referred to as the priority habitat 6220%; however, the
characteristics of the volcanic soil do not exclude in the future, through further studies, its
attribution to the habitat 8320 “Fields of lava and natural excavations”, which is very complex
with little known and characterized by pioneer vegetation with few species, often endemics.
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Figure 3. Dendrogram of the agglomerative hierarchical clustering of the vegetation relevés (T1-T2:
Tuscany; S1-S5: Sicily; CV1-CV6: Campania-Mt. Vesuvius; CT1-CT3: Campania-Tifatini Mts.;
P1-P5: Apulia).
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Figure 4. Biplot of the principal component analysis in the first two principal components space of
the vegetation relevés (T1-T2: Tuscany; S1-S5: Sicily; CV1-CV6: Campania-Mt. Vesuvius; CT1-CT3:
Campania-Tifatini Mts.; P1-P5: Apulia); light gray circles indicate taxa whose names are not reported
to improve the readability of the figure.

Table 1. Euphorbio exiguae-Ophioglossetum lusitanici ass. nova hoc loco. Further details of relevés and
sporadic species are reported in Appendices A and B, respectively.

Sampling Number 1 2 3 4 5 6 7 8
Identification Relevé Code P1 P2 P3 P4 P5 CT1 CT2 CT3
Altitude (m a.s.l.) 460 458 457 450 450 325 325 325
Aspect w w W W W W  WSWSW
Slope (°) 10 7 7 8 8 2 3 3
Area of relevé (m?) 1 1 1 1 1 1 1 1
Stoniness (%) 20 15 10 10 10 20 5 5
Rockiness (%) 2 5 2 5 5 - - -
Total cover (%) 90 90 85 85 80 - - -
Vascular plant layer cover (%) 80 8 75 75 70 50 80 60
Moss layer cover (%) 45 40 45 40 40 70 60 90
Number of taxa 29 33 28 29 28 34 29 28
Holotypus (#) #*

Charact. Euphorbio exiguae-Ophioglossetum lusitanici ass. nova hoc loco

Ophioglossum lusitanicum L. 2 1 1 1 + 2 3 3
Euphorbia exigua L. subsp. exigua 1 1 + 1 + + + +
Charact. Trachynion distachyae Rivas-Martinez, 1978

Brachypodium distachyon (L.) P.Beauv. 2 3 3 3 1 - - -
Bupleurum baldense Turra - - - - - - + -
Charact. Brachypodietalia distachyae Rivas-Martinez, 1978 and Stipo-Trachynietea distachyae Brullo in Brullo et al., 2001

Hypochaeris achyrophorus L. 1 + + 1 + - - -
Ononis reclinata L. 1 + 1 - + - +
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Table 1. Cont.

Sampling Number 1 2 3 4 5 6 7 8

Identification Relevé Code P1 P2 P3 P4 P5 CT1 CT2 CT3

_

Linum strictum L. - + 1 + -
Trifolium scabrum L. - + 2
Romulea bulbocodium (L.) Sebast. & Mauri +
Polygala monspeliaca L.
Valantia muralis L.
Hippocrepis biflora Spreng.
Stipellula capensis (Thunb.) Roser & H.R. Hamasha - - -

o4 =

! +

1 '
N+ + =+
—_

"+ —
[ —+
N _

Transg. Helianthemetea guttati Rivas Goday & Rivas-Martinez, 1963
Briza maxima L.

Medicago minima (L.) L.

Trifolium stellatum L.

Helianthemum salicifolium (L.) Mill.

Trifolium campestre Schreb.

Aira elegans Willd. subsp. elegans

Lysimachia linum-stellatum L.

Cerastium brachypetalum Desp. ex Pers. subsp. tenoreanum (Ser.) Soé - - -
Tuberaria guttata (L.) Fourr. - - - - -
Onobrychis caput-galli (L.) Lam. - + 1
Hedypnois rhagadioloides (L.) EW.Schmidt - - -
Trifolium cherleri L. - - -
Filago pygmaea L. - - +
Alkanna tinctoria Tausch subsp. tinctoria - - -
Trifolium arvense L. subsp. arvense - - -
Cynosurus echinatus L. - - - -
Hippocrepis ciliata Willd. - - - - + - - -

[ e s
|
|
LI S | + —_ 4+
! + + +
+ + + '
L +
'

+ +

+ +
'
'
1

+ +
I
l
I
I
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Transg. Festuco valesiacae-Brometea erecti Br.-Bl. & Ttiixen ex Br.-Bl., 1949
Anthyllis vulneraria L. subsp. rubriflora (DC.) Arcang. +
Bellardia trixago (L.) AlL +
Anacamptis morio (L.) RM.Bateman, Pridgeon & M.W.Chase -
Poterium sanguisorba L. s.1. -
Colchicum cupanii Guss. subsp. cupanii 1
Scorzonera villosa Scop. subsp. columnae (Guss.) Nyman +
+
+

+ o0+
4+ 1o
+ + + +
+ +
)
)
1

+ o+ =
-y
LI}

Stipa austroitalica Martinovsky s.1.
Thymus spinulosus Ten.
Petrorhagia saxifraga (L.) Link subsp. gasparrinii (Guss.) Pignatti ex Greuter & Burdet - - - - -
Teucrium chamaedrys L. subsp. chamaedrys - -
Muscari comosum (L.) Mill. - + - - - - - -
Ophrys bertolonii Moretti - +

Eryngium campestre L. - - - - + - - -
Helianthemum nummularium (L.) Mill. s.1. - - - - - + - -
Centaurium erythraea Rafn subsp. erythraea - - - - - - + -
Brachypodium rupestre (Host) Roem. Schult. - - - - - - - +

Transg. Chenopodietea Br.-Bl. in Br.-Bl. et al., 1952

Sherardia arvensis L.

Lysimachia arvensis (L.) U.Manns & Anderb. subsp. arvensis
Triticum vagans (Jord. & Fourr.) Greuter

Hypericum triquetrifolium Turra

Erodium cicutarium (L.) L'Hér. - - - - - - + -

+ ==
'
+ + +

Transg. Lygeo sparti-Stipetea tenacissimae Rivas-Martinez, 1978
Reichardia picroides (L.) Roth

Anacamptis papilionacea (L.) RM.Bateman, Pridgeon & M.W.Chase
Daucus carota L. subsp. carota

Carlina corymbosa L.

Convolvulus elegantissimus Mill.

Thapsia asclepium L. - 1 - - - - - -

+ o+ o+ o+
L
L
+ o4+ o+

;

Transg. Ononido-Rosmarinetea Br.-Bl. in A.Bolos & Vayreda, 1950

Micromeria graeca (L.) Benth. ex Rchb. s.l. 2 + + - - - - 2
Osyris alba L. - 1 + - - - -
Teucrium capitatum L. subsp. capitatum - - - - - + - -
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Figure 5. Euphorbio exiguae-Ophioglossetum lusitanici ass. nova hoc loco. Date: 3 May 2021, Santeramo
in Colle, in loc. Alessandrelli (Bari). Photo by Enrico Vito Perrino.

Table 2. Rumici bucephalophori-Ophioglossetum lusitanici and trifolietosum scabri subass. nova hoc loco.
Further details of relevés and sporadic species are reported in Appendices A and B, respectively.

Sampling Number 9 10 11 12 13 14 15 16 17 18 19 20 21
Identification Relevé Code S1* S2* S3* S4.* S5* CVl Cv2 CV3 CVv4 CV5 CVe T1** T2 **
Altitude (m a.s.l.) 25 35 35 35 35 479 479 479 479 479 479 84 140
Aspect - NW NW NW NW - WNW N - - - - -
Slope (°) - 20 20 20 25 - 1 2 - - - - .
Area of relevé (m?) 1 1 1 1 1 1.2 005 006 05 02 006 0.3 0.25
Stoniness (%) - - - - - - - - - - - _ _
Rockiness (%) - - - - - 10 10 - 5 10 10 - -
Total cover (%) - - - - - - - - - - - 40 30
Vascular plant layer cover (%) - - - - - 70 70 70 95 70 90 - -
Moss layer cover (%) - - - - - 90 90 100 10 90 70 - -
Number of taxa 19 16 14 13 13 23 15 0 23 19 14 15 8
Holotypus (#) £

Charact. trifolietosum scabri subass. nova hoc loco

Trifolium scabrum L. B - B - - 1 1 1 + 1 - - -
Charact. Rumici bucephalophori-Ophioglossetum lusitanici Médail, Pavon, Lo

Cascio & Pasta, 2016

Ophioglossum lusitanicum L. 3 2 3 3 2 4 3 4 5 4 4 3 3
Rumex bucephalophorus L. s.1. 1 2 2 3 2 1 + 1 1 1 +

Charact. Helianthemion guttati Br.-Bl. in Br.-Bl. et al., 1940, Helianthemetalia guttati Br.-Bl. in Br.-Bl. et al., 1940 Helianthemetea guttati Rivas Goday & Rivas-Martinez, 1963
Ornithopus compressus L. - 1 2 + + + - 1 - + 1 - -
Trifolium arvense L. subsp. arvense - + - - - + + + + + 2 - -
Lagurus ovatus L. + 2 3 + - - + - - - - + _
Silene mutabilis L. + + 1 + + - - - - - - _
Aira caryophyllea L. + 1 - - - - - + - + -
Tolpis virgata (Desf.) Bertol. subsp. virgata + + + - + - - - - - - - -
Silene gallica L. - - - - - + 2 - + B + - -
Cerastium semidecandrum L. - - - - + - + - + + - -
Briza maxima L. + - - - - - - + - + - - -
Ornithopus pinnatus (Mill.) Druce - + 2 + - - - - - - - - -
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Table 2. Cont.

Sampling Number 9 10 11 12 13 14 15 16 17 18 19 20 21
Identification Relevé Code S1* S2* S3* S4* S5 * CVl Cv2 CV3 Cv4 CV5 CVé6 T1** T2 **

Galium parisiense L. - + + + - - - -
Phedimus stellatus (L.) Raf. - - - - - 1 + +

Lupinus angustifolius L. - - - - - - + - + 1 - - -
Logfia gallica (L.) Cosson & Germ. - + - - - - - -

Sedum rubens L. - - - - 1 - - - - - _ _
Trifolium cherleri L. - - - - - - - - - - - 1
Cynosurus echinatus L. - - - - - - - - - - - +
Festuca lachenalii (C.C.Gmel.) Spenn. - - - - - - - - - - - -

Transg. Echio-Galactition tomentosae O.De Bolos et Molinier,
1969

Echium plantagineum L. 2 3 2 1 + - - - - - 2 - -
Galactites tomentosus Moench 2

—
'
'
'
'
'
'
'
'
'

Transg. Festuco valesiacae-Brometea erecti Br.-Bl. & Tiixen ex

Br.-Bl., 1949

Petrorhagia saxifraga (L.) Link subsp. gasparrinii (Guss.)

Pignatti ex Greuter & Burdet

Allium vineale L. - - - - -
Sixalix atropurpurea (L.) Greuter & Burdet - - - - -
Muscari comosum (L.) Mill. - - - - - -

[T
'
.
+
.
.
.

Transg. Lygeo sparti-Stipetea tenacissimae Rivas-Martinez, 1978

Hyparrhenia hirta (L.) Stapf subsp. hirta 2 - 1 2 + - - - - - - - -
Daucus carota L. subsp. carota - . - - - + + - - - _ _ _
Lathyrus clymenum L. - - - - - - - - + - - - -
Reichardia picroides (L.) Roth - - - - - - - - - + - - -

* from [24], ** from [23].

Figure 6. Rumici bucephalophori-Ophioglossetum lusitanici subass. trifolietosum scabri subass. nova hoc
loco. Date: 19 March 2016, Mt. Vesuvius, Ercolano, between Casa Cantoniera and Osservatorio
Vesuviano (Naples). Photo by Adriano Stinca.

In Elba Island (Tuscany), O. lusitanicum identifies microcoenoses on a small riparian
plateau along a stream near Vallone di Madonna del Monserrato, consisting of sandy
sediments where it grows with other species of different ecological contingents, such
as Petrosedum rupestre, Centranthus calcitrapa, Senecio vulgaris, and Geranium purpureum,
testifying that we are dealing with transitional aspects in a progressive release from the
wet temporary ponds. For this reason, it was not possible to assign the Elba Island plant
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community with O. lusitanicum to its own syntaxon (Table 2), even if the authors in the
syntaxonomic scheme report Isoétion durieui Br.-Bl., 1935 [23], confirming the vegetational
versatility of this species. This variability is confirmed in other sites of Elba Island by
other authors [30] who highlight, even if without phytosociological relevés, the presence
of hygrophilous stations of Isoétion durieui due to the presence of Isoétes durieui Bory with
Juncus bufonius L. and ]. capitatus Weigel. In the same locality, at higher altitudes between
250 and 750 m a.s.l., were reported the ephemeral meadows of late spring on granitic soils,
referable to the Helianthemetalia guttati class, the latter interpreted as a secondary series with
respect to the communities of the Isoétion, which would be of primary role. Statistically,
although falling within the same group (I) of the Sicilian and Campania-Mt. Vesuvius sites,
it must refer to another subgroup (IA) (Figure 3) and, spatially, it has a distinct position
(Figure 4). Therefore, further field studies are necessary to clarify the syntaxonomic position
of the plant populations of Tuscany.

3.3. Syntaxonomical Scheme of Surveyed Vegetation

Stipo-Trachynietea distachyae Brullo in Brullo et al., 2001
Brachypodietalia distachyae Rivas—-Martinez, 1978
Trachynion distachyae Rivas-Martinez, 1978
Euphorbio exiguae-Ophioglossetum lusitanici Perrino, Stinca & Tomaselli, 2022 ass.
nova hoc loco
Helianthemetea guttati Rivas Goday and Rivas-Martinez, 1963
Helianthemetalia guttati Br.-Bl. in Br.-Bl. et al., 1940
Helianthemion guttati Br.-Bl. in Br.-Bl. et al., 1940
Rumici bucephalophori-Ophioglossetum lusitanici Médail, Pavon, Lo Cascio &
Pasta, 2016
trifolietosum scabri Stinca, Perrino & Tomaselli, 2022 subass. nova hoc loco

4. Conclusions

The Ophioglossum L. species, such as O. azoricum and O. vulgatum, although reported
in the Italian Regional Red Lists [9], as stated by other authors [33], have become in-
creasingly rare due to: (1) their particular biological cycle; and (2) human impact on
their growth environments. The new O. lusitanicum communities identified in Apulia,
Campania, and Sicily regions represent two different aspects of the same priority habi-
tat (i.e., “pseudo-steppe with grasses and annuals of the Thero-Brachypodietea” (habitat
code 6220%*), as well as described in Spain (Scillo-Ophioglossetum lusitanici Ballesteros &
Sagarra, 1984), even if doubts persist for the plant populations of Mt. Vesuvius. This
phytosociological framework differs from the vegetation described for this species in other
European territories, often attributed to Iso¢to-Nanojuncetea Br.-Bl. et Tx. in Br.-Bl. et al,,
1952 (e.g., Ophioglosso lusitanici-Isoétion histricis de Foucault, 1988) [14], which constitute a
different habitat (habitat code 3170%).

The type of soil, together with the altimetric parameter, with some exceptions, is
confirmed to be the key that discriminates the different types of vegetation and habitat
detected. Isoétion durieui (habitat 3170*) at low altitudes, often near the coast, prefers cal-
careous soils, while the annual meadows of Brachypodietalia distachyae (habitat 6220%) are
found at relatively higher altitudes and inland. Nevertheless, given the limited number
of investigated sites, the matter deserves further investigation. Finally, the aspects of
Helianthemetalia guttati (habitat 6220*) have been reported on soils of a different nature,
volcanic in Sicily and Campania, and granitic in Tuscany (Elba Island). These environ-
mental and ecological assessments deserve to be deepened with further investigations
in other Mediterranean territories to verify their reliability on a wide scale, including
the primary and secondary roles. In any case, we emphasize that the description of new
syntaxa, such as the description of new taxa, is the first step towards local and worldwide
biodiversity conservation.
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Appendix A Locality, municipality, region, date, identification relevé code, and
geographic coordinates (UTM-WGSB84) of the surveys analyzed (if available)

Table 1: Rel. 1: Santeramo in Colle in loc. Alessandrelli (Bari), Apulia, 3 May 2021, P1,
33T 644123 E—4514234 N; Rel. 2: Santeramo in Colle in loc. Alessandrelli (Bari), Apulia,
3 May 2021, P2, 33T 644091 E—4514226 N; Rel. 3: Santeramo in Colle in loc. Alessandrelli
(Bari), Apulia, 3 May 2021, P3, 33T 644053 E—4514228 N; Rel. 4: Santeramo in Colle in loc.
Alessandrelli (Bari), Apulia, 3 May 2021, P4, 33T 644012 E—4514227 N; Rel. 5: Santeramo
in Colle in loc. Alessandrelli (Bari), Apulia, 3 May 2021, P5, 33T 643832 E—4514539 N;
Rel. 6: Tifatini Mts., Caserta, Campania, 2 April 2016, CT1, 33T 444068 E—4550816 N; Rel.
7: Tifatini Mts., Caserta, Campania, 2 April 2016, CT2, 33T 444085 E—4550830 N; Rel. 8:
Tifatini Mts., Caserta, Campania, 2 April 2016, CT3, 33T 444108 E—4550818 N.

Table 2: Rel. 9: Vulcano Island, Lipari (Messina), Sicily, 5 November 2016, S1*
(from [24]), no geographic coordinates; Rel. 10: Vulcano Island, Lipari (Messina), Sicily, 5
November 2016, S2*, no geographic coordinates; Rel. 11: Vulcano Island, Lipari (Messina),
Sicily, 5 November 2016, S3*, no geographic coordinates; Rel. 12: Vulcano Island, Lipari
(Messina), Sicily, 5 November 2016, S54%, no geographic coordinates; Rel. 13: Vulcano
Island, Lipari (Messina), Sicily, 5 November 2016, S5*, no geographic coordinates; Rel. 14:
Mt. Vesuvius, Ercolano (between locality Casa Cantoniera and Osservatorio Vesuviano)
(Naples), Campania, 19 March 2016, CV1, 33T 448579 E—4519275 N; Rel. 15: Mt. Vesuvius,
Ercolano (between Casa Cantoniera and Osservatorio Vesuviano) (Naples), Campania, 19
March 2016, CV2, 33T 448574 E—4519281 N; Rel. 16: Mt. Vesuvius, Ercolano (between
Casa Cantoniera and Osservatorio Vesuviano) (Naples), Campania, 19 March 2016, CV3,
33T 448573 E—4519291 N; Rel. 17: Mt. Vesuvius, Ercolano (between Casa Cantoniera and
Osservatorio Vesuviano) (Naples), Campania, 19 March 2016, CV4, 33T 448558 E—4519301
N; Rel. 18: Mt. Vesuvius, Ercolano (between Casa Cantoniera and Osservatorio Vesuviano)
(Naples), Campania, 19 March 2016, CV5, 33T 448549 E—4519307 N; Rel. 19: Mt. Vesuvius,
Ercolano (between Casa Cantoniera and Osservatorio Vesuviano) (Naples), Campania, 19
March 2016, CV6, 33T 448531 E—4519312 N; Rel. 20: Madonna di Monserrato (Elba Island)
(Livorno), Tuscany, in the period 1999-2005, T1** (from [23]), 32T 613859 E—4737753 N;
Rel. 21: Madonna di Monserrato (Elba Island) (Livorno), Tuscany, in the period 1999-2005,
T2**, 32T 613878—E 4737806 N.

Appendix B Other sporadic species found in the vegetation relevés

Table 1: Rel. 1: Avena barbata Pott ex Link (+), Dasypyrum villosum (L.) PCandargy (+),
Linum usitatissimum L. subsp. angustifolium (Huds.) Thell. (+), Neotinea lactea (Poir.) R M.Bateman,
Pridgeon & M.W.Chase (+). Rel. 2: Avena barbata Pott ex Link (+), Dasypyrum villosum (L.)
P.Candargy (+), Festuca danthonii Asch. & Graebn. (+), Lathyrus cicera L. (+), Linum usitatissimum
L. subsp. angustifolium (Huds.) Thell. (+), Neotinea lactea (Poir.) R.M.Bateman, Prid-
geon & M.W.Chase (+), Tordylium apulum L. (+), Valerianella sp. (+), Vicia sp. (+). Rel.
3: Bromus sp. (+), Dasypyrum villosum (L.) P.Candargy (+), Festuca danthonii Asch. &
Graebn. (1), Lathyrus cicera L. (+), Tordylium apulum L. (+), Valerianella sp. (+). Rel. 4:
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Bromus sp. (+), Crepis sp. (+), Dasypyrum villosum (L.) P.Candargy (+), Lathyrus cicera L. (+).
Rel. 5: Avena barbata Pott ex Link (+), Echium vulgare L. subsp. pustulatum (Sm.) Bonnier
& Layens (+), Galactites tomentosus Moench (+), Lathyrus cicera L. (+), Linum usitatissimum
L. subsp. angustifolium (Huds.) Thell. (+), Plantago afra L. (+), Tordylium apulum L. (+).
Rel. 6: Allium sp. (+), Anemone hortensis L. subsp. hortensis (+), Biscutella didyma L. (+),
Crepis sp. (+), Euphorbia helioscopia L. subsp. helioscopia (+), Hypochaeris radicata L. (+),
Lotus edulis L. (+), Parentucellia latifolia (L.) Caruel (+), Picris hieracioides L. subsp. hieracioides
(+), Plantago lanceolata L. (+), Poa bulbosa L. subsp. bulbosa (1), Sonchus bulbosus (L.) N.Kilian
& Greuter subsp. bulbosus (+), Trifolium sp. (+). Rel. 7: Anemone hortensis L. subsp. hortensis
(+), Biscutella didyma L. (+), Crepis sp. (+), Euphorbia helioscopia L. subsp. helioscopia (+),
Lotus edulis L. (+), Parentucellia latifolia (L.) Caruel (1), Poa bulbosa L. subsp. bulbosa (1),
Ranunculus sp. (2), Trifolium sp. (2). Rel. 8: Allium sp. (+), Carex flacca Schreb. subsp.
erythrostachys (Hoppe) Holub (+), Coronilla scorpioides (L.) W.D.J.Koch (+), Crepis sp. (+),
Euphorbia helioscopia L. subsp. helioscopia (+), Lotus edulis L. (+), Parentucellia latifolia (L.)
Caruel (+), Poa bulbosa L. subsp. bulbosa (1), Trigonella sp. (+), Trifolium sp. (1).

Table 2: Rel. 1: Erodium cicutarium (L.) L'Hér. (1), Geranium molle L. (1), Heliotropium europaeum
L. (+), Lobularia maritima (L.) Desv. (+), Lysimachia arvensis (L.) U. Manns and Anderb.
subsp. arvensis (+), Medicago sp. (+), Orobanche minor Sm. (+), Plantago coronopus L. (+),
Sherardia arvensis L. (+). Rel. 2: Erodium botrys (Cav.) Bertol. (2), Fumaria capreolata L.
subsp. capreolata (+), Geranium molle L. (+), Medicago sp. (+). Rel. 3: Galium aparine
L. (+), Geranium molle L. (+), Serapias sp. (2). Rel. 4: Erodium botrys (Cav.) Bertol. (1),
Geranium molle L. (+), Medicago sp. (+), Serapias sp. (+). Rel. 5: Anisantha madritensis
(L.) Nevski subsp. madritensis (2), Citrullus colocynthis (L.) Schrad. (1), Erodium botrys
(Cav.) Bertol. (+), Fumaria capreolata L. subsp. capreolata (+), Plantago coronopus L. (+).
Rel. 6: Calendula arvensis (Vaill.) L. (1), Carduus pycnocephalus L. subsp. pycnocephalus (+),
Crepis sp. (+), Euphorbia peplus L. (+), Medicago arabica (L.) Huds. (+), Micromeria graeca
(L.) Benth. ex Rchb. s.l. (+), Petrosedum rupestre (L.) P.V.Heath (1), Poa bulbosa L. subsp.
bulbosa (1), Raphanus raphanistrum L. subsp. landra (Moretti ex DC.) Bonnier & Layens (1),
Silene vulgaris (Moench) Garcke subsp. tenoreana (Colla) Soldano & F.Conti (+), Trigonella
sp. (+), Veronica cymbalaria Bodard subsp. cymbalaria (+). Rel. 7: Euphorbia peplus L.
(+), Poa bulbosa L. subsp. bulbosa (1), Trigonella sp. (+). Rel. 8: Petrosedum rupestre
(L.) PV.Heath (+), Poa bulbosa L. subsp. bulbosa (+). Rel. 9: Campanula erinus L. (+),
Catapodium rigidum (L.) C.E.Hubb. subsp. rigidum (+), Euphorbia peplus L. (+), Holcus
lanatus L. subsp. lanatus (+), Lobularia maritima (L.) Desv. (1), Lysimachia arvensis (L.)
U.Manns and Anderb. subsp. arvensis (+), Micromeria graeca (L.) Benth. ex Rchb. s.1. (+),
Petrosedum rupestre (L.) P.V.Heath (1), Poa bulbosa L. subsp. bulbosa (+), Serapias sp. (+),
Sonchus asper (L.) Hill subsp. asper, Trigonella sp. (1). Rel. 10: Crepis sp. (+), Euphorbia peplus
L. (+), Lysimachia arvensis (L.) U.Manns & Anderb. subsp. arvensis (+), Petrosedum rupestre
(L.) PV.Heath (+), Poa bulbosa L. subsp. bulbosa (+), Serapias sp. (+), Sonchus asper (L.)
Hill subsp. asper (+), Spartium junceum L. (+). Rel. 11: Crepis sp. (+), Petrosedum rupestre
(L.) PV.Heath (+), Poa bulbosa L. subsp. bulbosa (1), Serapias sp. (+), Trigonella sp. (+),
Vicia pseudocracca Bertol. (1). Rel. 12: Allium triquetrum L. (+), Centranthus calcitrapae (L.)
Dufr. subsp. calcitrapae (+), Cerastium glomeratum Thuill. (+), Dactylis glomerata L. s.I. (+),
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G e W N

Abstract: The conservation of medicinal plants, particularly endangered or endemic species, is of
the utmost importance, especially in light of inevitable climate change and its consequences. Species
inhabiting high altitudes adopt exceptional defense mechanisms in response to abiotic stresses as
a survival strategy. The objective of the current study was to investigate the effects of altitudinal
variations on secondary metabolite accumulation and antioxidant enzyme capacity in four plants
(Cotoneaster orbicularis, Crataegus x sinaica, Echinops spinosissimus subsp. Spinosissimus, and Tanacetum
singicum) growing naturally on the Sinai Peninsula’s high mountains. Plant leaves and soil samples
were collected from three altitudes between 1500 and 2250 m a.s.l. to evaluate the adaptive responses
of these species in relation to high-altitude oxidative stresses. The results showed that at higher
altitudes, the electrical conductivity and the micronutrient contents of the soil decreased, which may
be due to the prevalence of silt and clay decreasing at higher altitudes. Chlorophyll a, chlorophyll
b, ascorbic acid, and total soluble protein showed similar results in relation to higher altitudes for
all species. On the other hand, proline, total soluble sugars, carotenoids, phenols, tannins, and
flavonoids increased in response to high altitudes. The activity levels of catalase and ascorbic
acid peroxidase showed a significant increase aligned with higher altitudes, while a significant
decrease in activity levels was obtained for polyphenol oxidase. In conclusion, the present findings
showed that Cotoneaster orbicularis exhibited the maximum response for coping with high-altitude
stresses, followed by the remaining three species regarding the level of biochemical and physiological
responses. The present work will help formulate conservation plans for important medicinal species.

Keywords: antioxidant capacity; bioactive compounds; endangered medicinal species; high altitude
environment; oxidative stresses; protectorate

1. Introduction

One of the main issues regarding the impact of climate change is the destruction of
particular natural habitats, specifically in fragile environments, as these changes control the
growth dynamics, distribution, and population structure of plants [1-3]. A species’ survival
in its ecosystem depends on its ability for habitat adaptation, and most plant species have
evolved a diversified array of biochemical responses to deal with different environmental
challenges [4,5]. To maintain a homeostatic level of photosynthetic efficiency, plants either
adapt their physiological and morphological characters or adjust their photosynthetic
capacity in response to the environment [6,7].
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It is anticipated that the continuous consequences of climate change will increase the
frequency of droughts, nutrient deficiency, and temperature increase, and the combined
effects of these stresses on species’ survival will be more harmful than their individual
effects [8].

Although the Sinai Peninsula only comprises 6.1% of Egypt’s total land area, it is
home to about 1262 different plant species. Approximately 62 endemic plant species exist
in Egypt, with the Sinai Mountains acting as home to half of them. According to Boulos [9],
Saint Katherine Protectorate (SKP) is one of the Middle East’s most floristically diverse
locations, with 17 endemic taxa (28% of Egyptian endemic taxa), comprising a sizable
fraction of the region’s endemism [10-12]. Six microhabitats, including wadis, gorges,
caves, basins, slopes, and terraces, can be differentiated in this area due to the variety of
SKP’s landforms and geologic features. The first two microhabitats include dykes that trap
water, resulting in substantial plant cover [13].

Due to the altitude of the SKP mountains, plant growth, diversity, and distribution are
limited by harsh and complicated environmental circumstances [14]. High illumination,
strong winds, low levels of CO; and O,, gravely thin soils with low water and nutrient con-
tents, and low temperatures are only a few of these harsh environmental conditions [15,16].
Even though these stressors could retard plant growth, many plants have endured and
progressed, developing a variety of adaptive defense mechanisms in response to these
abiotic stresses [17,18].

In addition to being a valuable assortment of natural products, plant secondary
metabolites (SMs) have also been linked to the activation and augmentation of plant de-
fense mechanisms against biotic and abiotic environmental stresses [19,20]. Likewise,
environmental variables such as soil microorganisms, water availability, soil pH, nutrients,
temperature (high/low), high altitude, drought, and light conditions strongly affect the
quality and quantity of SMs production among plant populations [21-23]. These SMs actu-
ally assist plants in maintaining physiological and morphological functions. For instance,
they increase flavonoids, tannins, and phenols as antioxidants; accumulate soluble protein,
soluble sugars, and proline to fend off drought via the regulation of the water-holding
potential; and upregulate the xanthophyll cycle pigment pool by increasing carotenoids
relative to chlorophylls, lessening the harmful effect of high light intensity [24-26].

On the other hand, reactive oxygen species (ROS) production, including singlet oxygen,
hydroxyl radicals, and superoxide, increases as a result of high-altitude environmental
stresses (light intensity, low temperature, and drought), amplifying the possibility of
oxidative damage [27-29]. The combination of these stresses can seriously harm plants by
limiting photosynthesis, closing stomata, and inhibiting various physiological processes,
including antioxidant activities [30-32].

Cells achieve ROS homeostasis when the ratio of ROS synthesis to ROS scavenging is
balanced. However, under typical circumstances, ROS production is minimal and typically
balanced by antioxidant molecules [33]. Plants can scavenge ROS via two antioxidant
systems: 1. the non-enzymatic antioxidant system, comprised of compounds of basic
antioxidant characteristics, such as glutathione, flavonoids, phenolic compounds (water
soluble), carotenoids, and a-tocopherols (lipid-soluble); and 2. the enzymatic antioxidant
system, which comprises catalase (CAT), peroxidase (POD), superoxide dismutase (SOD),
and ascorbate peroxidase (APX) [34,35]. Additionally, malondialdehyde (MDA) is consid-
ered an important indicator of abiotic stress (especially drought), and it is the end product
of cell membrane lipid peroxidation. Frequently, MDA will increase with decreasing soil
water content [36-38].

Four plant species of high value (medicinal, solid fuel, and edible) inhabiting the
SKP mountains were investigated in this study (namely, Cotoneaster orbicularis Schltdl.,
Crataegus x sinaica Boiss., Echinops spinosissimus subsp. Spinosissimus Turra., and Tanacetum
sinaicum Del.). Despite the medical and ecological importance of these species, little is
known about their ecophysiology, particularly at high altitudes in the Sinai Peninsula.
Consequently, understanding the different adaptive mechanisms of these species is crucial
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for predicting their responses to climate change in the future and assisting researchers
in planning to conserve and sustain these species. In this study, the SMs, antioxidant
capacity, and physiology of the four plants were analyzed in relation to altitudinal variation.
Additionally, the eco-physiological response of these plants to exposure to different stresses
at higher altitudes is investigated.

2. Materials and Methods
2.1. Study Area

The current study was carried out in the mountainous region of Saint Katherine
protectorate (SKP) in the south part of Sinai Peninsula (Figure 1). SKP was declared as a
protected area in 1996 by the (EEAA) [39]. It is located between 28°30" and 28°35’ N and
33°55" and 34°30’ E, covering an area of roughly 4350 km?. The region is distinguished by
the presence of Egypt’s highest and steepest mountains, which reach elevations of up to
2624 m above sea level (a.s.l.) [40,41]. As a result of its distinctive geological, climatic, and
morphological characteristics, this dry mountainous ecosystem is home to numerous rare,
endemic, and medicinal plant species [10,40].

33°20'0°E 33°40'0°E 34°0'0°E 34°20'0°E 34°40'0°E

28°40'0°N

28°20'0°N

Mediterranean Sea

28°0'0°N

3
—

Egypt

~2

$0m Red‘Sea

33°20'0°E 33°400°E 34°00°E 34°20'0°E 34°40'0°E _———————————

Figure 1. Map of the study area for Saint Katherine protectorate, Sinai Peninsula, Egypt (Base map:
acquired using Landsat 8-2022-P/R: 178/39).

The plant materials were collected from El-Gebel Al-Ahmer (red mountain) at SKP in
April/May 2022. The study area lies in a Saharan-Mediterranean hyper-arid zone, with
extremely cold winters and hot, dry summers. Due to its great altitudes, SKP is the coldest
place in Sinai [42,43]. The average temperature ranges from 5.4 °C to 25.2 °C, with the mean
minimum temperature occurring in February (7.8 °C) and the mean highest temperature
occurring in August (36 °C) [44].
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2.2. Target Species

In Table 1, specifics concerning the target species are given, including their scien-
tific names, their families, habitat, distribution, status, uses, distribution, altitude, and
field photos. Four medicinal plant species (namely, Cotoneaster orbicularis, Crataegus x
sinaica, Echinops spinosissimus subsp. Spinosissimus, and Tanacetum sinaicum) were collected
from three different altitudes (15001750, 1750-2000, and 2000-2250 m a.s.l.) of the SKP
mountains (Figure 2). Samples were taken from the shoot systems (4 species x 3 different
individuals for each x 3 altitudes) of the four plant species under investigation, with a
total of 36 plant samples, which were stored frozen at (—20 °C). Next, the samples were
either extracted to determine the photosynthetic pigments, total antioxidant capacity, and
enzyme, proline, ascorbic acid, and malondialdehyde levels, or air-dried to determine the
quantity of tannins, carbohydrates, flavonoids, and phenolic compounds.

a0 1] a0 100
N
Location #3 (2000-2250 m a.s.l.) A
Location #2 (1750-2000 m a.s.l.) / \
9 Lox
9 10 20  Am @ Location #1 (1500-1750 m a.s.1.) \v /
"
1:1,500,000 ’
\ /

Figure 2. Surface profile showing the three locations of data collection at different altitudes in Saint
Katherine protectorate.

Collected taxa were identified according to the work of Boulos, Tdckholm, and Zo-
hary [9,45,46]. Taxa names were clarified against Kew’s Plants of the World Online [47],
which was also used as a reference for family and genera classification.
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Table 1. Family, scientific name, habitat, status, uses, distribution, and field photos of the four
target species.

No. Family Plant Species Habitat, Status, Uses, and Distribution Field Photo

- Distribution: It is restricted to the rugged South Sinai
and Eastern Arabia.
Status: Endangered
Habitat: It flourish in crevices and in soft dykes.

- Uses: fuel, folk medicine, and animal grazing.

- Refs. [48-50].

1 Cotoneaster orbicularis Schltdl.

Rosaceae

- Distribution: It is confined to the South Sinai
mountains.
L . - Status: Endangered
2 Crataegus x sinaica Boiss. - Habitat: It grows in the SKP’s elevated high wadis.
- Uses: fuel, folk medicine, and food.
- Refs. [51-53].

- Distribution: It grows well across the Sahara, notably
near Sinai and the Red Sea.

- Status: Common

- Habitat: It grows on coastal calcareous dunes, wadi
beds, and on gravelly to rocky surfaces.

- Uses: fuel, folk medicine, and animal grazing.

- Refs. [48,54,55].

Echinops spinosissimus subsp.
Spinosissimus Turra.

Asteraceae

- Distribution: It is confined to the South Sinai
mountains.

- Status: Endemic to Egypt

- Habitat: It grows on the rocky slopes of SKP.

- Uses: folk medicine.

- Refs. [47,56,57]

4 Tanacetum sinaicum Del.

2.3. Soil Analysis

Twelve soil samples were taken from each studied altitude at a depth of 0-30 cm (one
soil sample for each plant individual at each altitude). The samples were then air-dried to
determine their physical and chemical characteristics. Mechanical analysis (texture) was
determined according to the technique of [58] using the hydrometer method to separate
sand, silt, and clay. Using the potentiometric method [59], pH value, total dissolved
salts (TDS), and electric conductivity (E.C.) were determined in the soil-water extracts
(1:5). Using the method designed by Johnson and Ulrich (versene titration method) [60],
magnesium and calcium were measured volumetrically. According to the method of
Shapiro and Brannock [61], potassium and sodium were determined by flame photometry.
Bicarbonates and chlorides were determined by the titration method according to the work
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of [62,63]. Sulphates and calcium carbonates were determined according to the method
of Bardsley and Lancaster [63]. Organic carbon (O.C.) and organic matter (O.M.) were
determined using the titration method described by Piper [64].

2.4. Phytochemical Assay

All the chemicals used in this investigation were of high purity, purchased from Sigma
Aldrich Chemical Co., Germany, and all organic solvents were of AR grade.

2.4.1. Extraction and Estimation of Photosynthetic Pigments

The photosynthetic pigments in terms of Chl a, Chl b and carotenoids were extracted
in 80% acetone. Measurements were performed using a spectrophotometer (Spectronic 601,
Milton Roy Company, Ivyland, PA, USA). Pigment contents were calculated according to
the method of Metzner et al. [65].

2.4.2. Extraction and Estimation of Total Soluble Sugars

Following the method of Homme, et al. [66], sugars were extracted. The method of
Loewus [67] was used to measure the total soluble sugar contents by reacting 0.1 mL of
the ethanolic extract with 3 mL of newly made anthrone reagent. Utilizing the glucose
standard curve, the soluble sugar concentration was quantified and represented as ug
glucose equivalent/g dry weight.

2.4.3. Extraction and Estimation of Total Phenolic, Flavonoid, and Tannin Content

According to Malik and Singh’s method [68], the total phenolic molecules were ex-
tracted, and their content was measured (concentrations were estimated based on the pyro-
gallol standard curve as gallic acid equivalents/g). According to the Harborne method [69],
after being extracted, the total flavonoids were calorimetrically determined by reacting
with AICls (the concentration of total flavonoids, given as nug/g dry weight, was deter-
mined using the quercetin standard curve). Finally, following the method outlined by
Ejikeme et al. [70], the tannins were extracted and then quantified.

2.5. Biochemical Assay
2.5.1. Extraction and Estimation of Total Soluble Proteins and Proline Content

Total proteins were extracted by grinding 0.5 g of fresh leaf tissue in 1 mL of phosphate
buffer (0.1 M, pH 7.0), before being preserved in ice. Then, the concentration of soluble
proteins was assessed according to the method of Bradford [71]. The amount of free proline
expressed as pg/g fresh weight was calculated according to the method Bates et al. [72].

2.5.2. Extraction and Estimation of Malondialdehyde

According to the method of Heath and Packer [73], the quantity of lipid peroxidation
was assessed by counting the MDA amount generated by the thiobarbituric acid reaction
(results were expressed as 1 mol g’l fresh weight).

2.6. Enzymes Extraction and Assays

The enzymes were extracted following the method of Mukheriee and Choudhuri, [74].
A total of 250 mg of fresh tissue were crushed coarsely using a pestle in a cooled mortar
after being frozen in liquid nitrogen. Then, the ground powder was added to 10 mL of
100 mM phosphate buffer (KH;PO4/Ky;HPO4, pH 6.8), and centrifuged at 20,000x g for
twenty minutes. Using the same bulffer, the supernatant was diluted to a specified volume
and used as an enzyme extract to determine the activity of various enzymes.

The super oxide dismutase (SOD) activity level was estimated following the method of
Dhindsa et al. [75]. The SOD activity was measured as unit/mg protein. The CAT activity
level was determined following the method of Hermans et al. [76]. The Catalase (CAT)
activity was measured as mM of H,O, /g FW/min. The peroxidase (POD) activity was cal-
culated according to the Kar and Mishra method [77], with slight modifications. Quinone/g
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f.w/min was used to express POD activity. Finally, ascorbate peroxidase (APX) activity
was assessed according to the method of Koricheva et al., with slight modifications [78].
The APX activity was expressed as mM of ascorbate oxidized /g f.w/min.

2.7. Determination of Ascorbic Acid (AsA) and Total Antioxidant Capacity (TAC)

According to the method of Kampfenkel et al. [79], ascorbic acid extracted from
fresh tissue weighing (0.1 g) was homogenized in one milliliter of trichloroacetic acid
solution (6% (w/7v)); the homogenate was then centrifuged at 12,000x g and 4 °C for
ten minutes. Ascorbic acid estimation was performed using the supernatant. TAC was
measured according to the method of Prieto et al. [80] using phosphomolybdenum.

2.8. Statistical Analysis

Data of four species (Co. orbicularis, Cr. sinaica, Ec. spinosisimus, and Ta. sinaicum) at
three different altitudes (1500-1750, 1750-2000, and 2000-2250 m a.s.l) was analyzed to
obtain the physiological and ecological parameters using Excel 365, Minitab 20, IBM SPSS
26, and PC-ORD 5. Three plant and soil samples were collected from each species at each
altitude, with a total of 36 soil and plant samples (3 samples x 4 species x 3 altitudes).
Data was cleansed before running any statistical analyses. Missing data and mistyping
errors were checked. Descriptive statistics, including mean and standard error of mean,
were calculated for the physiological parameters (CAT, SOD, APX, POX, total phenols,
flavonoids, tannins, TAC, AsA, soluble sugar, total sol. protein, proline, MDA, chl. a,
chl. b, and carotenoids) and soil parameters (pH, E.C., TDS, CI™ (meq/L), CaCO5;~ (%),
SO4~ (Mg/L), HCO3;™ (%), Ca** (meq/L), Mg** (meq/L), Na* (mlq/L), K* (mlq/L), O.C.
(%), O.M. (%), sand %, Clay%, and silt%). Inferential statistics were used to compare the
results of different groups. All variables parametric assumptions were tested, and the Box
Cox transformation for non-normal dependent variables was applied using the optimal A
method, whenever needed.

Two-way ANOVA was used to evaluate the physiological and soil parameters for each
altitudinal variation and different species, using the general fit linear model in Minitab
20. Bar charts of all variables, showing the mean and SE of each variable in relation to
different factors, were produced using Excel 365. The results showed a good fit for different
models, while normal residual probability plots showed a linear attitude for all analyses
after data transformation. The p value was considered significant at & < 0.05. Post hoc
analyses of the interactions among all groups were conducted using the Tukey test for
pairwise comparisons. The results of the post hoc analyses are represented with letters,
where groups that share the same letters are non-significantly different, while different
letters express significant differences among different groups.

Multivariate analyses of physiological and soil parameters were performed using
PC-ORD 5. Two-way cluster analysis (TWCA) and principal component analysis (PCA)
were conducted for all parameters regarding different species from different altitudes. Two-
way cluster analysis was achieved using Euclidean distance as a distance measurement
and Ward’s method as a linkage method. PCA was plotted using PC1 and PC2, and
correlations of all parameters and species from different altitudes were obtained. The
TWCA dendrogram and the PCA joint plot were graphed using PC-ORD5.

3. Results and Discussion
3.1. Soil Analysis

In natural environments, such as mountains, the main determinant of plant species
distribution and growth are moisture and temperature gradients, which combine the
influence of numerous physical factors. The moisture content depends on the land form
type, slope degree, nature of the soil surface, soil texture, and soil organic content, whereas
the temperature is a net product of the elevation and the slope aspect [81-83]. Moreover, in
the present work, there is a marked decrease in the distribution and intensity of species
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with increasing altitude. This may be correlated with changes in the physical and chemical
characteristics of the soil collected from the three locations at different altitudes.

Performing a principal component analysis (PCA) showed that altitude is a major
factor separating the 36 soil samples. PCA output showed that the first altitude (1500-1750)
tends to correlate positively with axis 1, while the third altitude (2000-2250) showed a
negative correlation with axis 1. The second altitude (1750-2000) showed no correlation
with axis 1. On the contrary, axis 2 showed no correlation with any altitude. Generally,
pH value, sand, and Ca*? contents showed a correlation with the highest altitude (2000—
2250), while lower altitudes were correlated with silt, clay, (OC), (OM), C1~, K, Mg*Z, and
E.C. (Figure 3).
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Figure 3. PCA joint plot showing target species at different altitudes in relation to soil parame-
ters. Abbreviations: L1 = altitude 1; L2 = altitude 2; L3 = altitude 3; Co. = Cotineaster orbicularis;
Cr. = Crataegus sinaica; Ec. = Echinops spinossissmus; Ta. = Tanacetum sinaicum.

From the obtained results shown in Figure 3, it is clear that electrical conductivity
and some free salts, such as K*, Na*, OC, OM, and Mg*z, are negatively correlated with
high altitudes (they tend to accumulate at low altitudes). The EC value, OC, and OM
content of the soil exhibits a positive relationship with the fertility and nitrogen content in
the soil [81,84]. Moreover, the EC value of soil decreased with an increase in the altitude
due to the decrease in water content and free salts [85-87]. This was accompanied by a
decrease in the ratio of silt and clay contents (lowest values of 24.06% and 4.03%) and an
increase in the ratio of sand as it reached its highest value (71.75%) at the highest altitude
(2000-2250 m a.s.1.), as shown in Table 2. Collectively, these conditions cause the plants
grown at high altitudes to suffer from stress due to deficiencies in water and nutrients,
which may affect their growth and distribution [81,84].
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Table 2. (a) Mean =+ SE of soil samples characteristics (pH, E.C, TDS, O.C, O.M, clay, sand, and silt
contents) for the studied species at different altitudes. Abbreviations: L1 = altitude 1; L2 = altitude
2; L3 = altitude 3; Co. = Cotineaster orbicularis; Cr. = Crataegus sinaica; Ec. = Echinops spinossissmus;
Ta. = Tanacetum sinaicum. (b) Mean =+ SE of the chemical analysis of soil samples (anions and cations
content) for the studied species at different altitudes. Abbreviations: L1 = altitude 1; L2 = altitude
2; L3 = altitude 3; Co. = Cotineaster orbicularis; Cr. = Crataegus sinaica; Ec. = Echinops spinossissmus;
Ta. = Tanacetum sinaicum.

(a)

Species pH E.C. (ds/m) TDS 0.C. (%) O.M. (%) Clay% Sand% Silt%
L1CO. 743+ 007A  094+018A 408+ 113A  123+016A  212+028A 848+ 028 AB 39'8§§tc4'89 51‘71AiB 518
10.65 + 1.58 53.64 + 4.4 3571 + 3.23
LiCr 753+003A  103+0.18A  657+115A  083+013A  143+02A 5 e ABC
1631 + 4.04
L1EC. 757+009A  089+015A  569.6+979A  101+019A  175+032A " 27024 501C 5666 =341 A
42084075
L1 Ta. 75+0A 09+011A  5769+714A  121+012A  209+02A  2026+498A  37.66+4.4BC e
12 CO. 753+003A  088+005A 50L.5+506A  076+003A  131+£005A  7.35+ 133 AB 64'17AiB 541 28'48]3% 6.33
30.15 + 8.76
L2cCr 757+003A  072+004A  496+531A  105+019A  181+032A 869+298AB 612+ 117 AB s
3438+ 6.16
L2 EC. 747+003A  082+014A  5884+903A  098+005A  169+009A 693+074AB 5869+ 69 AB B
12 Ta. 75+0A 071+004A  4847+235A  093+015A  161+025A 591+ 021 AB 6222{5; 1.65 31‘825%1'44
13 CO. 76+0A 0.67+004A  4375+249A  087+004A  149+008A 637+ 366AB 51'22;6'73 25.9A1jatc3.28
L3Cr. 747+009A  068+001A  5406+37A 081 +003A  14+006A  658+39AB 6522+79AB 252 +447C
65.78 + 2.93
L3 EC. 753+003A  069+01A  5338+67A  085+008A  147+014A  403+076B 5 26.19 + 2.2 BC
13 Ta. 753+ 007A  071+007A  5481+435A  08+012A 138+402A  419+134B 7175+ 667 A 2406 +54C
(b)
Species
in Different CL (meq/L) CaCOj; (%) SO, (Mg/L) HCOj3; (%) Ca (meq/L) Mg (megq/L) Na (meq/L) K (meq/L)
locations
L1 CO. 2664+01B  933+L117A 7.2+ 146BC 0.61+£0A 442+054A 216+052AB  062+-009A  098+03A
LiCr 21940198 55+ 1.04A 8'4‘2§C0'33 0.61+£0A 504+003A 1.69+006AB  047+006A  312+179A
1157 +2.06
L1 EC. 466+091A  95+557A 5 051+01A  28+051A  33+09AB 0.6+024 A 218+ 13A
9.56 + 0.12
L1 Ta. 228+ 0.17B 54+132A e 051+01A  442+054A 176+004AB  071+01A 218+ 054A
11.74 + 0.32
L2 CO. 266+0.1B 45+15A L5 051+01A  495+-094A 278+049AB  033+003A  064+008A
8.77 + 1.49
L2Cr 219+ 0.1B 65+126A be 0.61+0A 448+057A  159+005B  033+003A  077+013A
L2 EC. 314+017AB  683+1.09A 732+ 137BC 0.61+0A 452+ 059A  274+054AB  042+006A  154+029A
L2 Ta. 247+034B  667+142A  503+039C 0.61+0A 39+056A  165+002B  053+014A 099+ 004A
L3 CO. 2474+01B  467+08A 10'1i§tc1'48 0.61+0A 4424+ 054A  171+004AB  048+012A  034+004A
L3Cr. 247+025B  233+044A 1345+ 043 A 0.61+0A 448+057A  326+008A  068+02A  053+031A
L3 EC. 285+ 044AB  583+109A 945+ 14ABC  061+0A 443+ 109A  169+006AB  136+092A  141+045A
12.31 + 0.66
L3 Ta. 133+4053B 933+ 117A " 0.61+0A 439+105A  165+002B  041+008A  124+037A

Data are means of three replications & SE, and at p < 0.05; cells with different letters are differ significantly.

3.2. Changes in Photosynthetic Pigments

Chlorophyll plays an important role in light harvesting, and its biosynthesis in chloro-
plasts is adversely affected when exposed to low-temperature stress [88]. As the altitude
increased from 1500 to 2250 m a.s.1., a significant gradual reduction in the content of chloro-
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phylls a and b was observed in the four species (Co. orbicularis, Cr. sinaica, Ec. spinossissmus,
and Ta. sinaicum) in this study (Figure 4). The reduction in chlorophyll pigments may be
due to the decreased biosynthesis and/or increased photo-oxidation of chlorophyll. This
reduction in chlorophyll contents was concomitant with a decrease in the concentration
of Mg*? in the soil at the highest altitude locations (Table 2). Magnesium is an important
constituent in the chlorophyll structure and a cofactor of various enzymes in the photosyn-
thetic process [83]. Moreover, the reduction in chlorophyll at high altitudes could indirectly
represent the oxidative stress level on plants, which is triggered by the production of
ROS. This may inhibit chlorophyll synthesis, as it inhibits the enzymes responsible for
chlorophyll biosynthesis or destroys the mesophyll chloroplasts, reducing the number of
chloroplasts in the leaves and enhancing their degradation, which leads to a reduction in
the photosynthetic rate [89,90]. On the other hand, this reduction was accompanied by
a significant increase in the carotenoid content in all species investigated (Figure 4). A
more pronounced value was recorded in Cr. sinaica at the highest altitude (2000-2250 m
a.s.l.). At high altitudes, there are aggressive stressors, such as high light intensity and
UV-B radiation [91], which cause the release of electrons from excited chlorophylls and
their transfer photosystem I of the photosynthetic process to O, to form superoxide radicals
which initiate a chain of free radical liberation [92,93]. Carotenoids act as potent antiox-
idants, as they serve as scavengers of singlet oxygen species, quench the triplet state of
chlorophyll molecules [94], and protect the photosynthetic apparatus from damage caused
in response to stress conditions [95,96].
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Figure 4. Photosynthetic pigment content (chlorophyll a, chlorophyll b, and carotenoids) in the
leaves of four plant species from different altitudes. Each value is the mean of three replicates & SE.
At p <0.05, bars with different letters are significantly different. Abbreviations: L1 = altitude 1;
L2 = altitude 2; L3 = altitude 3; Co. = Cotineaster orbicularis; Cr. = Crataegus sinaica; Ec. = Echinops
spinossissmus; Ta. = Tanacetum sinaicum.

3.3. Variation in Total Soluble Sugar, Total Soluble Proteins, and Proline (Osmolytes)

In natural environments, plants are challenged by adverse abiotic stressors, resulting
in various physiological changes that help plants to cope with these stressors. The accumu-
lation of different types of compatible solutes founds in plants is one of the main strategies
for coping with various types of environmental stresses [97]. In fact, these solutes help in
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the maintenance of the integrity of the cellular membrane, protein stabilization, cellular
osmotic balance, and ROS scavengers [98].

The data presented in Figure 5 show that with the increase in altitude, there was a
significant increase in the content of total soluble sugar in the four investigated species,
reaching the highest level of 27.59 ug glucose equivalent/g DW in Cr. sinaica, 26.48 ug
glucose equivalent/g DW in Ec. Spinossissmus, and 25.75 ug glucose equivalent/g DW in
Ta. Sinaicum, and the lowest level was recorded in Co. orbicularis, with 25.10 ug glucose
equivalent/g DW. This increase in total soluble sugars may be due to the acceleration of
photosynthetic performance. The photosynthetic process typically becomes accustomed
to the environment and maintains homeostasis through various adaptations. [99]. The
formation of some SMs helps plants cope with stressors, since they act as scavengers
of free radicals and protect plant cells from oxidative damage [100]. Furthermore, the
SMs pathway is supported by the derivation of photosynthetic products with a variety of
intermediates, increasing the photosynthetic rate through a positive-feedback mechanism,
so that the soluble sugars, which are the primary products of photosynthesis, increase.
In accordance with these results, Hashim et al. [17] stated that endemic species growing
naturally at high altitudes tend to increase their total soluble sugar content.
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Figure 5. Total soluble sugar, total soluble proteins, and proline contents in the leaves of four
plant species from different altitudes. Each value is the mean of three replicates &= SE. Bars with
different letters are significantly different at p < 0.05. Abbreviations: L1 = altitude 1; L2 = altitude
2; L3 = altitude 3; Co. = Cotineaster orbicularis; Cr. = Crataegus sinaica; Ec. = Echinops spinossissmus;
Ta. = Tanacetum sinaicum.

In the current study, the increase in altitude was accompanied by a noteworthy ac-
cumulation in proline content in the four species (Figure 5). Proline accumulation was
found to be higher in Co. orbicularis, which reached 13.46 ug/g Fwt. In addition, the
most important roles of proline included increasing the photochemical activities of PS II
in thylakoid membranes, adjusting the acidity of cytosol, stabilizing the NAD* /NADH
ratio, and diminishing the lipid peroxidation products, which increased stress tolerance in
the investigated species [101]. Proline is a multifunctional amino acid acting as a signaling
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molecule. It regulates the osmotic pressure inside the cell, restricts the denaturation of
proteins, maintains membrane consistency, stabilizes enzymes, protects the cell against
stress, limits ROS-induced damage, and maintains nutrient balance through water trans-
port [102,103]. In response to abiotic stress, the accumulation of proline in plants was
observed, which serves as a metabolic signal and acts as an osmo-protectant [104].

Protein synthesis or degradation is one of the mechanisms affected by environmental
stresses in plants. Additionally, soluble protein content is considered one of the main signs
of the physiological and biochemical status of plants grown under stress conditions [105].
In this study, a remarkable increase in total soluble protein contents was observed in the
four species studied (Figure 5) at altitude 2 (1750-2000). However, at altitude 3, the total
soluble protein content generally decreased with increased stress conditions. The decline in
protein content in response to abiotic stress is suggested to be due to diminishing protein
synthesis and a switch to an accumulation of amino acids, especially proline, which is in
accordance with our results.

3.4. Enzymatic Antioxidant System

As a consequence of the oxidative stress prevailing at the high altitudes, plants should
evolve a strong antioxidant defense system to control the production of free radicals,
regulate cellular homeostasis, and alleviate oxidants [106]. Therefore, many plants possess
both enzymatic and non-enzymatic antioxidants that can attenuate the increased production
of ROS [106]. Enzymatic antioxidants studied in the present work included SOD, POX,
CAT, and ascorbate APX. Superoxide dismutase is regarded as the first line of defense
in the contradiction of ROS by converting superoxide radicals to oxygen and hydrogen
peroxide [107]. The present results reveal that plants that are grown at high altitudes
generally show lower activity of SOD, thus indicating that a diminished capacity to detoxify
the superoxide radical (Figure 6). However, evidence regarding CAT activity under different
abiotic stresses shows different results. CAT is one of the antioxidant enzymes that catalyze
H,0O; to oxygen and water molecules [108].

APX A
AB

Co Cr EC Ta Co Cr EC Ta
Altitude w11 m12 wL3 Altitude m|1 mL2 mL3

Co Cr EC Ta Co Cr EC Ta
Altitude 11 m12 ®L13 Altitude m|1 mL2 mL3

Figure 6. The activities of some antioxidant enzymes, including catalase (CAT), super oxide
dismutase (SOD), ascorbate peroxidase (APX), and peroxidase (POX) in the leaves of the target
species from different altitudes. Each value is the mean of three replicates &= SE. At p < 0.05, bars
with different letters are significantly different. Abbreviations: L1 = altitude 1; L2 = altitude 2;
L3 = altitude 3; Co. = Cotineaster orbicularis; Cr. = Crataegus sinaica; Ec. = Echinops spinossissmus;
Ta. = Tanacetum sinaicum.
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In our study, the CAT enzyme’s activity was mostly upregulated in the four inves-
tigated species grown at differential altitudes, from low to high (Figure 6). Moreover, a
higher CAT activity under oxidative stress incites the capability of these plants to scavenge
and inhibit ROS overaccumulation. The most pronounced CAT activity was observed in
Co. orbicularis, which reached 0.843 enzyme activity /g Fwt/min.

In this study, a noticeable increase in the activity of the APX enzyme (Figure 6) was
correlated with a decrease in ascorbic acid content (Figure 7). The increase in APX activity
was accompanied by a general reduction in POX activity. APX utilizes ascorbate as a specific
electron donor to scavenge HyO; in water, while POX scavenges H,O; in the extra-cellular
space [92]. The changes in SOD, CAT, APX, and POX activities and ROS accumulation in
the investigated four species were not equal due to oxidative stress, indicating that these
plants use various strategies in response to stresses. Consequently, the influence of abiotic

stresses on antioxidant enzyme activity depends on the type of plant and the degree of
stress experienced.
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Figure 7. Total phenols, flavonoids, tannins, total antioxidant capacity (TAC), ascorbic acid (ASA),
and malondialdehyde (MDA) contents in the leaves of the target species from different altitudes.
Each value is the mean of three replicates &= SE. At p < 0.05, bars with different letters are significantly
different. Abbreviations: L1 = altitude 1; L2 = altitude 2; L3 = altitude 3; Co. = Cotineaster orbicularis;
Cr. = Crataegus sinaica; Ec. = Echinops spinossissmus; Ta. = Tanacetum sinaicum.
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3.5. Non-Enzymatic Antioxidant Systems

Regarding the abiotic stresses at high altitudes, there is a notable qualitative and
quantitative increase in many SMs, including phenolic compounds, flavonoids, tannins,
carotenoids, steroids, alkaloids, and terpenoids [8]. In the current study, the total phenols
in the four target species increased significantly with increasing altitude (Figure 7), while
flavonoids did not show a clear trend, and tannins decreased with increasing altitude. The
increase in the total phenols with the increase in altitude (Figure 7) was concomitant with a
general reduction in the activity level of the POX enzyme (Figure 6). Phenolic compounds
are considered a highly important class of antioxidants, and they are mostly associated
with antioxidant activity in plants, as they inhibit lipid peroxidation by scavenging free
radicals. Thus, phenolic constituents promote abiotic oxidative stress adaption [109,110].
Moreover, tannins can bind to membranes, forming a tannin-phospholipid complex that
may help maintain membrane morphology and permeability [111].

Malondialdehyde (MDA) is the main cytotoxic product of lipid peroxidation, and its
abundance signifies the degree of lipid oxidation by oxidants such as free radicals [112].
The present results showed that the level of MDA decreased parallel to a rise in altitude,
which indicated that low temperatures reduced the levels of MDA in the four investigated
species (Figure 7). The results showed that higher total phenols content was recorded in
the two plants of the family Rosaceae, which reached 20.04 mg/g Fwt in Co. orbicularis in
accordance with more pronounced levels of antioxidant capacity (11.97 mg/g Fwt), based
on FRAP assays at the highest altitude in the investigated area (Figure 7). This was followed
by Cr. Sinaica, which recorded 10.38 mg/g Fwt, while in this study, plants belonging to the
family Asteraceae recorded lower values of phenolic compounds and antioxidant capacity,
with the lowest value being observed in Ec. spinossissmus (Figure 7). At this point, we can
say that the plants of the family Rosaceae were more adapted to grow at high altitudes than
plants belonging to the family Asteraceae, especially Co. orbicularis, which recorded the
highest values of CAT and SOD enzyme activity levels; the highest content of total phenols,
flavonoids, tannins, and total antioxidant capacity; and the lowest value of MDA, and this
was reflected in the higher frequency of Co. orbicularis species than other four plants at the
highest altitude.

3.6. Principal Component Analysis (PCA)

Applying principal component analysis (PCA) to the present data showed that there
are three groups of physiological parameters in relation to the distribution of the four
investigated species at three different altitudes. First, photosynthetic pigments (Chl. a,
Chl. b, and carotenoids) were positively correlated with Cr. sainaica at all altitudes, where
the highest altitude (L3) showed a lower correlation. The second group, represented by
total soluble sugars, CAT, and APX, was correlated with Co. orbicularis and Ta. sainaicum
at the highest altitude (L3), and with Ec. spinossissmus at all altitudes. The third group
of physiological parameters was ASA, flavonoids, proline, tannins, and MDA, which
correlated positively with Co. orbicularis and Ta. sainaicum at the second (L2) and third (L3)
altitudes (Figure 8).
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Figure 8. PCA joint plot showing target species at different altitudes in relation to physiological
parameters. Abbreviations: L1 = altitude 1; L2 = altitude 2; L3 = altitude 3; Co. = Cotineaster orbicularis;
Cr. = Crataegus sinaica; Ec. = Echinops spinossissmus; Ta. = Tanacetum sinaicum.

4. Conclusions

Plants may respond to various abiotic stresses by escalating SMs or antioxidant capac-
ity. The present investigation concluded that many significant variations were noticed in the
antioxidant activity and chemical composition of the four targeted species collected at three
different altitudes. Our results demonstrated that Co. orbicularis relies on accumulating
SMs and increasing the activity of its antioxidant enzymes to adjust to high altitudes, while
as a survival strategy for high altitudes, the other investigated species typically rely on
antioxidant enzyme activity or the accumulation of some SMs, either in combination or
alternatively. This shows that Co. orbicularis is more adaptable than the other species to
the oxidative stresses caused by the altitudinal effect. It is highly recommended to further
investigate Co. orbicularis’s high adaptation capabilities to different environmental factors.
Moreover, our findings are highly relevant for the future cultivation of high-grade medical
herbs, given that many medicinal plants are used due to their bioactive ingredients. How-
ever, most medicinal plants have more than one class of bioactive secondary metabolites.
Thus, investigating how these other groups of molecules change at various altitudes will
also be of interest.
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Abstract: This work establishes the relationship between bioclimatology and agronomy. Bioclimatic
indices are obtained for several areas under olive cultivation and correlated with olive yields. Due
to the effect of climate change on cultivation and the high economic losses it produces, we propose
a sustainable development model for the territorial classification of crops based on bioclimatic
knowledge. Bioclimatic diagrams are prepared to provide information on water stress in crops so
that irrigation can be carried out at the most effective time, a measure that has been shown to lead
to water and energy savings for growers. In addition to this development model, we propose the
application of non-aggressive cultivation techniques such as the use of living plant cover to ensure
the protection of the soil and avoid losses due to climate irregularities. Studies conducted up to
the present on applied bioclimatology have yielded promising results in the fields of farming and
forestry. The maps and bioclimatic indices of Professor Rivas-Martinez, Ic, Io and It/Itc, are essential
for bioclimatic classification. The agricultural development model with a bioclimatic basis ensures
economic savings for growers and minimizes the environmental impact of cultivation. In the case of
olive cultivation we detected that in 2005 all the cultivated areas that were not in their thermoclimatic
optimum were damaged by frost. The widespread cultivation of olive groves in the Mediterranean
basin, and mainly in the south of Spain, is reason enough to establish a relationship between its
production and its bioclimatic environment. The ombroclimatic study in certain localities under olive
cultivation shows that areas with Io <2.5 are unproductive (Jodar, Tabernas), and that their low Io
value needs to be supplemented with irrigation water. This means extracting water from aquifers
for agricultural use, when the current climate irregularities do not allow the excessive use of subsoil
water. For the time being the only way of mitigating this situation is with sustainable development,
which requires a bioclimatic understanding of the territory; and the use of appropriate cultivation
techniques, including herbaceous plant covers. In this last case a knowledge of the plant associations
in the phytosociological class Stellarietea mediae constitutes the basis for establishing either natural or
sown vegetation cover.

Keywords: bioclimatology; agronomy; olive cultivation; climate change; vegetation cover
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1. Introduction

This article describes the results of the work carried out by our team in recent years.
This research focuses on biogeographic and bioclimatic aspects, climate and soil bioindica-
tors, vegetation and vegetation dynamics, and landscape study. Based on our findings we
have devised agricultural and forestry management models that have led us to a worldwide
sustainability model with proposals for management to mitigate the ongoing profound
and irregular global climate change. This has been achieved by conducting studies in such
widely differing locations as Palestine [1-5], Italy, Spain, Portugal [6-13], the Caribbean,
Mexico and Brazil [14-19]. To pursue sustainable development, it is necessary to conduct
prior research into the methodology to ensure the intended aim is attained. These studies
must be specific to each territory. The following factors must be analyzed in order to
propose a management model: physical and chemical environmental factors, biogeography,
bioclimatology, vegetation (biological indicators) and vegetation series [20].

Bioclimatology is an ecological science that has assumed greater importance in recent
years and whose aim is to highlight the relationship between living beings (biology) and
climate (physics) [21-23]. It is distinguished from climatology in that the information,
indices and units it uses are related to and delimited by species and phytocoenoses/plant
communities. The development of bioclimatology as a key discipline in the service of vege-
tation, agriculture and forestry sciences is one of the most important scientific innovations
in recent times; the progress in this science has made it possible to identify several plant
communities, and particularly to identify more accurately the main vegetation bands ob-
served on an ascending altitudinal scale, in addition to establishing agricultural and forestry
models for sustainable development [9,24,25]. Advances in geobotanical knowledge have
shown promising results for the management of the natural environment [26].

Precipitation and temperature are the most important factors conditioning the exis-
tence of certain plant ecosystems [27]. Thus, each biogeographic region or group of regions
has a particular altitudinal zonation of plant ecosystems as the mean annual temperature
progressively decreases with altitude (thermoclimate) [28].

As climate (temperature and precipitation) is correlated with the altitudinal zonation
of plant ecosystems, it can be seen that certain rhythms or changes occur everywhere
on Earth based on temperature and precipitation [29]. Both the physical continent or
bioclimatic belts and the biological plant content or vegetation series can be recognized as
a function of these changes using the concept of universal vegetation series jurisdiction,
and can therefore be applied to any place on the planet.

Bioclimatology as a science has undergone major advances in the last 30 years thanks
to Professor Rivas-Martinez, who has created a bioclimatic classification of the Earth since
1996 [25,27-30].

Climatology and bioclimatology are essential for understanding and explaining the
natural environment, which is currently undergoing the effects of climate change. It is
therefore crucial to know what resources are available to humankind to mitigate this change,
as it is leading to serious natural disasters involving economic damage and loss of human
life. The third assessment report revealed that temperatures had increased by approximately
0.6 °C (between 0.4 °C and 0.8 °C), affecting physical and biological systems in different
parts of the Earth [31]. The fourth assessment report contains clear evidence that climate
change and global warming are now a reality that affects us all [32]. Global concentrations
of carbon dioxide, methane and nitrous oxide in the atmosphere in recent years have risen
substantially as a result of human activities since 1750. The linear projection for the next
100 years is estimated at 0.74 °C (between 0.56 °C and 0.92 °C), compared to 0.6 °C in the
third report. According to the sixth report from the Intergovernmental Panel on Climate
Change, global warming is now an unequivocal reality [33]. This increase in temperature
occurs all over the planet but more markedly in more northerly latitudes [34-37].

Bioclimatology, vegetation, vegetation cover and agriculture are all terms that must
be clearly understood, as their effective management can mitigate climate change. This
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poses the need for a worldwide economic model based on sustainable development and a
rational use of natural resources.

Agriculture is conditioned by cyclones and anticyclones, which in turn shape the
various macrobioclimates and bioclimates throughout the world (thermoclimates and om-
broclimates). These all affect both the quantity and quality of crop yields, so a knowledge
of local bioclimatic indicators is critical for improving agriculture. The use of bioclimatic
indices—continentality, ombrothermic and thermicity indices—should be obligatory be-
fore establishing a certain crop, as there is a close correlation between these indices and
agricultural yields.

Bioclimatology reveals the close relationship between living beings and physical
factors (climate), which is evidently strongly linked to and connected with agriculture and
vegetation ecosystems, as the concepts of bioclimate and bioclimatic belt (thermotype and
ombrotype) are essential for planning crops. It is important to bear in mind that the aim is
to achieve maximum yields in terms of quantity and quality with the lowest environmental
and economic cost, which is ultimately what both growers and society demand. This cannot
be done without taking into account bioclimatology as a critical science for agricultural
planning. The use of bioindicators and bioclimatic indices must therefore be incorporated
into agricultural management, and this requires obtaining a bioclimatic interpretation of
the territory as an essential framework in which to establish the crop.

Once the bioclimate has been determined for each ecosystem and crop, a landscape
analysis must be conducted in concordance with the bioclimate of the territory. This will
contribute to achieving successful reforestation that will act as a CO, sink and potentially
mitigate climate change, always assuming that there is a parallel reduction in CO, emissions
and a change in energy policies. This landscape analysis leads us to propose the use of
the concept of vegetation series/set of plant communities, which—as we have said—has
universal jurisdiction, as a basis for establishing a sustainable development model [9,38—-42].

The term "vegetation dynamics" is applied in vegetation series when the dynamic is
natural and the process is driven by the ecosystem, but not when there is excessive human
intervention that is contrary to the natural dynamic. When this dynamic is artificially
accelerated (human action), the vegetation series undergoes drastic modifications leading
to a situation where the series cannot recover and therefore disappears, and causing other
new formations to appear which transform the landscape. Each biogeographic territory
with its distinctive bioclimate and soil therefore has a specific vegetation series with its
own dynamic, making it necessary to establish a specific management model [43,44].

When establishing crops in the process of territorial management, which, as we have
mentioned, should be done on a bioclimatic basis considering the vegetation series, it is
essential to determine the range of bioclimatic values in which the crop is at its optimum.
Another factor to be taken into account is the cultivation technique, with a view to increasing
quantity and quality and minimizing environmental, economic and human impact.

In essence, agriculture can be externally sustained or sustainable. Sustained agriculture
is practiced with an external energy input, and can be described as agricultural production
with no regard for conservation and a constant supply of products (nutrients) in order to
boost yields. The aim is to achieve the highest possible yields whatever the environmental
cost, and of course at a high price for the grower in monetary terms; in contrast, sustainable
agriculture consists of using the resource without depleting it and without the need to
incorporate nutrients into the soil [9,45,46].

Until 1970, traditional agriculture was the norm in many countries; however, the all-
encompassing technological revolution that has been in force until the present day has since
become widely accepted both economically and socially. The result is the uncontrolled use
of pesticides, herbicides and phytosanitary products which cause a serious environmental
impact that can occasionally give rise to insects and plants that are resistant to treatment
without having achieved any significant improvement in living standards in the farming
sector. The cost of using these chemical products is the same or in some cases greater
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than the economic benefit gained from the treatment, without even considering the added
environmental cost [47-51].

Until a few years ago cultivation was predominantly traditional with models acquired
over many centuries. Cultivation has always been somewhat plural, involving a variety
of different crops, rather than the monoculture which has now become standard in some
cases, a practice that delivers the land into the hands of speculators.

Non-standard management models evolved to create specific models in each territory,
in which aspects such as pruning, tilling, type of planting and the method of obtaining the
agricultural product were specific to each town/district [52]. This practice has now been
lost in the unending quest for greater yields, leading to a sustained agriculture characterized
by a loss of biodiversity and of the stability of the agroecosystem.

By sustainability we mean the capacity to persist over time without detriment to natu-
ral (soil, diversity, fauna, etc.) and cultural capital; this includes management models that
enable production and renovation over time. Among the different definitions of sustainable
agriculture, we choose the description of the American Society of Agronomy, namely, “A
sustainable agriculture is one that, over the long term, enhances environmental quality and
the resource base on which agriculture depends; provides for basic human food and fiber
needs; is economically viable; and enhances the quality of life for farmers and society as
a whole”. In reality, farmers should aim to abandon the criterion of maximum yield per
hectare and improve the productivity of their operation through better management of
productive factors [53,54].

Although some authors consider traditional and sustainable agriculture to be one and
the same, this view is erroneous. Traditional agriculture is based on a type of knowledge
that has been acquired over millennia and has been rigorously tried and tested in an
empirical way, and cannot be substituted by the practices of current biological agriculture,
with its highly simplistic model. It can be maintained that traditional management forms
constitute a coherent ecosystem, whereas today’s sustainable agriculture does not fully
follow the traditional model.

The practice of externally sustained agriculture causes profound transformations
which in many cases lead to a loss of biodiversity on a massive scale. The decline in
floristic diversity produces a loss of fauna, affects biological control mechanisms, and
causes an explosion of insect plagues. The reasons for this decrease in diversity include
inappropriate tilling techniques, loss of plant cover, lack of organic fertilizers, use of rollers
(soil compaction) and indiscriminate use of herbicides, all of which ultimately results
in increased erosion and soil loss [54]. It is therefore recommended to use agricultural
practices that are non-aggressive with the environment such as traditional and sustainable
cultivation, at least for marginal areas; for non-marginal areas with high production it is
advisable to apply a cultivation that combines both techniques, i.e., planned cultivation
with an ecological /botanical basis [55,56].

Non-aggressive cultivation is now possible thanks to advances in both bioclimatic and
soil-related botanical research [57] which reveals the nutritional status of the soil and allows
the appropriate doses of fertilizer to be used. This avoids the overuse of these substances,
whose excess contaminates aquifers and implies financial losses for farmers [58].

2. Materials and Methods

The bioclimatology of southern Spain is studied here (Mediterranean Basin), focusing
on areas that are predominantly dedicated to olive groves. This is done using the bio-
climatic studies of several authors [25,27,30,51,59-61], and the study on vegetation cover
by Cano-Ortiz [57]. With this research and with previous research conducted by [62], we
obtain the bioclimatic indices and maps. Considering the productive and non-productive
areas of olive groves in Spain, we propose a sustainable development model that ensures
productivity in spite of climate change, based on the knowledge of the physical, bioclimatic
and biogeographic factors and vegetation series [23].

102



Agronomy 2022, 12, 2707

For this, we use climatic data from 45 meteorological stations, with special attention
to the Jodar, Aracena, Tabernas and Torredonjimeno stations. Bioclimatic diagrams are
developed for these stations, which serve to establish the different hydric periods: excess
water, regulation, dry. In the regulation period, the plants use the water accumulated in the
soil, and do not enter into hydric stress until the dry period. We apply current knowledge on
bioclimatology, and we elaborate the different bioclimatic indices: ombrothermic index (Io),
continentality index (Ic), thermicity and compensated thermicity index (It/Itc) and Iosc2
and Iosc3 summer indices. Using the values of these indices in the different meteorological
stations, and data on olive grove production in these same places, the optimal production
areas for these crops are obtained [63,64], and we analyze herbaceous plant covers as
CO, sinks.

3. Results and Discussion
3.1. Bioclimatic Analysis of Specific Territories

We analyze the bioclimatic studies in specific cases in various locations with olive
cultivation (Table 1) as an essential prior step for territorial classification. The analysis in-
volves formulating various bioclimatic indices and combining them with biological indices
to create the bioclimatic maps and diagrams that are needed to generate the management
model. The method consists of preparing tables with bioclimatic indices and the respective
bioclimatic maps of thermo- and ombrotypes, which we then apply to determine the opti-
mum crops in each of these locations. The aim of this method is to minimize the economic
and environmental costs of production, and, when applied to certain crops such as olive
groves and vineyards in the Mediterranean Basin, to suggest promising approaches for
sustainable development [64-66] (Figures 1-3).

Figure 1. Consequences of an agricultural planning that does not take into account bioclimatol-
ogy. Olive grove damaged by frost in 2005 due to being located in an enclosed valley affected by
temperature inversion.
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Table 1. Values of bioclimatic indices for the southern Iberian Peninsula (Andalusia). P. Mean
annual precipitation. Io. Ombrothermic index. Ic. Continentality index (mean thermal interval).
It/Itc. Thermicity index/compensated thermicity index. Alt. Altitude. Iosc2, Iosc3. Summer
ombrothermic indices.

Location P Io Ic It/Ttc Alt Tosc2 Tosc3 Tosc3/1
1. Vadillo-Castil (J) 1182.3 8.42 17.6 199 970 0.48 1.10 229
2. Pontones (J) 1148.7 6.98 18.0 214 740 0.53 0.92 1.73
3. LaIruela (J) 850.1 4.78 19.2 343 933 0.27 0.71 2.62
4. B. Moraleda (J) 612.1 3.33 19.7 370 887 0.36 0.66 1.83
5. B. Segura-Perales (J) 612.7 3.52 20.7 253 760 0.43 0.64 1.48
6. Siles (J) 785.7 433 21.6 260 826 0.39 0.75 1.92
7. V. del Arzobispo (J) 698.2 3.54 19.4 297 685 0.23 0.54 2.34
8. Villacarrillo (J) 610.8 3.26 20.4 284 794 0.26 0.52 2.00
9. P. del Danador (J) 612.3 3.75 18.8 260 700 0.40 0.73 1.85
10. B. E.- Centenillo (J) 679.1 3.87 19.4 271 824 0.18 0.45 2.50
11. P. Rumblar (J) 657.4 3.28 18.6 353 300 0.18 0.45 2.50
12. Torredonjimano (J) 648.9 3.25 19.7 329 591 0.33 0.55 1.66
13. P. Tranco de Beas (]) 849.6 4.65 18.2 298 600 041 0.81 1.97
14. Beas de Segura (J) 658.0 3.20 19.7 322 577 0.30 0.58 1.93
15. Cazorla. ICONA (J) 792.4 4.68 19.2 257 885 0.32 0.74 2.31
16. Huelma-Solera (J) 526.9 3.20 20.8 293 1084 0.40 0.74 1.85
17. P. de la Bolera (J) 653.7 3.83 17.0 284 980 0.50 0.90 1.80
18. Jimena (J) 600.3 3.20 20.0 303 590 0.32 0.69 2.15
19. A. Real-Charilla (J) 681.0 4.05 17.3 270 920 0.42 0.68 1.61
20. P.del Jandula (J) 505.2 2.50 19.5 339 360 0.17 0.41 243
21. Arjona (J) 609.9 297 19.5 406 410 0.25 0.41 1.64
22. Bailen (J) 581.7 2.70 20.1 369 369 0.14 0.32 2.34
23. Anddjar (J) 463.9 2.13 19.1 371 212 0.17 0.28 1.66
24. Jaén. Instituto (J) 578.3 2.85 18.8 345 510 0.20 0.40 2.00
25. Linares (J) 642.2 3.12 18.3 339 419 0.21 0.52 2.48
26. L. Torubias (J) 490.4 2.34 20.3 355 290 0.14 0.31 2.26
27. Mancha Real (]) 551.6 3.02 18.1 299 753 0.37 0.69 1.87
28. P. Guadalmena (J) 517.9 2.74 20.0 308 602 0.37 0.55 1.48
29. L. Fuente Higuera (J) 471.0 2.36 18.6 342 300 0.15 0.30 2.00
30. Ubeda (J) 579.6 3.03 18.4 313 748 0.22 0.44 2.00
31. La P. de Segura (J) 674.7 3.55 19.9 305 584 0.35 0.64 1.82
32. Cabra de S. Cristo (J) 449.9 2.62 17.7 275 938 0.35 0.65 1.86
33. Ubeda P. Guadiana (J) 404.6 2.24 19.6 285 420 0.23 0.46 2.00
34. P. Guadalmellato (CO) 698.4 342 18.0 349 200 0.40 0.64 1.60
35. C. La Jarosa (CO) 831.1 4.46 16.5 315 340 0.25 0.31 1.24
36. Pantano P. Nuevo (CO) 760.6 4.03 17.9 321 410 0.16 0.59 3.68
37. Villaralto (CO) 501.4 2.66 18.8 310 583 0.42 0.60 1.42
38. Pozoblanco (CO) 514.4 2.66 19.9 311 649 0.34 0.66 1.94
39. Aldea de Cuenca (CO) 559.0 2.98 18.1 307 571 0.23 0.67 291
40. H. del Duque. Aer. (CO) 476.9 2.68 18.4 284 540 0.42 0.68 1.61
41. Pedroche (CO) 506.8 2.60 19.2 322 621 0.38 0.63 1.65
42. La Rambla (CO) 527.4 2.81 17.9 308 200 0.30 0.41 1.37
43. Castro del Rio (CO) 470.7 2.45 20.1 305 210 0.17 0.36 2.12
44. Montoro (CO) 572.4 2.72 18.1 360 195 0.19 0.37 1.94
45. Pozoblanco. Cerro (CO) 594.7 2.98 19.0 339 500 0.32 0.52 1.62
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Figure 2. Map of ombrotypes in the Mediterranean Basin. The optimum ombrotype for olive
cultivation is the dry-subhumid. Geographic Coordinates Mediterranean Basin: 38° N 17° E.
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Figure 3. Map of thermotypes in the Mediterranean Basin. The optimum thermotype for olive
cultivation is the thermo- and meso-Mediterranean. Geographic Coordinates Mediterranean Basin:
38°N 17° E.

3.2. Bioclimatic Analysis of the Southern Iberian Peninsula

The bioclimatic analysis is conducted using the meteorological stations in the southern
Iberian Peninsula, obtaining for each one the values of T (temperature), P (precipitation),
Io (ombrothermic index), Ic (continentality index), It/Itc (thermicity index and compen-
sated thermicity), losc2 (summer ombrothermic index of July and August), losc3 (summer
ombrothermic index of June, July and August) and PVA (Period of Vegetative Activity).
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The analysis of the climatic and bioclimatic parameters reveals the following: (1) Most
of the territory sampled has a PVA of 12 months. There is therefore no stop due to cold.
(According to Montero [67], a stop due to cold is understood as a condition where the mean
monthly temperature falls below 7.5 °C.) This coincides exactly with the territories more to
the south and southwest of the province of Jaén (Southern Spain), an area dominated by
olive cultivation with a mainly Thermo-Mediterranean thermotype and a dry ombrotype.
In contrast, places with a PVA of 8-9 are dominant in the northwest of the province of Jaén
and Granada, with the particularity that both territories have an upper meso-Mediterranean
thermotype. However, the high value of the ombroclimatic index—over 4—is explained
by the screening effects of the Segura, Las Villas and Cazorla mountain ranges (Table 1)
(Figure 1) against cyclones.

Several factors have conditioned the cultivation of different varieties of olive in each
area, and yet these varieties are not always at their ecological optimum from the bioclimatic
point of view. Although the influence of bioclimatology on olive yields has been noted
in previous studies [62], the bioclimatic characterization of the different varieties has
subsequently been undertaken by our research team. Another objective of this work
is to relate the distribution of the olive varieties with the different bioclimatic indices
and to characterize each variety by its bioclimatic requirements in order to provide new
criteria for the agricultural planning of crops [68,69]. It is therefore necessary to conduct
biogeographical and soil studies of potential growing sites and use this information to
propose a model for agricultural management [23].

Environmental factors— Bioclimatology and biogeography— Vegetation series—Crop type

A correct territorial classification can be achieved by applying this model to rain fed
crops. In previous works we established a close correlation between kg/hectare yield for
olive groves and the values of bioclimatic indices. This allowed us to establish that the loca-
tions of maximum yield for the Picual variety belong to the upper thermo-Mediterranean
thermotype and the upper dry ombrotype, and to the lower meso-Mediterranean thermo-
type. We subsequently extended these studies to other olive varieties, namely “Hojiblanca”,
“Lechin”, “Morisca”, “Manzanilla”, “Gordal” and “Verdiales” for Spain [62,69].

3.3. Bioclimate—Plant Cover: Mitigating the Damage Caused by Climate Change

In the last 50 years a new type of agriculture has become prevalent, and is now
widely accepted both economically and socially. This has resulted in the uncontrolled use
of pesticides, herbicides and phytosanitary products, causing substantial environmental
damage, with the resulting harm for the population [54,70].

A crop is unproductive when the cost of production is equal to or higher than the
income received by the grower. This expense includes the entire array of activities necessary
for production plus the environmental cost, which in most cases is impossible to quantify.
Crops are considered unproductive when their cost is higher than the income they generate,
and crops that are apparently productive with modern technology should also be seen
as unproductive if the environmental cost is excessively high. An excessive cost should
be considered as any situation in which the crop leads to the irreversible loss of a certain
resource (although cases of contamination can be permitted in which the system is able to
self-regenerate), thereby refuting the expression “the polluter pays”, as resources may be
lost for which it is impossible to set a price because they have such a high ecological and
natural worth. Cultivation is therefore not valid if it leads to irreversible losses of soil and
biodiversity or the contamination of water and land. It is essential to consider these last
two issues when establishing a crop. All situations corresponding to any of these cases
must undergo technical agrarian reform, and be subject to agricultural planning to ensure
that the crop is maintained while respecting the principles outlined above, as well as being
productive and even benefiting from potential increases in yields. These yields can also
be of high quality, as quantity and quality are not incompatible. This implies taking into
consideration the bioclimatic aspects of the territory [45,71].
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Agricultural planning must be done based on respect for the environment and the op-
timization of the crop in question, as all crops have an ecological and bioclimatic optimum.
In this situation any potential impact on the environment would be decreased. All this
would involve the creation of specific agricultural and non-standard models which would
lead us in some cases to maintain certain crops or to replace them with other alternative
crops that are more productive and less contaminating.

The severity of the damage to a crop due to climate change depends on whether it is in
its bioclimatic optimum. The soil water reserve must be optimized by determining the rela-
tionship between the water availability for the plant in the soil, potential evapotranspiration
(ETP) and residual evapotranspiration (e) by means of a bioclimatic diagram.

The application of bioclimatic diagrams to such diverse localities as Aracena, Jodar,
Montiel, Tabernas and Torredonjimeno reveals significant differences in terms of the date
on which the crop begins to undergo water stress. This may be mitigated if the relation
between the summer ombrothermic indices losc3/losc2 >1 [72], meaning that there is
compensation thanks to the June rains. The crop is productive when Io >2.5 (Table 2).

Table 2. Values of indices for the comparative analysis between meteorological stations: It/Itc = thermicity
index and compensated thermicity; Io = ombrothermic index; Ic = continentality index; Iosc2,
Tosc3 = summer ombrothermic index.

It/Ttc Io Ic Ios2 TIos3 TIos3/TIos2
Aracena 281/281 5.88 17.8 0.29 0.81 2.79
Arjona 321/336 2.84 19.50 0.11 0.30 2.72
Jodar 328/343 2.31 20.0 0.20 0.38 1.90
O. Montiel 195/209 3.30 20.9 0.48 0.86 1.79
Tabernas 388/388 1.14 16.4 0.06 0.10 1.66
Torredonjimeno 322/331 3.25 19.7 0.33 0.55 1.66

The use of cultivation techniques that prolong the time the water reserves remain in
the soil can also mitigate the effects of drought. This can only be done if we know the date
on which the crop begins to undergo stress, as the period of vegetative activity is identified
when the availability D > than the potential evapotranspiration ETP. The regulation period
occurs when D < ETP, and the dry period if the residual evapotranspiration is e > D
(Figure 4).

The bioclimatic diagram for the station of Jodar with a meso-Mediterranean bioclimate
and a dry-semi-arid ombrotype shows how the water availability D for an agricultural
plantation or a forest formation begins to undergo water stress in May, when the residual
evapotranspiration becomes greater than the water availability D, and there is a long period
of drought and a short regulation period. This date can be determined by applying the
bioclimatic diagram of Montero Burgos and Gonzalez Rebollar [67], somewhat modified by
using only water-related parameters: P = precipitation, ETP = potential evapotranspiration,
D = water availability, R = soil water reserve, e = residual evapotranspiration.

In the case of Aracena, with an upper meso-Mediterranean upper subhumid biocli-
mate, the water availability D becomes less than the evapotranspiration in the first days of
August, although the availability D is less than the ETP from the end of May, implying a
long regulation period and a dry period lasting barely one month; this is because there is
strong compensation thanks to rains in June, losc3/losc2 = 2.79 (Figure 5).
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Bioclimatic diagram.
Jodar
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Figure 4. Bioclimatic diagram for Jodar: P = precipitation. ETP = potential evapotranspiration.
D = water availability. R = soil water reserve. e = residual evapotranspiration.
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Figure 5. Bioclimatic diagram for Aracena: P = precipitation, ETP = potential evapotranspiration,
D = water availability, R = soil water reserve, e = residual evapotranspiration (mm. water); Y: mm.
Water; X: Month.
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In the case of Tabernas, with an upper thermo-Mediterranean lower semi-arid climate,
the water availability D < ETP in February. The reserve values R and water availability D
for the crop are very low—even zero—as a result of scarce precipitation, and there may be
a regulation period in the case of an olive-type crop (Figure 6) (Table 3).

6 Bioclimatic diagram. Tabernas
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Figure 6. Bioclimatic diagram for Tabernas: P = precipitation, ETP = potential evapotranspiration,
D = water availability, R = soil water reserve, e = residual evapotranspiration (mm. water); Y: mm.
Water; X: Month year.

Table 3. Parameters for Tabernas: potential evapotranspiration (ETP), residual evapotranspiration (e),
precipitation (P), soil water reserve (R), water availability for plants (D).

Tabernas ETP e P R D
January 23 4.6 16 3 32
February 22 44 24 5 21
Mach 36 7.2 20 0 24
April 55 11 28 0 20
May 99 19.8 22 0 28
June 133 26.6 5 0 22
July 168 33.6 2 0 5
August 161 322 1 0 2
September 109 21.8 29 0 1
October 69 13.8 43 0 29
November 33 6.6 26 0 43
December 19 3.8 29 10 36

In the case of Torredonjimeno with a lower meso-Mediterranean upper dry bioclimate,
D < ETP from mid-May and never falls below the residual evapotranspiration, meaning
that there is no real dry period (Figure 7).
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Figure 7. Bioclimatic diagram for Torredonjimeno: P = precipitation, ETP = potential evapotranspira-
tion, D = water availability, R = soil water reserve, e = residual evapotranspiration (mm. water).

In this analysis it can be seen that the regulation period and the dry period differ from
one locality to another, with four months of drought in Aracena and eight to ten months in
Tabernas, whereas Torredonjimeno has no drought period at all.

The strategy involves increasing the regulation period, the phase between D < ETP
and e > D; this period can be extended with organic soil amendments and the use of
vegetation cover.

This work is based on the knowledge of the climate and bioclimate and the flora
and soil bioindicators, and starts with a thorough study of these bioindicators and their
comparison with numerous soil analyses carried out in the same location. This allows
us to implement effective treatments that offer an indispensable resource for managing
vegetation cover in order to maximize its benefits and generate its use by identifying these
bioindicators and understanding what they reveal.

For all these reasons we have studied the occurring plant associations from the phy-
tosociological point of view, due to its efficacy and value [26,73,74], but also prioritizing soil
factors and observing their correlations with the floristic-phytosociological component [75].
We take into account the prevailing climate factors in the study areas, which are highly
influential in determining the presence of these associations.

Plant communities in cultivated areas may be of two types: first, heathland or thicket
which acts as a biodiversity center and an element for controlling erosion, as it reduces
soil loss when it forms part of verges or boundaries; and herbaceous grasslands, whose
function is also to decrease erosion, although they may be of very different types depending
on the soil and climate characteristics. However, it can be said that all the communities
act as vegetation cover and intervene in the control of erosion [75]. The use of herbaceous
plant cover in preference to thicket is advisable, as herbaceous plants do not compete with
crops for water and nutrients, or only minimally so (Figure 8).
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Figure 8. Sustainable agriculture, olive cultivation with leguminous and Poaceae species.

Living vegetation cover can therefore be described as beneficial, although the use
of plant cover is not new as it was used by the Romans in their vineyards and has been
studied and applied since the early 20th century.

Herbaceous and woody plant cover has been shown to act as a CO, sink; consequently,
in addition to preventing erosion, it mitigates climate change [41,42,76]. According to
the Spanish Federation of Municipalities and Provinces [77] and NEIKER-Tecnalia [78],
agricultural croplands and forests incorporate CO; into the soil and act as carbon sinks.
This points to the importance of land use in mitigating climate change; it is estimated
that agricultural croplands incorporate up to 1.98 T/ha per year [79]. The presence of
herbaceous species among the rows of fruit trees, grapevines and olive trees (vegetation
cover) is a generalized practice in integrated production and would produce an additional
increase in carbon uptake that would be equal to or greater than that induced by permanent
pasture (around 0.4 t/ha per year), according to the report issued by the National Institute
for Agrarian Reform (INRA). This is recommended provided the water resource is not
very deficient, as it minimizes the use of herbicides, protects the soil against erosion and
compaction and has positive effects on biodiversity. It is estimated that the establishment
of certain herbaceous crops such as the cardoon (Cynara cardunculus L.) accounts for a net
carbon sequestration of 3.2-3.7 t/ha per year, assuming that this biomass offsets up to
65-75% of the CO, emissions produced by the use of fossil fuel [39]. Mota et al. studied
the absorption of CO; by barley, oats and wheat in the region of Murcia using a density of
100 plants per m? for the specific case of Hordeum, and obtained values of incorporation
of carbon of 325 g C/m? per year [80], a density equal to low cover. Our sampling plots
covered that range between 25% and 100%, with a mean height of the dominant species of
0.35 m for the Hordeum plots. We obtained 1000 individuals per m? in the sampled plots,
which represents the incorporation of 3250 gr/m? of carbon per year, with a cover of 100%
and a mean height of 0.35 m. The calculation of the biovolume (Bv) [81] (Figure 9) for the
different percentages of cover is as follows:
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Figure 9. Bv =S x hm x Cm: Bv = biovolume, S = surface, Cm = medium herbaceous cover,
hm = average height of the dominant species.

To calculate the Biovolume, a pyramid or cube is used, whose base must be the
sampling surface in m? (S); Cm is the soil covered by vegetation, and hm is the average
height of the dominant species.

Bv100 = 0.35; Bv75 = 0.26; Bv50 = 017; Bv25 = 0.08

The correspondence of each biovolume with the amount of carbon incorporated is
the following:

Bv100 = 0.35 = 3250 gr C/m?; Bv75 = 0.26 = 2414.2 gr C/m?; Bv50 = 017 = 1578.5 gr C/m?; Bv25 = 0.08 = 812.5 gr C/m?

This represents 32.5 tons/hectare per year for 100% cover.

Cultivation and erosion are two very closely related terms, as the erosion of the plot
is determined to a greater or lesser degree by the cultivation technique applied. Tilling
is a traditional but aggressive technique that can lead to losses of 2040 tons per hectare
per year, compared to 2.5 tons per hectare per year in plots with interspersed strips of
vegetation. This erosion is aggravated by the current climate irregularities. Tilling has
customarily been practiced in order to increase the availability of water for cultivation and
control weeds, and requires ploughing the plot several times. This strategy is now totally
counterproductive as it does not increase water availability but quite the reverse; in a tilled
olive grove the capacity of water to infiltrate in the soil is reduced, leading to the occurrence
of a “tillage pan” caused by repeated transit (compacting) by heavy machinery. Tilling
produces disaggregation, loss of structure, and loss of gasses and organic matter. It has
been demonstrated that a crop tilled for ten years has a 30% loss of organic matter, which
requires having to add high doses of fertilizers to achieve acceptable yields (Figure 10).
However, proper use of organic manure can help improve soil physico-chemical properties
and microbial biomass in an arid climate [82,83].
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Figure 10. Ecological fertilisation with fertilisers in the form of crop residues and manure.

The chemical control of weeds has resulted in a situation where the floristic composi-
tion in the phytocoenoses of herbaceous plants has been modified and where the elimination
of certain species has led to the spread of other much more invasive species [80,84,85]. This
is often due to a lack of knowledge about the use of herbicides [86-88], as chemical com-
pounds are applied that are not appropriate for a particular species. We should be careful
not to assume that all the flora present in olive groves is harmful and our enemy. Evidently
this cannot be framed as a battle between what we call "weeds" and humans; it is therefore
advisable to ensure a greater understanding of these weeds and their botanical-ecological
behavior in order to establish control mechanisms.

4. Conclusions

The main aim of this work is to highlight the importance of bioclimatology in the man-
agement of territory. Both the bioclimatic and agronomic studies of cultivation techniques
have proven to be indispensable for a sustainable development that mitigates climate
change. The study shows that there is an incorporation of carbon into the soil that may
approximate 32.5 tons/hectare per year for 100% cover.

Now is the time for all countries to act in a coordinated way to generate economic
models that maintain the quantity and quality of yields without continuing to degrade the
natural environment. Our studies in a variety of territories demonstrate that it is possible
to obtain models of agrarian and forestry production that reverse climate change. These
models allow production to be optimized with the minimum environmental cost. Moreover,
the model allows for crop changes in the face of new climate scenarios.

In certain areas on Earth such as Andalusia, the effects of climate change on agriculture
are becoming catastrophic, as temperatures and rainfall irregularities impact crops and
produce lower yields; this situation is exacerbated in the case of intensive cultivation
with inappropriate agricultural techniques. The placement of crops based on bioclimatic
criteria and the use of autochthonous vegetation covers are two important techniques for
mitigating climate change. It is therefore essential to organize agriculture according to the
bioclimatic profile of the territory. It is also important to use vegetation covers that allay
acute rises in temperature and reduce evapotranspiration, both of which can be achieved
through sustainable development approaches.

Our results show that there are positive and negative temperature trends in Andalusia,
and it is precisely the upward trends that dominate in the Guadalquivir valley, a predomi-
nantly agricultural area with a prevalence of olive groves. This implies rising temperatures,
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a situation which, coupled with high losses in vegetation cover, exacerbates water loss and
ultimately leads to lower yields.
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Abstract: Jabal Al-Ward is one of the Hijazi mountains situated between Al-Ula and Al-Wajh, south-
west Tabuk Province, Saudi Arabia’s northwesterly border region. It is considered the highest moun-
tain in this area and is enriched in wildlife. For the first time, the present research aimed to investigate
the floristic composition, phytogeographical distribution, and plant diversity in Jabal Al-Ward. One
hundred ninety-eight species representing 47 plant families have been identified. The Asteraceae,
Poaceae, and Fabaceae represented more than a third of the region’s floristic composition. The peren-
nial species (53.5%) were dominant over the annuals (46.46%). This is a prominent feature in Jabal
Al-Ward, where the perennial species may be more tolerant of climatic changeability than the annuals.
Seven life form categories were found; therophytes (46.46%) showed to be the most common life
form. In addition, there were four main phytogeographical groups: Mono-regional, Bi-regional, Pluri-
regional, and Worldwide. The Mono-regional and Bi-regional categories had the highest participation,
with 38.5% and 37.4%, respectively. Thirty-six species (18.2%) were found to be native to the Saharo-
Arabian region. The Saharo-Arabian region was combined with eight more regions, including Saharo-
Arabian/Sudano-Zambesian (12.6%), Irano-Turanian/Saharo-Arabian (9.1%), Mediterranean /Saharo-
Arabian (5.6%), Irano-Turanian/Mediterranean/Saharo-Arabian (4.5%), Irano-Turanian/Saharo-
Arabian/Sudano-Zambesian (2%), Euro-Siberian/Irano-Turanian/Mediterranean /Saharo-Arabian
and Saharo-Arabian/Sudanian (1% each), Mediterranean/Saharo-Arabian/Sudano-Zambesian, and
Irano-Turanian/Mediterranean/Saharo-Arabian /Saharo-Zambesian (0.5% each). The current study
demonstrated the highest species richness compared to earlier research on various locations in Tabuk
Province. In future work, the species and endemic richness along elevation gradients should be stud-
ied in Jabal Al-Ward. As well as the IUCN status of each taxon, the DNA barcoding of endangered
species will be of great significance if applied in the surveyed area.

Keywords: Arabian Peninsula; chorology; flora of Saudi Arabia; flora of West Asia; Hijazi Mountains;
Jabal Al-Ward; Tabuk; Saudi Arabia

1. Introduction

The Kingdom of Saudi Arabia’s total area is around 2,250,000 km?. This vast area holds
diverse heterogenic landscapes. It is considered an arid or semi-arid region, where the
xerophytic plants represent the highest proportion of Saudi Arabian flora [1]. The country’s
topography reflects the diversified flora explored by Collenette [2] and Chaudhary [3-5].
The flora of Saudi Arabia is one of the wealthiest biodiversity areas in the Arabian Peninsula,
with substantial crops and medicinal plants [6]. Saudi Arabia contained 2223 species and
816 genera assigned to 129 families, with about 147 endemic species [5]. The flora’s taxa
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are of combined origin; North African, East African, Mediterranean, and Irano-Turanian
plants [7,8].

The Tabuk region occupies approximately 146,072 km? and is situated in the north-
western part of Saudi Arabia, with diverse ecosystems and habitats [9,10]. One of the
most important agricultural areas in Saudi Arabia is the Tabuk region, which produces
about a quarter of the country’s olive and dates. A floristic survey was conducted in
eight discrete regions of Tabuk by Rajasab [11] to reveal 198 plant species belonging to
52 families. Eighty-two species representing 30 families were recognized by Moawed and
Ansari [12] in the coastal areas of the Red Sea (from Ras Hemaid to Umluj road across
Al Wajh and Dhiba regions) in Tabuk province. Al-Mutairi et al. [13] recorded ninety-
six species exemplifying thirty-eight families at four localities in Tabuk (Sharma, Algan,
Al-Lwaz Mountains, and Alzetah). A total of 102 species belonging to 34 families were
recorded in the Alagan region by Moawed [14]. At the Harrat ArRahah, a volcanic field in
South Tabuk, 135 species represent 34 families by Fakhry and Al-Kenany [15]. In addition,
Alghanem et al. [16] identified 30 perennial species (15 families) at Al-Wadi Al-akhder. At
the same time, 69 weed species representing 20 families were detected in farms of the Tabuk
region [17]. Al Mutairi [9] reported one hundred and sixty-three species assigned to forty-
one families at five sites (Aldesah, Alzetah, Alawz, Harra and Sharma). Ansari et al. [18]
have estimated the identified species cited in the different studies of Tabuk and mentioned
two hundred twenty-seven species in their comprehensive review. These species belonged
to 157 genera and 45 angiosperms’ families, including 12 endangered species. However,
Astragalus collenettiae Hedge & Podlech was the only endemic species recorded by Fakhry
& Kenany [15] in the Harrat ArRahah.

Achillea fragrantissima (Forssk.) Sch.Bip., Artemisia judaica L., Ochradenus baccatus
Delile and Rhazya stricta Decne. Were mentioned to have potent anti-microbial activity
against nosocomial pathogens [19]. Al-Mutairi et al. [13] and Moawed [14] reported that
the dominant plant families were: Asteraceae, Brassicaceae, Chenopodiaceae, Fabaceae,
Lamiaceae, Poaceae, Resedaceae, and Zygophyllaceae. Moreover, the plant life form
categories, phytogeographical affinities, and the economic importance of the vegetation in
this area have been studied [9,13,14,20].

Al-Mutairi et al. [13] highlighted the importance of exploring floristic compositions
for analyzing socioeconomic and vegetation in this unique area. Moreover, Al-Mutairi et al.
[9,13] stated that Tabuk is a biodiversity hot spot region and should be subjected to a
conservation program to protect its natural resources. Assessing the floristic composition
in a particular area provides insights into species, habitats, or ecosystem diversity. Thus,
suitable conservation strategies should be implemented to save the threatened taxa and
their habitats [21]. In addition, studies on regional floras are crucial to perform cross-
biome comparisons. These studies also serve as the basis for further analyses of the
plant communities” function, structure, and evolution in order to better understand the
delimitation and mapping of biomes [22,23].

Jabal Al-Ward is one of the Hijazi mountains located between Al-Ula and Al-Wajh,
southwest Tabuk province, where this region is about 900 and 1600 m asl. However,
Jabal Al-Ward is regarded as the highest mountain in this region, with up to 2096 m
asl [24]. Generally, Jabal Al-Ward is enriched in wildlife, including flora, amphibians, and
reptiles [25,26]. This region mainly consists of some valleys that cut across the mountains
and act as large natural drainages [24].

Despite the previous trials to describe the floristic composition of the Tabuk
region [9,11-17,19,20], Jabal Al-Ward has remained unsatisfactorily studied. Therefore,
the present study contributed to investigating and evaluating the floristic composition,
phytogeographical distribution, and plant diversity of the wild plant taxa growing in the
Jabal Al-Ward region, southwest Tabuk, Saudi Arabia, for the first time.
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2. Materials and Methods
2.1. Study Area

This study was performed in the Jabal Al-Ward region (Figure 1) during most plant
species’ active growing seasons.

Tabuk
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Figure 1. Map of the Kingdom of Saudi Arabia showing the study area’s location. The red rectangle
refers to Jabal Al-Ward region.

The excursions were conducted during the growing seasons of 2019 and 2020. The
eremic vegetation was surveyed in 25 localities, in the mountain ridges, distributed to cover
the study area, and their elevations ranged from 1435 m to 1807 m asl. The geographical
coordinates were recorded for each locality (Table 1). Each locality was visited at least three
times to ensure that the required field data was entirely recorded. Sampling surveys using
quadrats of 50 m x 50 m is recommended for arid habitats [27,28]; however, the quadrate
size 10 m x 10 m was suitable for the current study, as the species number was constant in
the latter quadrate size.

The quadrate was randomly distributed at each site to record the vegetation of the
studied area. Species included in the quadrate’s border were counted in the sampling.
The plants with their vegetative branches spreading over the quadrate’s sides were also
considered, even though their roots were anchored outside the borders.

The study area lies within the eremic subtropical dry zone, characterized by hot
summers and warm winters [29]. The Tabuk region had 33.5 mm of annual precipitation
on average from 1978 to 2013, which is less than the 250 mm worldwide average for arid
regions [30]. Data concerning monthly climatology of min-, mean- and max-temperature,
and precipitation during the period of 1991-2020 at Tabuk, Saudi Arabia, were obtained
from the Climate Change Knowledge Portal [31]. The average annual rainfall from 1991 to
2020 was 5.725 mm, and the minimum was detected in August and September (0.42 and
0.4 mm, respectively), while the maximum was in November (14.95 mm). The average
monthly minimum temperature was 6.9 °C in January, whereas the average maximum was
37.81 °C in August (Figure 2).
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Table 1. Coordinates of 25 sampling sites in Jabal Al-Ward.

) Coordinates
Locations Latitude (N) Longitude (E)
1 26°26'52.7"" 37°15'51.9"”
2 26°26'53.7"" 37°15'52.7"
3 26°26'54.5" 37°15'53.3"
4 26°26'54.9" 37°15'54.2"
5 26°26'55.1"" 37°15’55.1"
6 26°26'55.5" 37°15'56.1""
7 26°26'56.4"" 37°15'56.5"
8 26°26'57.3" 37°15'57.2"
9 26°26/57.2"" 37°15'58.2"
10 26°26'56.9"" 37°15'59.4"
11 26°26'56.4"" 37°16’00.8"
12 26°26'56.0"" 37°16'02.4"
13 26°26'55.6"" 37°16'03.5"
14 26°26'55.7"" 37°16'04.7"
15 26°26'56.4"" 37°16'05.2"
16 26°26'57.3"" 37°16'05.3"
17 26°26'58.2"" 37°16'05.6"/
18 26°26/58.9"" 37°16'06.1"
19 26°26'58.6"" 37°16'07.1"
20 26°26'57.9" 37°16'07.9"
21 26°26'57.4"" 37°16'08.5"
22 26°26'56.6"" 37°16'09.1"
23 26°26'56.0"" 37°16'09.8"
24 26°26/55.5"" 37°16'10.7""
25 26°26/55.2"" 37°16'11.8"
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Figure 2. Climatic diagram showing min-, mean- and max-temperature, and precipitation during
(1991-2020) in Tabuk, Saudi Arabia. The chart is based on the Climate Change Knowledge Portal

data (CCKP 2021).
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2.2. Plant Collection and Species Identification

Identification of the collected taxa followed Collenette [2], Cope [32], Mighaid [33],
and Chaudhary [3-5]. Nomenclature was revised for accepted names through the Plants
of the World Online (POWO) [34] and Taxonomic Name Resolution Service (TNRS) [35].
Voucher specimens were deposited in the herbarium of the Biology Department, College
of Sciences, Taibah University Al-Ula branch. Life form categories were recognized after
Govaerts et al. [36], who updated Raunkiaer’s [37] classification. Phytogeographical cate-
gories were distinguished based on Wickens [38], Zohary [39], and White and Léonard [40].
The generic coefficient (GC) was calculated according to Jaccard [41], which is the ratio
of the total number of genera to the total number of species. The statistical analysis was
performed using Microsoft Excel to create the charts and histograms.

3. Results

Floristic Composition

This study identified 198 vascular plant species in Jabal Al-Ward, and no gymnosperms
were listed. The recorded taxa belonged to 152 genera in 47 plant families. The Dicotyledonous
families accounted for 83%, while the Monocotyledonous represented 17% (Figure 3). The
Monocotyledonous families are Asparagaceae, Asphodelaceae, Colchicaceae, Cyperaceae, Iri-
daceae, Liliaceae, and Poaceae. Perennial species constituted 53.54% (106 species); meanwhile,
the annuals recorded 46.46% (92 species).

180
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Figure 3. Histogram of the family, genera, and species number based on class Dicotyledonous and
Monocotyledonous in Jabal Al-Ward.

The floristic analysis of the Jabal Al-Ward region revealed the presence of the following
families: Asteraceae (29 species), Poaceae (25 species), Fabaceae (23 species), and Brassi-
caceae (14 species); they account for (14.57%, 12.56%, 11.55%, and 7.53%) of the total flora of
the study area respectively. Amaranthaceae, Lamiaceae, Solanaceae, and Zygophyllaceae
were represented by 9-7 species, accounting for 8% of the entire flora. Apocynaceae, Boragi-
naceae, and Euphorbiaceae were represented by 6-5 species. Caryophyllaceae, Geraniaceae,
Plantaginaceae, and Resedaceae were represented by four species. Two to three species
represented ten plant families, while twenty-two plant families were represented by at
least one plant species (Table 2, Figure 4). The species richness in Jabal Al-Ward accounted
for 8.9%, genera 18.6%, and families 36.43% of the total flora of Saudi Arabia. The generic
coefficient (%) is 76.8% in the study area, while Saudi Arabia accounted for 36.7%. Anthemis
scrobicularis Yavin was the only endemic species recognized in the study area.
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Table 2. List of plant taxa recorded in Jabal Al-Ward. Life span: Annual (ANN), Perennial (PER).
Life form: Chamaephytes (CH), Cryptophytes (CR), Helophytes (HEL), Hemicryptophytes (HEM),
Parasites (PA), Phanerophytes (PH), Therophytes (TH). Chorotypes: American (AM), Cosmopolitan
(COSM), Euro-Siberian (ES), Irano-Turanian (IT), Mediterranean (ME), Neotropical (NEO), Paleotrop-
ical (PAL), Pantropical (PAN), Saharo-Arabian (SA), Sudano-Zambesian (SZ), and Sudanian (SUD).

Plant Family Taxa Life Form Chorology Life Span
Blepharis edulis (Forssk.) Pers. CH IT + SA +SZ PER
Acanthaceae Hygrophila auriculata (Schumach.) Heine TH PAN ANN
Aizoaceae Aizoon canariense L. TH SZ ANN
Aerva javanica (Burm.f.) Juss. ex Schult. CH PAL PER
Alternanthera pungens Kunth TH NEO ANN
Amaranthus hybridus L. TH PAN ANN
Bassia muricata (L.) Asch. TH IT +SA ANN
Amaranthaceae Bassia eriophora (Schrad.) Asch. CH IT + SA PER
Chenopodium murale L. TH COsSM ANN
Halocnemum strobilaceum (Pall.) M.Bieb. CH IT + ME + SA PER
Haloxylon salicornicum (Moq.) Bunge ex Boiss. CH SA PER
Coonon it Forsi) oo i =
Apiaceae Deverra tortuosa (Desf.) DC. CH SA PER
Ferula sinaica Boiss. HEM IT PER
Calotropis procera (Aiton) Dryand. PH SA +SZ PER
Spleaites o Cuss) Mat ci ME 51
Leptadenia pyrotechnica (Forssk.) Decne. PH SA PER
Apocymacse Y st (o) on ci
Rhazya stricta Decne. CH SA +SZ PER
Solenostemma oleifolium (Nectoux) Bullock &
E.A.Bruce ex Maire CH SA PER
Syn. Solenostemma argel (Delile) Hayne
Asparagaceae Bellevalia flexuosa Boiss. CR ME PER
Asphodelaceae Asphodelus tenuifolius Cav. CR SA +S5Z PER
Achillea fragrantissima (Forssk.) Sch.Bip. CH IT +SA PER
Achillea falcata L. CH IT PER
Anthemis scrobicularis Yavin TH IT + ME + SA ANN
Anthemis melampodina (Boiss.) Eig subsp. deserti TH ME + SA ANN
Artemisia herba-alba Asso CH SA PER
Artemisia judaica L. CH SA PER
Asteraceae Atractylis carduus (Forssk.) C. Chr. TH ME ANN
Calendula tripterocarpa Rupr. TH PAN ANN
Centaurea procurrens Sieber ex Spreng. CH ME PER
Centaurea sinaica DC. TH ES+IT ANN
Echinops glaberrimus DC. HEM SA PER
Echinops spinosissimus Turra CH IT +SA PER
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Table 2. Cont.

Plant Family Taxa Life Form Chorology Life Span
Filago desertorum Pomel TH IT +SA ANN
Helichrysum gto.echus (Ten.) Nyman HEM ME PER
subsp. barrelieri
Ifloga spicata (Forssk.) Sch.Bip. TH SA ANN
Ifloga spicata (Forssk.) Sch. Bip. subsp. TH ME + SA ANN
albescens Chrtek
Lactuca serriola L. TH IT ANN
Pseudognaphalium Iuteoalbum (L.) Hilliard &

B.L.Burtt HEL IT + ME + SA PER
Syn. Laphangium luteoalbum (L.) Tzvelev
Launaea pracum.bens (Roxb.) TH SA ANN
Ramayya & Rajagopal
Launaea spinosa (Forsk.) Sch.Bip. ex Kuntze CH SA PER
Onopordum boissierianum
Raab-Straube & Greuter HEM ME +SA PER
Syn. Onopordum sibthorpianum Boiss. & Heldr.
Picris cyanocarpa Boiss. TH SA ANN
Pulicaria incisa (Lam.) DC. CH SA +SZ PER
Pulicaria undulata (L.) C.A. Mey. CH SA +SZ PER
Ramaliella tortuosissima (Boiss.) Zaika,
Sukhor. & N.Kilian CH IT + SA PER
Syn. Scorzonera tortuosissima Boiss.
Senecio glaucus L. TH IT +SA ANN
Sonchus oleraceus (L.) L. TH COsSM ANN
Tanacetum sinaicum (Fresen.) Delile ex
K.Bremer & Humphries CH IT PER
Urospermum picroides (L.) Scop. ex EW.Schmidt TH IT + ME ANN
Alkanna orientalis (L.) Boiss. CH IT + ME PER
Arnebia hispidissima (Lehm.) A.DC. TH SA +SZ ANN
Boraginaceae Echium horridum Batt. TH ME + SA ANN
Gastrocotyle hispida (Forssk.) Bunge TH IT +SA ANN
Trichodesma africanum (L.) Sm. TH SA +SZ ANN
Heliotropium bacciferum Forssk. CH SA +SUD PER
Heliotropiaceae Heliotropium crispum Desf. HEM IT +SA PER
Heliotropium europaeum L. TH ES +IT + ME ANN
Coincya tournefortii (Gouan) Alcaraz, T.E.Diaz,
Rivas Mart. & Sanchez-Gémez TH ME + SA ANN
Syn. Brassica tournefortii Gouan
Diplotaxis harra (Forssk.) Boiss. TH IT + SA ANN
Diplotaxis acris (Forssk.) Boiss. TH IT + ME ANN
Enarthrocarpus strangulatus Boiss. TH SA ANN
Eremobium aegyptiacum (Spreng.) HEM SA PER
. Asch. ex Boiss.
Brassicaceae
Eremobium aegyptiacum var. lineare
(Delile) Zohary HEM SA PER
Farsetia aegyptia Turra CH SA +SZ PER
Lepidium didymum L. TH SA ANN
Matthiola arabica Boiss. TH SA ANN
Morettia canescens Boiss. CH ME PER
Morettia parviflora Boiss. TH SZ ANN
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Table 2. Cont.

Plant Family Taxa Life Form Chorology Life Span
g}l]zﬁfngﬁ(;s;;rzzzl :i;:;ir.lse (L.) Andrz. ex Besser TH ME ANN
Sisymbrium irio L. TH ES +1IT + ME + SA ANN
Zilla spinosa (L.) Prantl subsp. spinosa CH ES +IT + ME + SA PER
Gymnocarpos decandrus Forssk. CH SA PER
Gypsophila viscosa Murray TH IT ANN
Caryophyllaceae Polycarpaea robbairea (Kuntze) Greuter & Burdet CH SA +S5Z PER
Silene villosa Forssk. TH SA ANN
Cistaceae Helianthemum lippii (L.) Dum.Cours. CH SA +SZ PER
Cleome amblyocarpa Barratte & Murb. TH SA +SZ ANN
Cleomaceae Cleome arabica L. CH SUD PER
Colchicum ritchii R.Br. CR SA PER
Colchicaceae Colchicum tunicatum Feinbrun CR IT PER
Convolvulaceae Convolvulus arvensis L. CR PAL PER
Crassulaceae Umbilicus intermedius Boiss. CR IT + ME PER
Citrullus colocynthis (L.) Schrad. HEM IT + ME + SA +SZ PER
Cucurbitaceae Cucumis prophetarum L. HEM SA PER
Cyperaceae Cyperus rotundus L. CR COsM PER
Ephedraceae Ephedra aphylla Forssk. PH SA PER
Aues o Spren cH i PER
Euphorbia granulata Forssk. TH SZ ANN
Euphorbiaceae Euphorbia peplus L. TH COSM ANN
Euphorbia prostrata Aiton TH COsM ANN
Euphorbia retusa Forssk. TH COSM ANN
ol il ok Calaso B py sz
Alhagi graecorum Boiss. CH IT + ME PER
Astragalus eremophilus Boiss. TH IT + ME + SA ANN
Astragalus palaestinus Eig TH ME ANN
Astragalus spinosus (Forssk.) Muschl. CH IT + SA PER
Astragalus tribuloides Delile TH IT +SA ANN
Crotalaria aegyptiaca Benth. HE SZ PER
Hippocrepis cyclocarpa Murb. TH ME ANN
Hippocrepis unisiliqguosa L. TH IT + SA ANN
Fabaceae Lotus corniculatus L. HEM COsM PER
Lotus glinoides Delile TH Sz ANN
Lotus lanuginosus Vent. HEM SA PER
Medicago laciniata (L.) Mill. TH SA ANN
Medicago polymorpha L. TH COSM ANN
Melilotus indicus(L.) AlL TH PAL ANN
Onobrychis ptolemaica (Delile) DC. HEM IT PER
Ononis natrix L. CH ME PER
Retama raetam (Forssk.) Webb PH SA PER
Senna italica Mill. CH SZ PER
Tephrosia purpurea (L.) Pers. CH SA +SZ PER
Trigonella anguina Delile TH SA ANN
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Table 2. Cont.

Plant Family Taxa Life Form Chorology Life Span
Sy Trigonellafamosa Del. ex Smith. ™ ME + $A ANN
Trigonella stellata Forssk. TH IT +SA ANN
Erodium laciniatum (Cav.) Willd. TH SA ANN
Erodium oxyrhinchum M.Bieb. TH SA +SZ ANN
Germmacene Sehir - Tom subep. ryonil ™ I ANN
Monsonia nivea (Decne.) Webb CR SA +SZ PER
Iridaceae Moraea sisyrinchium (L.) Ker Gawl. CR IT + ME PER
Pseudodictamnus undulatus
(Benth.) Salmaki & Siadati CH ME PER
Syn. Ballota undulata (Sieber ex Fresen.) Benth.
Lavandula coronopifolia Poir. CH SA +SZ PER
Lavandula pubescens Decne. CH SA +SZ PER
Lamiaceae Mentha longifolia (L.) Huds. CH PAL PER
Mentha longifolia (Briq.) Harley subsp. typhoides HEM PAL PER
Otostegia fruticosa (Forssk.) Schweinf. ex Penzig CH SA PER
Stachys aegyptiaca Pers. CH ME + SA PER
Teucrium polium L. CH IT + ME PER
Gagea commutata K. Koch CR IT PER
Liliaceae Gagea reticulata (Pall.) Schult. & Schult.f. CR T PER
Malva neglecta Wallr. TH ES +1T ANN
Malvaceae Malva parviflora L. TH IT + ME ANN
Molluginaceae Glinus lotoides L. TH PAL ANN
Moraceae Ficus palmata Forssk. PH SUD PER
Nitrariaceae Peganum harmala L. HEM IT + ME + SA PER
Nyctaginaceae Boerhavia repens L. CH PAL PER
Orobanchaceae Cistanche tubulosa (Schenk) Wight PA IT + SA +SZ PER
Papaveraceae Fumaria parviflora Lam. TH COsM ANN
Kickxia floribunda (Boiss.) Téckh. & Boulos CH SA PER
Plantaginaceae Nanorrhinum hastatum (R.Br. ex Benth.) Ghebr. CH SA + SUD PER
Plantago ciliata Desf. TH IT + ME + SA ANN
Plantago lanceolata L. TH IT + ME + SA ANN
Avena barbata Pott ex Link TH ME ANN
Bromus scoparius L. TH IT + ME + SA ANN
Bromus danthoniae Trin. TH IT ANN
Bromus madritensis L. HEM IT + ME PER
Cenchrus echinatus L. TH AM ANN
Centropodia fragilis (Guinet & Sauvage) Cope TH ME + SA ANN
Cutandia memphitica (Spreng.) Benth. TH IT + ME ANN
Poaceae Cynodon dactylon (L.) Pers. CR PAN PER
Enneapogon desvauxii P.Beauv. HEM IT +SA PER
Eragrostis aegyptiaca (Willd.) Delile TH SZ ANN
Eremopyrum bonaepartis (Spreng.) Nevski TH IT ANN
Lamarckia aurea (L.) Moench TH IT + ME ANN
Lolium perenne L. HEM COSM PER
Panicum turgidum Forssk. CR SA +SZ PER
Parapholis incurva (L.) C.E.Hubb. TH IT + ME ANN
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Table 2. Cont.

Plant Family Taxa Life Form Chorology Life Span
Phalaris minor Retz. TH IT + ME ANN
Phalaris paradoxa L. TH IT + ME ANN
Poa annua L. TH ES +IT + ME ANN
Polypogon monspeliensis (L.) Desf. TH IT + ME + SA ANN
Rostraria pumila (Desf.) Tzvelev TH ME + SA ANN
Schismus barbatus (L.) Thell. TH IT + SA ANN
Sy St copenss Thamb. ™ IT 54 ANN
Stipa lagascae Roem. & Schult. HEM IT + ME PER
Stipa obtusa (Nees & Meyen) Hitchc. HEM SA +SZ PER
Stipagrostis ciliata (Desf.) De Winter HEM IT+SA +SZ PER
Polygonaceae I;}':;” e]’; rfzz;n;);;fo; (L.) Campd. ™ PAN ANN
Rumex vesicarius L. TH ME + SA + SZ ANN
Portulacaceae Portulaca oleracea L. TH ME + SA ANN
Primulaceae Anagallis arvensis L. TH ES +IT + ME ANN
Rhamnaceae Ziziphus spina-christi (L.) Desf. PH SA +SZ PER
Caylusea hexagyna (Forssk.) M.L.Green TH SA +SZ ANN
Ochradenus baccatus Delile PH SA PER
Resedaceae Reseda muricata C. Presl CH SA PER
Reseda sphenocleoides Deflers CH SA +SZ PER
Rubiaceae Galium spurium L. TH ES +IT + ME ANN
Scrophulariaceae Verbascum sinaiticum Benth. HEM IT +SA PER
Datura innoxia Mill. TH COSM ANN
Hyoscyamus desertorum (Asch. ex Boiss.) Téackh. TH SA ANN
Hyoscyamus pusillus L. TH IT ANN
Solanaceae Lycium depressum Stocks PH IT PER
Lycium shawii Roem. & Schult. PH SA +5Z PER
Solanum incanum L. CH SUD PER
Solanum americanum Mill. HEM ES +IT + ME PER
Withania somnifera (L.) Dunal CH IT + ME PER
Tamaricaceae Tamarix aphylla (L.) H.Karst. PH IT +SA +5Z PER
Typhaceae Typha domingensis Pers. HEL PAN PER
Forsskaolea tenacissima L. CH SA +SZ PER
Urticaceae Parietaria alsinifolia Delile TH SA ANN
Fagonia arabica L. CH SA PER
Fagonia bruguieri DC. CH SA PER
Fagonia glutinosa Delile CH SA PER
Zygophyllaceae Fagonia mollis Delile CH SA PER
Seetzenia lanata (Willd.) Bullock TH SUD ANN
Tetraena simplex (L.) Beier & Thulin TH SA +5Z ANN
Tribulus terrestris L. TH ES +IT + ME ANN
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Figure 4. The proportional contribution of plant families in Jabal Al-Ward.

Seven life form categories were observed in the current study. The most frequent group
was the therophytes, with 92 species, followed by chamaephytes, which were identified
as 55 different species. There were 22 species of hemicryptophytes. Thirteen species were
cryptophytes and twelve species were identified as phanerophytes. Three species were
helophytes and one parasitic species was recorded in the Jabal Al-Ward area. Percentages
of each life form relevant to the total number of species are illustrated in Figure 5.

LIFE FORMS

CH; 27.78%

TH; 46.46%‘

CR; 6.57%

HEL; 1.52%

| HEM; 11.11%
PH; 6.06% “ PA; 0.51%

Figure 5. Life form spectrum of the recorded species in Jabal Al-Ward region. TH = Therophytes,
CH = Chamaephytes, HEM = Hemicryptophytes, PH = Phanerophytes, GE = Geophytes,
CR = Cryptophytes, HEL = Helophytes, PA = Parasites.
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The chorological analysis of Jabal Al-Ward vegetation showed that the Mono-regional
group was represented by the highest number of taxa 76 (38.5%). It comprised seven
chorotypes; Saharo-Arabian (18.2%) with 36 species accounted for the highest repre-
sentation. The Saharo-Arabian region was combined with eight more regions, includ-
ing Saharo-Arabian/Sudano-Zambesian (12.6%), Irano-Turanian/Saharo-Arabian (9.1%),
Mediterranean/Saharo-Sindian (5.6%), Irano-Turanian /Mediterranean /Saharo-Arabian
(4.5%), Irano-Turanian/Saharo-Arabian /Sudano-Zambesian (2%), Euro-Siberian /Irano-
Turanian/Mediterranean/Saharo-Arabian, and Saharo-Arabian/Sudanian (1% each),
Mediterranean/Saharo-Arabian/Sudano-Zambesian, and Irano-Turanian/Mediterranean/
Saharo-Arabian/Sudano-Zambesian (0.5% each).

Followed by Irano-Turanian (7.10%), the latter chorotype was recorded by 14 species
(7.10%). Additionally, it was found in eight different arrangements with other floristic
regions, such as: Irano-Turanian/Saharo-Arabian (9.1%), Irano-Turanian/Mediterranean
(8.10%), Irano-Turanian/Mediterranean /Saharo-Arabian (4.5%), Euro-Siberian /Irano-Tu-
ranian/Mediterranean (3%), Irano-Turanian/Saharo-Arabian/Sudano-Zambesian (2%),
Euro-Siberian/Irano-Turanian and Euro-Siberian/Irano-Turanian/Mediterranean/Saharo-
Arabian (1% each), and Irano-Turanian/Mediterranean/Saharo-Arabian/Sudano-Zambe-
sian (0.5%). Fifteen species were documented to belong to the Mediterranean region and
achieved 5.60% as a Mono-regional element. Furthermore, seven mixed regions were
indicated, such as Irano-Turanian/Mediterranean (8.1%), Mediterranean/Saharo-Arabian
(5.6%), Irano-Turanian /Mediterranean /Saharo-Arabian (4.5%), Euro-Siberian/Irano-Turan
ian/Mediterranean (3%), Euro-Siberian/Irano-Turanian/Mediterranean /Saharo-Arabian
(1% each) and Mediterranean/Saharo-Arabian/Sudano-Zambesian and, Irano-Turanian /M-
editerranean/Saharo-Arabian/Sudano-Zambesian (0.5% each). The Sudano-Zambesian
chorotype has ten species representing 5.1% and it is found with four other mixed regions
Finally, Cenchrus echinatus L. is an alien species representing the American type with 0.5%.

Afterward, the Bi-regional elements have six main chorotypes with 74 taxa (37.40%).
The highest element was Saharo-Arabian/Sudano-Zambesian with 25 species represent-
ing 12.6%, followed by Irano-Turanian/Saharo-Arabian with 18 species (9.1%), Irano-
Turanian/Mediterranean with 16 species (8.10%), then Mediterranean/Saharo-Arabian
with 11 species (5.6%). Conversely, only 1% of the total number of species belonged to
the Euro-Siberian/Irano-Turanian (Centaurea sinaica DC. and Malva neglecta Wallr.) and
Saharo-Arabian/Sudanian (Heliotropium bacciferum Forssk. and Nanorrhinum hastatum (R.Br.
ex Benth.) Ghebr.).

Subsequently, the Worldwide assemblage contained 25 species and occupied 12.60%
of the recorded taxa. The Cosmopolitan types scored 5.60% for 11 species. The lowest
scores were recorded for Paleotropical, Pantropical, and Neotropical at 3.50%, 3.0%, and
0.50%, respectively.

Finally, the Pluri-regional attained six chorotypes, accounting for 11.50% with 23 species.
The Irano-Turanian/Mediterranean/Saharo-Arabian, Euro-Siberian/Irano-Turanian/Mediter-
ranean, Euro-Siberian /Irano-Turanian/Mediterranean, and Irano-Turanian/Saharo-Arabian/Su-
dano-Zambesian exhibited 3.5%, 3%, and 2%, respectively. While one species was categorized
for each of the following chorotypes: Mediterranean/Saharo-Arabian/Sudano-Zambesian
(Rumex vesicarius L.) and Irano-Turanian/Mediterranean /Saharo-Arabian/Sudano-Zambesian
(Citrullus colocynthis (L.) Schrad.) (Figure 6, Table 3).
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Figure 6. Floristic regions and chorotypes from the recorded taxa in Jabal Al-Ward. Note: American (AM),
Cosmopolitan (COSM), Euro-Siberian (ES), Irano-Turanian (IT), Mediterranean (ME), Neotropical
(NEO), Paleotropical (PAL), Pantropical (PAN), Saharo-Arabian (SA), Sudano-Zambesian (SZ), and
Sudanian (SUD).

Table 3. The number of the recorded taxa belonging to the main floristic categories and their relevant
percentages (%) in Jabal Al-Ward. American (AM), Cosmopolitan (COSM), Euro-Siberian (ES), Irano-
Turanian (IT), Mediterranean (ME), Neotropical (NEO), Paleotropical (PAL), Pantropical (PAN),
Saharo-Arabian (SA), Sudano-Zambesian (SZ), and Sudanian (SUD).

Chorotype Number of Species Percentage (%)
Mono-Regional

AM 1 0.50%

1T 14 7.10%

ME 11 5.60%
SA 36 18.20%

SUD 4 2.00%

SZ 10 5.10%
Subtotal 76 38.50%

Bi-regional

ES+ 1T 2 1.00%

IT + ME 16 8.10%
IT + SA 18 9.10%
ME + SA 11 5.60%
SA +SZ 25 12.60%
SA + SUD 2 1.00%
Subtotal 74 37.40%

Pluri-regional
ES +IT + ME 6 3.00%
IT + ME + SA 9 4.50%
IT+SA +SZ 4 2.00%
ME + SA +SZ 1 0.50%
ES + IT + ME + SA 2 1.00%
IT + ME + SA + SZ 1 0.50%
Subtotal 23 11.50%
Worldwide

COSM 11 5.60%
NEO 1 0.50%
PAL 7 3.50%
PAN 6 3.00%
Subtotal 25 12.60%
Total 198 100%
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4. Discussion

Tabuk province is characterized by diverse habitats, including coastal plains, valleys,
dunes, wadis, salt pans (sabkhas), and mountain ridges [42]. These habitats represent
biogeographic units that guarantee a perfect distribution of this region’s flora and fauna
life regime [10]. Mountains are of great floristic and ecological importance in the Middle
East. They provide a shelter for many species, which qualifies them as centers of species
richness [43].

The Tabuk region has a high diversity of plants [9,20]. However, the present study
demonstrates that the highest number of species (198 species representing 47 families) were
recorded in one region, compared with the former studies performed in discrete areas of
Tabuk [9,11-17].

The most dominant families are the Asteraceae, Poaceae, and Fabaceae. They repre-
sented more than a third of Jabal Al-Ward'’s floristic composition. The dominance of these
families over the others is attributed to their ability to seed dispersal efficiency of their
taxa, leading to a high diversity and wide distribution [44]. Al-Mutairi [13] mentioned
that the Asteraceae is dominant in a different area of the Tabuk region. Additionally, our
findings concur with several floristic studies conducted at different Saudi Arabian locali-
ties [45-47]. However, fourteen percent of the total number of families were represented by
only one species: Aizoaceae, Asparagaceae, Asphodelaceae, Cistaceae, Convolvulaceae,
Crassulaceae, Cyperaceae, Ephedraceae, Iridaceae, Molluginaceae, Moraceae, Nitrariaceae,
Nyctaginaceae, Orobanchaceae, Papaveraceae, Portulacaceae, Primulaceae, Rhamnaceae,
Rubiaceae, Scrophulariaceae, Tamaricaceae, and Typhaceae. The three genera with the
highest species richness are Astragalus (Fabaceae), Euphorbia (Euphorbiaceae), and Fagonia
(Zygophyllaceae); four species have been reported for each genus. The generic coefficient
is 76.8% in Jabal Al-Ward, which is more than twice that of Saudi Arabia. Based on the
high percentage of generic coefficient, it can be concluded that there are more intergeneric
competitions in the area [48]. Furthermore, Al-Nafie [49] mentioned that the existence of a
certain number of species corresponding to different taxa is a salient characteristic of this
region, showing high plant diversity. Members of the recognized families are also well
known for their higher economic and medicinal potentiality [50-58]. Anthemis scrobicu-
laris was the only endemic species recorded in the surveyed area [59]. Many studies also
reported limited endemism in the various regions of the country [15,49,60-62].

In the current study, the perennial species were dominant over the annuals (53.54%
to 46.46%). The perennial /annual ratio is affected by abiotic factors such as the aridity of
the area and the amount of precipitation [62,63]. This is a notable characteristic of Jabal
Al-Ward because perennial plants may be more tolerant of climatic changeability than
annual plants [64]. The predominant life forms among the others are the therophytes
(46.46%), followed by chamaephytes (27.78%) and phanerophytes (6.06%). These findings
are in line with some research on desert ecosystems [13-15,44-47,60,65-67]. Thakur [48],
Das, et al. [68] and Fadl et al. [60] reported that the dominance of the therophytic pattern
and phanerophytes are associated with lower altitudes, warm-dry arid climate, and habitat
disturbances. On the other hand, at higher altitudes, hemicryptophytes and cryptophytes
overwhelm cold conditions. The relatively high occurrence of chamaephytes (27.78%)
is also associated with the desert habitat, topography, and biotic factors [69]. However,
floristic research documented the predominance of other life forms over therophytes in
Jabal Fayfa, Mecca, and Taif [61,62,70]. Lower frequency was observed for the helophytes
(1.52%) in the current study, as they are indicators of the wetlands [71,72]. Cistanche tubulosa
(Schenk) Wight was the only parasitic species documented in Jabal Al-Ward, where it
grows mainly on the root of the Calotropis procera (Aiton) Dryand. Tree, which is commonly
distributed in some arid areas [73].

The identified species were classified into four major phytogeographical groups:
Mono-regional, Bi-regional, Pluri-regional, and Worldwide. It was remarkable that the
Mono-regional and Bi-regional groups achieved the highest representation at 38.5% and
37.4%, respectively. The presence of interzonal habitats contributes to the higher prevalence
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of Bi-regional elements [39]. The abundance of Pluri-regional and global taxa is another
feature of the Saudi Arabian flora [49]. The existence of species growing in many regions of
the world, or the widely distributed plants indicates the relationship between the Arabian
Peninsula and these regions (Euro-Siberian, Irano-Turanian, Mediterranean, Sudanian, and
Sudano-Zambesian). The dispersal of these species in the Arabian Peninsula is influenced
by climate change and the long-distance migration of people, animals, and birds [70].

Saudi Arabia’s vegetation belongs to Saharo-Arabian region [39]. Thirty-six species
belonged to the Saharo-Arabian region, with the best representation accounting for 18.2%.
According to Zohary [74], Saharo-Sindian is corresponding to Saharo-Arabian. Abdel
Khalik et al. [62] point out that the Saharo-Arabian and Sudano-Zambezian species are good
indicators of desert habitats. This explains the present study’s relatively high contribution
of Saharo-Arabian/Sudano-Zambesian. The Saharo-Arabian taxa in Saudi Arabia were
developed gradually and discontinuously from some adjoining regions under the aridity’s
effect, such as the Sudanian, Mediterranean, and Irano-Turanian regions [39]. Therefore,
our findings are consistent with most studies carried out in the various Saudi Arabian
provinces, especially Tabuk [12-14,45,65].

The Irano-Turanian chorotype was recorded by fourteen species (7.10%) and it was
found in eight different arrangements with other floristic regions. The Irano-Turanian
region is one of the world’s largest and most diverse floristic regions and serves as a source
forthe halophytes (such as Halocnemum strobilaceum (Pall.) M.Bieb., Haloxylon salicornicum
(Moq.) Bunge ex Boiss., Caroxylon imbricatum (Forssk.) Mogq., Heliotropium bacciferum
Forssk., H. crispum Desf., H. europaeum L., Tamarix aphylla (L.) H.Karst.), and xerophytes
(representing the rest of the studied taxa) for adjacent countries [75,76]. The region is
also characterized by relatively low precipitation and a long dry season. The maximum
temperature was measured in the summer, similar to the hottest spots in the Sahara, while
the minimum winter temperatures were lower than those recorded in the Mediterranean
region [77]. These characters make this region a transition between the Saharo-Arabian and
the Mediterranean.

Fifteen species were documented to belong to the Mediterranean region and achieved
5.60% as a Mono-regional element. According to Abdel Khalik et al. [62], the survival of
Mediterranean species in the study area indicates a more mesic environment.

Recent studies conducted in the Arabian Peninsula have relied on DNA barcode
markers to assess genetic variation among taxa in various geographical regions [78,79].
Projects are ongoing worldwide to create DNA barcode libraries for vascular plant flora
and make these data accessible to conserve and utilize biodiversity [80]. DNA barcodes are
used to enhance our understanding of how species evolve and interact and how we can
delay their extinction [81,82].

5. Conclusions

The current study demonstrated the highest species richness compared to former
studies performed in separate locations in Tabuk Province. One hundred ninety-eight
plant species belonging to forty-seven plant families were identified in Jabal Al-Ward. The
Asteraceae, Poaceae, and Fabaceae represented more than a third of Jabal Al-Ward's floristic
composition. Annual species (46.46% of the total) were subordinate to perennial species
(53.54%). Perennial species may be more tolerant of climatic changeability than annuals.
This is a prominent feature in Jabal Al-Ward. Therophytes (46.46%) exemplify the most
predominant life forms over the others, as they are associated with lower altitudes, warm-
dry arid climate, and habitat disturbances. The recorded plant species were classified into
four phytogeographical categories, with the highest representations being for the Mono-
regional and Bi-regional groups. The phytogeographical distribution of the species revealed
that thirty-six species (18.2%) belonged to the Saharo-Arabian region. The Saharo-Arabian
and Sudano-Zambezian species are reliable indicators of desert habitats, which explained
the highest contribution of Saharo-Arabian Sudano-Zambesian in the present study. In
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Saudi Arabia, the Saharo-Arabian taxa were developed gradually and discontinuously from
some adjoining regions such as the Sudanian, Mediterranean, and Irano-Turanian regions.
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Abstract: The pollen morphology of weeds was investigated by scanning electron microscopy (SEM).
A morpho-palynological investigation of 18 species of weeds that belongs to 16 angiosperms families
was performed using SEM to document distinguishable microscopic features. The main objective
of the present study was to provide basic knowledge about morpho-palynological features of weed
species that helps delimit the weed flora of the Potohar Plateau. The results show diversity among
the qualitative and quantitative characteristics of pollen shape, equatorial and polar axis diameter,
the exine’s thickness, and the exine’s surface ornamentation. The pollen grains were spherical,
prolate-spheroidal, oblate-spheroidal, and sub-oblate. The exine ornamentation in most species was
reticulate, scarbate, aerolate, faveolate, reticulate-perforate, and reticulate-scabrate. All the species
described possessed tricolpate pollen. The variations found in the thickness of the exine and other
characters were helpful at the genus and species-specific levels. In accordance with these variations,
a taxonomic key was prepared using these characteristics to identify and differentiate weed plant
species. SEM images of pollen grains can help delimit the taxa to the species level. This study
provides baseline information to distinguish the species of weeds.

Keywords: exine sculpturing; palynomorph; pollen grains; scanning electron microscopy; Pakistan

1. Introduction

Weeds are considered undesirable plants competing with crops’ growth and develop-
ment. The growth of weeds in agricultural fields can limit the production of staple crops
and causes severe damage to their production [1]. According to Khan et al. [2] weeds grow
in cultivated and wild habitats and damage the growing crop plants [3]. Weedy plants
threaten human health, welfare, biodiversity, ecosystem services, and food security. Here,
weeds are defined as any plants that have detrimental socioeconomic and environmental
effects, endanger human health, and jeopardize global food security, biodiversity, and
ecosystem services [4]. Weeds play an important role in achieving an ecological balance
in a cropping system by supporting different life forms. Throughout the world, major
vegetation of weeds belongs to families such as Asteraceae, Poaceae, Amaranthaceae, and
Fabaceae. The growth of weeds depends mostly on climatic conditions [5]. In some pre-
viously reported studies, the most commonly grown weeds of cotton crops are Cynodon
dactylon, Amaranthus viridis, Phyla nodiflora, and Phragmites australis [6]. Common weeds
of wheat crops are Phragmites sp., Cynodon sp., Ranunculus spp., and Polypogon sp. [6].
Similarly, Achyranthes aspera is a common weed in sugarcane crops and Plantago lanceolata
is an important weed in chickpea fields [7]. Weeds belonging to the family Fabaceae can
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obtain essential nutrients from the soil and compete with crops because they gain nutrition
faster than other plants [8]. These plants obtain nitrogen from their surroundings and
convert it to nitrogen-rich compounds to enhance the growth of essential microorganisms,
thereby increasing soil fertility [9]. Many researchers work on the world’s weed flora and
documented 50 parasitic weeds from Pakistan [10].

In Pakistan, the region of Potohar is located on the northeast side, with an area
of approximately 25,000 km?. Topographically, hilly and plain areas are found in this
region [11]. This area also comprises of river Indus and the Jhelum, stretching from the salt
range to the foothills of the Himalayas. The Potohar region is between latitude 32°5'34"” N
and longitude 71°30'73” E. The Jhelum plains lie at the lowest altitude, i.e., 825 ft (250 m).
Non-native plant species have been introduced into the study area for greenery, which
competes with native plant species. The natural vegetation of the Potohar region includes
dry deciduous scrubby forests and few species of trees. This area’s agriculture purely
depends on the monsoon rainfall [12]. The construction of roads, houses, and industries
has affected the natural vegetation, resulting in a change in soil composition.

The study of pollen grains plays a vital role in studying plant taxonomy and biodi-
versity because it helps identify plant species in a particular area [13]. Many taxonomists
use different disciplines of plant systematics to identify plant species, such as morphol-
ogy, anatomical studies, and palynological studies, to find the precise position of plants
within taxa [14-19]. On the other hand, the studies of pollen characters are considered
the most important tools for classifying and identifying morphologically similar plants.
Considerable research has been done on pollen grains in Pakistan and worldwide. Meo
and Khan [19] conducted Morpho-palynological studies on weeds for the first time in
Rawalpindi, Pakistan. Meo et al. [20] reported the diverse features of weeds and pollen
grains belonging to the family Asteraceae. On the other hand, there is not a single docu-
ment on the morpho-palynology of weeds from the Potohar region of Pakistan. Current
research aims to provide detailed information about weeds in the Potohar region of Pak-
istan, the diversity of their pollen grains, and their exine structure based on qualitative and
quantitative characters using SEM as a basis for future studies. A taxonomic key is made
based on microscopic characteristics, which helps to distinguish the micro-morphological
characteristics to strengthen the identification of complicated weed species. The purpose
of the present study was twofold: (1) to determine the pollen fertility of economically
important weed species, which will help identify the freely reproducing species for con-
servation purposes; (2) to the taxonomic identification of the weed species through pollen
morphological characteristics.

2. Materials and Methods
2.1. Specimen Collection and Plant Identification

From different sites in the Potohar region of Pakistan (Figure 1), 18 weeds were
collected in a single season between August 2021 and November 2021. Approximately three
to five samples were collected from each collection site randomly. Table 1 lists the collection
site and voucher numbers. After collection, plants were identified either by comparing their
morphological characteristics with the flora of Pakistan or by matching their morphology
with specimens placed in the Herbarium of Pakistan (ISL). After mounting, the botanical
names and author citations were validated using the International Plant Name Index (IPNI)
(www.ipni.org (accessed on 7 July 2022)) and accessioned into the Herbarium of Pakistan
(ISL) at Quaid-i-Azam University Islamabad, Pakistan.
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Figure 1. Map of the collection sites of the study area. (Source: Google).

Table 1. Weed samples collected from the Potohar region.

Sr. No

Plant Taxa

Family Locality

Voucher Specimen

Number
1. Achyranthus aspera L. Amaranthaceae Salt Range Chakwal AU-107
2. Aerva javanica (Burm.f.) Juss. ex Schult. Amaranthaceae Miani Village Talagang AU-113
3. Amaranthus graecizans L. Amaranthaceae Khewra mines AU-115
4. Asphodelus tenuifolius Cav. Asphodelaceae Uchali Lake AU-99
5. Atriplex stocksii Boiss. Amaranthaceae Uchali Lake AU-77
6. Boerhavia procumbens Banks ex Roxb. Nyctaginaceae Rawalpindi AU-65
7. Brassica furatii Mouterde Brassicaceae Musa khel Mianwali AU-39
8. Capparis decidua (Forssk.) Edgew. Capparaceae Miani Village AU-55
9. Celosia argentea L. Amaranthaceae Kabkbi Lake AU-110
10. Cenchrus ciliaris L. Poaceae Islamabad AU-205
11. Chenopodium murale L. Chenopodiaceae Salt Range AU-209
12. Corchorus depressus (L.) Stocks Tiliaceae Attock AU-211
13. Cissampelos pareira L. Menispermaceae Salt Range AU-215
14. Citharexylum spinosum L. Verbenaceae Islamabad AU-217
15. Cleome brachycarpa (Forssk.) Vahl ex DC Capparaceae Miani village Talagang AU-31
16. Cleome viscosa L. Capparaceae Miani village Talagang AU-45
17. Cucumis melo subsp. agrestis (Naudin) Cucurbitaceae Miani village Talagang AU-53

Pangalo.

18. Euphorbia granulata Forssk. Euphorbiaceae Th(}lzl}a:a]li»(e‘\il;dur AU-69

2.2. Study of Pollen under an Optical Microscope

Either dry or fresh plant material extracts pollen grains from anthers. With the help of
sharp needles, the anthers were separated from the flowers and placed on glass slides with
a single drop of acetic acid, which helps appropriately crush anthers. A slight modification
of the method reported by Butt et al. [21] was used to prepare the pollen grains slides. One
drop of glycerin jelly was added to the pollen grains, and the extra debris was removed
from the glass slide with the help of needles. Glycerin jelly will help stain the pollen
grains [21,22]. A cover slip was placed on the pollen grains, and the pollen characteristics

were observed by optical microscopy (OM, Leica Dialux 20).
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2.3. Study of Pollen under a Scanning Electron Microscope

The pollen grains were prepared for SEM using a slight modification of the method-
ology reported by Erdtmann [23]. In this method, pollen grains were crushed with 45%
acetic acid and were placed on double-sided tape fixed to aluminum stubs using a fine
pipette and sputter coated with gold to 150A. Subsequently, these slides were examined by
scanning electron microscopy (Model JEOL JSM- 5910) installed in the Central Resource
Library (CRL), Department of Physics, University of Peshawar, Pakistan.

2.4. Data Analysis

The minimum represented the quantitative features (mean + standard error) and
maximum (e.g., 27.7 (85.2 & 10.8) 105). Five readings of each character were noted for
each pollen grain. The quantitative data were noted and processed using SPSS software
(version 16) to determine the minimum, maximum, mean, and standard error. These data
are very helpful in identifying species and the nature of the different pollen grains. These
indices provide information on pollen diameter, colpi and pore size, exine thickness, and
polar-to-equatorial ratio.

2.5. Percentages of Sterility and Fertility among Pollen

The pollen fertility was determined using the techniques reported by Khan and
Stace [24]. The sterility and fertility percentages were determined using the formula [5,25].
The formula for fertility is given as:

Fertility = (F/F +S) x 100
The formula of sterility is expressed as:
Sterility = (5/F + S) x 100

In the formula, F denotes the number of fertile pollen on a single ocular, while S
denotes the number of sterile pollen on one ocular.

2.6. Taxonomic Key

After examining the pollen grains under OM and SEM, different microscopic charac-
teristics were observed, such as pollen, exine ornamentations, and colpi. The taxonomic
keys have been developed based on these distinguishing characteristics.

3. Results

A palynological study of 18 weed species from the Potohar Plateau of Pakistan belong-
ing to 12 families was analyzed by OM and SEM. The examined species were explained
quantitatively and qualitatively in Tables 2—4. The palynological study showed that weedy
species of the study area were quite diverse, and their pollen structure helped identify
them. Using these qualitative characters, a taxonomic key was prepared to identify and
differentiate the weed plant species (Table 5).
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Table 4. Pollen Fertility and Sterility percentages of examined taxa.

No. of Fertile No. of Sterile

Sr. No Taxa Pollen Pollen Fertility % Sterility %
1. Achyranthus aspera 70 15 82 17
2. Aerva javanica 90 40 69 30
3. Amaranthus graecizans 77 10 88 11
4. Asphodelus tenuifolius 99 12 89 10
5. Atriplex stocksii 88 22 80 20
6. Boerhavia procumbens 50 9 84 15
7. Brassica furatii 80 2 97 2
8. Capparis decidua 80 7 91 8
9. Celosia argentea 75 10 88 11
10. Cenchrus ciliaris 90 11 89 10
11. Chenopodium murale 118 7 94 5
12. Corchorus depressus 102 10 91 8
13. Cissampelos pareira 90 5 95 5
14. Citharexylum spinosum 110 14 89 11
15. Cleome brachycarpa 86 11 89 11
16. Cleome viscosa 99 12 89 10
17. Cucumis melosubsp. agrestis 143 9 94 5
18. Euphorbia granulata 81 14 85 14
Table 5. Dichotomous key for identifying the Pothor (Pakistan) weed species based on the pollen
morphological characteristics.
Ch::::cl;ers /if::::tt ((i)) Diagnostic Characters Species Name
1 N pollen shape ol?lat.e-sphgroidal, mesocolpium scabrate, Achyranthus aspera
colpi orientation sunken, angular
pollen shape prolate-spheroidal, mesocolpium aerolate,
- colpi orientation Sunken, angular, margins distinct, and 2
ends tapering
2 + aperture tricolporate, exine reticulate Aerva javanica
- aperture trizonocolporate, exine scabrate-reticulate 3
3 N The shape of pollen prola}te—spheroidal, mescolopium Amaranthus graecizans
reticulate
_ pollen shape oblate-spheroidal, mescolopium 4
scabrate-reticulate
4 . aperture tricolporate, colpi sunlfen, slit like margins, and Asphodelus tenuifolius
end tapering
B aperture tricolporate, colpi prominent, and rounded at 5
ends
5 + shape oblate, mescolopium scabrate Atriplex stocksii
- Shape oblate-spheroidal, mescolopium reticulate 6
6 + exine scabrate, colpi Sunken, angular, margins distinct Boerhavia procumbens
_ exine echinate, colpi Sunken, further divided into three -
slit-like portions, ends are tapering
7 + pollen shape spherical, mescolopium scabrate Brassica furatii
- pollen shape oblate spheroidal, mescolpium aerolate 8
8 N exine faveolate, colpi sunken slit-like, margins wavy, and Capparis decidua
slightly pointed at the end P
- pollen shape oblate spheroidal, exine scabrate 9
9 + aperture tricolporate, mesocolpium perforate Celosia argentea
- aperture not clear, mescolpium scabrate 10
10 + pollen shape prolate-spheroidal, exine reticulate Cenchrus ciliaris
- pollen shape oblate-spheroidal, exine aerolate 11
11 + aperture tricolporate, colpi sunken, long and slit like Chenopodium murale
- aperture not visible, colpi prominent, and tapering 12
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Table 5. Cont.

Ch::::clzers /if:::tt ((i)) Diagnostic Characters Species Name

12 + pollen shape oblate-spheroidal, mesocolpium scabrate Corchorus depressus
- pollen shape sub-oblate, mescolpium perforate 13

13 . aperture tricolporate, exi.ne.‘ sunken, angular, margins Cissampelos pareira

distinct
B aperture tricolporate, exine long and slit like, tapering 14
ends
14 N pollen shape oblate-spheroidal, mesocolpium Citharexylum spinosum
aerolate-perforrate

- pollen shape oblate-spheroidal, mescolpium reticulate 15

15 + exine reticulate, colpi sunken, and tapering ends Cleome brachycarpa
- exine scabrate-reticulate, colpi long and slit-like margins 16

16 + pollen shape prolate-spheroidal, aperture tricolporate Cleome viscosa
- pollen shape oblate-spheroidal, aperture not visible 17

17 + mesocolpium perforate, exine perforate Cucumis melo subsp. agrestis
- mescolpium scabrate-reticulate, exine aerolate Euphorbia granulata

3.1. Pollen Size, Shape, and P/E Ratio

Variations in grain shape were observed in equatorial and polar views, size, and
pollen shapes. The P/E ratio helps determine the shapes of pollen. Pollen grains of the
analyzed species have spherical, prolate-spheroidal, oblate-spheroidal, oblate, and sub-
oblate shapes (Figure 2). The maximum polar diameter was 40.40 um for Cissampelos parira
and the minimum was 13.95 um for Atriplex stoeksii. Cissampelos parira have a maximum
equatorial diameter of 47.20 pm, whereas Cucumis melo subsp. Agrestis have a minimum of
13.45 pm (Figure 3). Similarly, Euphorbia grandulata have a maximum P/E ratio of 1.08, and
Cissampelos parira have a minimum of 0.85 (Figure 4).

Figure 2. SEM images of pollen grains (Equatorial and Polar axis) and pollen surface ornamentation
(A—C), The scale bar represents 5 um for Achyranthus aspera (D-F), 5 um for Aerva javanica (G-I),
10 um for Amaranthus graecizans (J-L), and 5 um for Asphodelus tenuifolius.
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Figure 3. Comparison of the polar and equatorial diameter (um) of the pollen of selected plant species.
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Figure 4. P/E ratio of different species of weeds collected from the Potohar region of Pakistan.

3.2. Quantitative and Qualitative Characters of Colpi

All the documented species contain colpi (Figure 5) in their pollen except for Euphorbia
grandulata. Atriplex stoeksii had a maximum colpi length of 12.30 um, and Citharexylum
spinosum had a minimum of 2.25 ym. Atriplex stoeksii had a maximum colpi width of
7.20 um, and Cissampelos parira had a minimum of 1.23 um. All species examined had
tricolporate pollen (Figure 6).
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Figure 5. SEM images of pollen grains (Equatorial and Polar axis) and pollen surface ornamentation
(A—C). The scale bar represents 5 um for Atriplex stoeksii (D-F), 5 um for Boerhivia procumbense (G-I),
10 um for Brassica furatii (J-L), and 10 um for Capparis decidua.
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Figure 6. Comparison of the Colpi length and width (um) of selected plant species.

3.3. Exine Thickness

The quantitative pollen characters were observed by SEM and OM (Figure 7). The
maximum exine thickness was 2.95 um for Chorchorus depressus, and the minimum was
0.60 um for Boerhivia procumbense (Figure 8).

146



Agronomy 2022, 12, 2500

Figure 7. SEM images of pollen grains (Equatorial and Polar axis) and pollen surface ornamentation
(A-C). The scale bar represents 5 um for Celosia aegentae (D-F), 10 um for Cenchrus ciliaris (G-I), 5 pm
for Chenopodium murale (J-L), and 5 pm for Chorchorus depressus.
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Figure 8. Graph representing the exine thickness of the selected plant species.

3.4. Exine Sculpturing

The exine is the most distinguishing characteristic of the species (Figures 9 and 10). All
the pollen grains included in this study had different exine sculpturing. Exine ornamenta-
tions are essential features for identifying closely related species and genera with each other.
The present study recorded the following ornamentations: reticulate, carbonate, aerolate,
faveolate, reticulate-perforate, and reticulate-scabrate. Achyranthus aspera, Celosia aegentae,
and Citharexylum spinosum have scarbate exine ornamentations. Aerva javanica, Cleome
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brachycarpa, and Cenchrus ciliaris have reticulate ornamentations. Amaranthus gracigiense and
Cleome viscosa have scarbate-reticulate. Asphodelus tenuifolius, Euphorbia grandulata, and
Chenopodium murale have aerolate, while Cissampelos parira and Cucumis melo subsp. agrestis
have perforated exine sculpturing.

Figure 9. SEM images of pollen grains (Equatorial and Polar axis) and pollen surface ornamentation
(A—C). The scale bar represents 10 um for Cissampelos parira (D-F), 5 um for Citharexylum spinosum
(G-I), 5 um for Cleome brachycarpa (J-L), and 5 um for Cleome viscosa.

Figure 10. SEM images of pollen grains (Equatorial and Polar axis) and pollen surface ornamentation (A-C).
The scale bar represents 10 um for Cucumis melo subsp. agrestis (D-F) and 5 um for Euphorbia grandulata.
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3.5. Fertility and Sterility Percentages

Table 4 lists the pollen fertility and sterility results. The highest fertility percentage
was observed in Brassica furatii (97%) and Cissampelos pareira (95%), whereas the lowest
percentage of fertility was observed in Aerva javanica (69%). In the case of sterility, the
highest sterile pollen was observed in Aerva javanica (30%), while the lowest sterile pollen
grains were found in Brassica furatii (2%).

4. Discussion

This study examined the role of palynological studies for species identification from
the Potohar regions of Pakistan using microscopic techniques. The pollen grains of the
weeds varied in shape, aperture, mesocolpium, colpi orientation, and exine ornamentations.
Pollen shape, exine sculpturing, spines, number of colpi, and exine thickness of weeds
from district Bannu were described by Ahmad et al. [26]. A wide variation in pollen
parameters helps differentiate closely related species and genera. The morphological
characteristics of pollen provide additional knowledge in plant taxonomy and systematics.
The pollen investigated through LM showed great variability in equatorial diameter, polar
axis diameter, width and length of colpi, and exine thickness. An extensive range of
variations was observed in the pollen morphology of selected species of weeds from the
study area showing that the field of palynology plays a vital role in the evolutionary studies
of plant species. Variations in exine sculpturing are the diagnostic characteristic in plant
systematic studies.

The current study showed that pollen morphological features, particularly the shape
of pollen grains, are the major distinguishing feature for identifying weeds species. The
present study varies from the previous studies conducted on weeds in terms of the quali-
tative and quantitative microscopic characteristics. Amaranthaceae were considered the
dominant family of weeds in the present research family, followed by Capparaceae. In
contrast, the remainder of each family, i.e., Euphorbiaceae, Cucurbitaceae, Verbenaceae,
Menispermaceae, Teliaceae, Chenopodiaceae, Poaceae, Asphodelaceae, Brassicaceae, and
Nyctaginaceae, contain single species. Pollen grains were in the form of monad, with most
species having scabrate exine ornamentation. Similar findings have been reported [27].
Nazish et al. [28] examined the apolar, spheroidal, and scabrate. Micro Echinate pollen
ornamentations and sunken pore ornamentations have several pores, ranging from 11 to 23.

Various researchers working on the palynological study of weeds believed that exine
ornamentation is the key feature for differentiating taxonomic characteristics [25-30]. Sig-
nificant differences were observed in the following: the exine thickness, the diameter of the
equatorial and polar axis, the size of the colpus, and the number of pores. Palynological
studies are used for species identification in plant taxonomy and systematics. The study is
linked directly to environmental sciences, molecular biology, plant ecology, pharmaceutical
studies, genetics, and aerobiology [13]. In the present study, some pollen has the same
aperture conditions, i.e., tricolporate. Khan et al. [31] worked on the pollen morphological
features of 16 plants using scanning electron microscopy, which is somewhat similar to
our results [32]. They used OM and SEM and described the pollen micro-morphology of
24 wetland weeds. Bolick et al. [33] recorded the exine sculpturing patterns of the pollen of
Asteraceae with particular emphasis on evolution. The morphological pollen characteristics
can be valuable in solving complications linked with the systematic study of grass. The
study of the pollen provides the base for more structures to properly identify the plant
species [34]. A palynological study of Asteraceous taxa from the Potohar region helps
differentiate species taxonomically [35]. Research work has been done on many aspects of
flora. The study area has diverse species, but no work has been performed on the pollen
morphological study of weedy species.

Oblate-spheroidal observations were observed abundantly in this study. Most of the
colpi orientations noted were sunken and angular. In addition, many prominent, waxy,
long, slit-like, and tapering ends of colpi were observed in the pollen. The pollen examined
in this study was reticulate in sculpturing, while some contained faveoelate. Cenhrus
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ciliaris contained a single pore in the center of the pollen. Fertility and sterility percentages
were determined for the stability of pollen in the study area. The fertility and sterility
percentages in pollen grains indicated the relationship among the species” ancestors. The
fertility of pollen grains helps identify the genetic variations in flora [36]. Meo et al. [37]
reported different shapes of pollen grains of the genus Cenchrus. They observed spherical
to perbolate shape in C. pennisetiformis and spheroidal to subulate in C. setigerus. The pollen
of this genus is monoporate with psilate exine ornamentation. The position of pores was
ectoporous, but endoporus pores were also observed in some cases. Three species, i.e.,
C. ciliaris, C. biflorus, and C. pennisetiformis are endoporus, whereas C. setigerus is ectoporus.
The size and shape of pollen grains of the genus Cenchrus are used to distinguish the species.
It is a valuable tool for calculating the strength of species in a specific region. The pollen
examined in this study were oblate, suboblate, oblate-spheroidal, and prolate-spheroidal
in shape with the aperture conditions of tricolporate, mesocolpium scarbate, aerolate,
reticulate, and perforated exine ornamentations. By contrast, the colpi orientations were
long, slit-like, sunken, angular, margins distinct, waxy, rounded, and tapering ends.

Perveen et al. [38] reported the morphological characteristics of pollen of the family
Brassicaceae, which have reticulate exine ornamentation compared to the current study
results Brassica furatii exhibit echinate type of exine surface. Appel and Al-Shehbaz [39]
reported that all pollen grains observed in their research exhibit tricolpate with the reticulate
type of exine, similar to the present study results in that Brassica furatii has tricolpate pollen
grains. Moore et al. [40] reported tricolpate pollen with reticulate sculpturing of the exine.
Considerable work has been done on weeds of the family Brassicaceae by [41,42], and
it was concluded that the shape of the lumen is the most significant characteristic in the
delimitation of different species in the family Brassicaceae.

Weed flora has been documented previously by many researchers. Reference [43]
reported 73 weed species that are medicinally important and utilized for treating differ-
ent diseases of both human beings and animals. These weed species help manufacture
different plant yields and the indigenous sellers of crude drugs of plants. The pattern
of distribution, richness, and abundance of weed species (e.g., A. viridis, P. lanceolata,
D. annulatum, V. thapsus, and C. dactylon) depend on the different environmental conditions,
such as CaCOjs, pH, organic matter, soil texture, phosphorous, electrical conductivity, and
concentration of nitrogen. Rafay et al. (2014) reported that weeds play a significant role in
the agroecosystem by increasing the cropping system’s environmental heterogeneity and
floral diversity. Williams and Kremen [44] reported that non-crop plants support different
types of invertebrates because many insects depend upon specific weeds for survival.

On the other hand, weeds play a serious role in crop production and threaten culti-
vated lands because they use soil nutrients. Weeds adversely affect the yield and growth of
crop plants because of the nutrient demand. Weed vegetation is eliminated using different
control measures, e.g., chemical approaches, cultural procedures, and biological mecha-
nisms. In cultural operations, weeds are thrown away from the rice field [43]. Identification
of different weed species and farming practices plan with revised management has been
suggested [45].

The results of the present study of this family were compared with previously pub-
lished data showing that these species are quite similar to the previously reported species,
with few variations. Butt et al. [32] described the palynological study of weeds for pollen
features, i.e., pore number, the diameter of the equatorial and polar axis, length, width
of colpi, and its outline, which are very helpful for classifying species in plant taxonomy.
According to the results, these characteristics are insufficient for species identifications;
sometimes, many species hold similar features. The most vital characteristics are exine
thickness, mesocolpium, and aperture conditions. The study also provides information on
the delimitation of species from the genus to the family level. Nevertheless, further research
will be needed to achieve more conclusive results using more cosmopolitan species.
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5. Conclusions

A microscopic study of weeds and pollen grains collected from the Potohar region of
Pakistan has been documented. The studied pollen helps identify the weed plant species,
genus, and family. Eighteen plant species belonging to 16 families were investigated in
the present research; the morpho-palynological characters were investigated quantitatively
and qualitatively. In the case of palynomorph, major variations were observed in size,
appearance, and diameter of the equatorial and polar axis, the wideness of the exine,
and its ornamentation. The pollen traits were proven to have taxonomic potential to
support and strengthen the systematics of this subfamily. The dominant family of weeds
in the present study is Capparaceae followed by Amaranthaceae, and the oblate shape of
pollen is commonly observed in weeds. All the pollen grains were tricolpate with scabrate
exine sculpturing. The current study was compared with previous studies, confirming
that the pollen morphology under OM and SEM provides important information for
identifying weeds species. The microscopic features provide considerable knowledge and
have important information for correctly identifying flora. This study also contributed to
collecting the data on weeds plants, i.e., preventive, therapeutic, and diagnostic potential.
Further phylogenetic, pharmacognosy, and molecular studies are recommended for weed
plants in the future to support and strengthen the systematics of weed flora.
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Abstract: We investigated and compared the tree species composition and diversity of different
forest types in Setiu Wetlands and on the three major islands of Terengganu. A total of 24 plots
of 25 m x 25 m with four plots in each study site were established, viz. Melaleuca swamp forest in
Kampung Fikri, freshwater swamp forest in Kampung Gong Batu, mangrove forest in UMT Setiu
research station, and the islands, namely Pulau Bidong, Pulau Redang, and Pulau Perhentian. We
calculated the basal area, stand density, Importance Value Index, species diversity, and above-ground
biomass in the designated study areas. We assessed 139 tree species from 96 genera and 50 families
based on a total of 2608 tree samples of 5 cm DBH and above. The freshwater swamp forest harbored
the highest number of species with 20 species in Setiu Wetlands, and among the islands, Pulau Redang
had the highest with 56 species. Melaleuca cajuputi was the most dominant species in the Melaleuca
swamp forest, while Alstonia spatulata and Rhizophora apiculata are expected in the freshwater swamp
and mangrove forest, respectively. Pulau Bidong, Pulau Redang, and Pulau Perhentian are mostly
represented by Licania splendens, Shorea glauca, and Vatica sp., respectively. All the dominant species
but Licania splendens contributed to the highest amount of above-ground biomass. Our current study
indicated that different forest types vary in composition and structure, which may contribute to their
unique ecological roles within their specific environment.

Keywords: coastal and insular vegetation; protected areas; coastal wetland; freshwater swamp;
mangrove; lowland dipterocarp forest

1. Introduction

The forest cover of Terengganu on the east coast of Peninsular Malaysia is still relatively
extensive, with ca. 654,000 ha of forested areas [1]. Within these areas, 30,000 ha have
been gazetted as a state park in Kenyir and ca. 1600 ha in Setiu Wetlands, including the
freshwater wetland of Tasik Berombak [2,3]. National or state parks are thus far considered
the best protected areas that do not allow logging or monoculture plantations. On the
other hand, ca. 544,000 ha have been gazetted as Permanent Reserved Forests, which
are still partly subjected to state forest management for timber production [1]. There are
45 forest reserves in Terengganu, consisting mainly of dipterocarp forests. Among these are
Besul, Bukit Bauk, Bukit Kesing, Bukit Terendak, Cerul, Gunung Tebu, Hulu Besut, Hulu
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Telemong, Hulu Terengganu, Jengai, Jerangau, Merchang, Pasir Raja Barat and Selatan,
Pelagat, Petuang, Rasau Kerteh, Sungai Nipah, and Tembat, each with above 5000 ha [1].
Furthermore, there are 13 marine parks in Terengganu with 36 sea turtle nesting grounds,
the largest amount in Peninsular Malaysia [4]. Thus, Terengganu'’s islands and the long
coastline in Setiu Wetlands have been proposed as important marine ecological corridors:
the Northern Terengganu Marine Park Islands-Setiu Wetlands Ecological Corridor of
Peninsular Malaysia (Figure 1).
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Figure 1. Map showing the Setiu Wetlands and islands of Terengganu. Red stars and bold red texts
indicate the location of the study areas. Red star 1: mangrove in UMT research station, 2: freshwater
swamp in Gong Batu, 3: Melaleuca swamp in Kampung Fikri. The dotted blue line is the proposed
Northern Terengganu Marine Park Islands-Setiu Wetlands Ecological Corridor. Map modified from
the 6th National Report of Malaysia to the Convention on Biological Diversity.

The Setiu Wetlands are a complex and heterogeneous landscape containing several
different habitat types ranging from coastal forests to mangrove estuaries and freshwater
swamps to hill dipterocarp forests [5,6]. Wetlands provide basic ecosystem regulatory
services such as coastal protection [7,8], flood mitigation and erosion control [9,10], and
nurseries for juvenile marine fishes and also support traditional livelihoods for the local
population [6]. The wetlands are located northeast of Peninsular Malaysia in Terengganu
and form part of the Setiu river basin. Much of the natural vegetation in Setiu Wetlands
is still well-represented. These wetlands are considered the largest and possibly the most
intact coastal wetland complex on the east coast of Peninsular Malaysia [2,6]. Due to
their geographic isolation from the source population on the mainland, islands have long
been known to support a set of unique populations, communities, and ecosystems. These
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resistance entities have adapted through a geographical limitation with vital processes,
properties, and interactions that occur in a simpler way [11]. The forests in coastal areas
bring about ecological and socio-economic importance in terms of goods and services (such
as forestry and fisheries resources; recreation and ecotourism) [12].

Assessment and monitoring of forest biological diversity in coastal areas can pro-
vide insight into conservation value and are essential for sustainable forest management.
According to Noss [13], the challenge lies in defining sound and practical biodiversity
monitoring systems that deliver scientific data to inform sustainable forest management.
The use of inventories to determine biodiversity (composition, diversity of tree species, and
frequency) is a common way to gather information for forest management operations [14].
On the other hand, the different types of forest types occurring in Terengganu may act
as carbon sources and carbon sinks. Biologically, estimates of above-ground biomass are
essential for studies of carbon stocks and the effects of deforestation and carbon sequestra-
tion on the global carbon balance [15,16]. However, such data are lacking for coastal areas
in Terengganu.

Currently, published data analyses of various forest types in Setiu Wetlands and major
islands in Terengganu are still lacking. Although much research has been conducted inde-
pendently to record plant species, e.g., [17-19], the forest structure and floristic composition
are still unknown. Most of the available literature only focused on qualitative measures
attempting to document the absence or presence of tree species but not the physical struc-
tures, such as quantitative measures of species diversity within a plot, the numbers of
individuals within a species, and comparison among forest types in each species. There-
fore, we aimed to investigate and compare the tree species composition, diversity, and
above-ground biomass of three different forest types in Setiu Wetlands: Melaleuca swamp,
freshwater swamp, and mangrove forests. Furthermore, three marine parks, namely Pulau
Bidong, Pulau Perhentian, and Pulau Redang, were also included in the present study. We
hypothesize that the tree species diversity in different habitats in Setiu Wetlands varies
according to soil and environment factors and changes along the coastline towards the
inland of Setiu.

2. Materials and Methods

The study sites are in Setiu Wetlands State Park and on three major islands of Tereng-
ganu, i.e., Pulau Bidong, Pulau Redang, and Pulau Perhentian (Figure 1). Three different
forest types, i.e., Melaleuca swamp, freshwater swamp, and mangrove forests in Setiu
Wetlands, were selected in the present study (Figures 2 and 3). The islands of Terengganu
are generally made up of lowland dipterocarp forests.

We used plot-based tree inventories to test the hypothesis. A total of 24 plots of
25 m x 25 m were established in all the study sites, with four plots in each of the six
study sites. All trees with 5 cm diameter breast height (DBH) and above were surveyed,
measured, and tagged with flagging ribbons. Trees were identified in-situ, while voucher
specimens were collected for further identification and verification purposes. Specimens
were deposited at the herbarium of Universiti Malaysia Terengganu (UMTP). Tree species
were identified by E. Pesiu and M.R. Salam using the collection at UMTP and herbarium of
Forest Research Institute Malaysia (KEP).
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Figure 2. Different habitats at the study areas. (A,B) Setiu River, one of the four main rivers in Setiu
Wetlands; (C) freshwater swamp forest; (D) mangrove forest; (E) Melaleuca swamp forest, (F) lowland
dipterocarp forest in Pulau Redang.
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Figure 3. Some of the plants found in the study areas. (A) Top canopy of Melaleuca cajuputi;

(B) leaves and inflorescence of Melaleuca cajuputi; (C) top canopy of Rhizophora apiculata; (D) leaves

and propagules of Rhizophora apiculata; (E) bark of Vatica sp. (inset top: white resin, bottom: leaf
arrangement); (F) habitat of Talipariti tiliaceus (inset top: fruit, bottom: flower).
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We calculated the basal area, stand density, Importance Value Index, species diversity,
and above-ground biomass in the designated study areas. The sample-based rarefaction
curve [20] was used to compare the species abundance in different forest types at each study
site. The 95% confidence intervals were constructed where samples were drawn without
replacement and calculated as £2 standard deviations from the expected values [21]. Data
was computed by using PAST Version 3.0 software [22]. Community composition within the
plots was carried out with several abundance parameters such as basal area (m? /ha), stand
density (Ind/ha) and Importance Value index (IV;). The IV; was calculated by summing the
values of relative density (RD), relative dominance (based on basal area) (RB), and relative
frequency (RF) of each species or family (IV; = RD + RB + RF) [23]. Species diversity was
determined using the Shannon Diversity Index (H') [24] as follows:

S
H=Y — (Pi * InPi)
i=1

where s is the number of species; Pi is the proportion of individuals or the abundance of the
ith species expressed as a proportion of total abundance. The estimation of above-ground
biomass was calculated following Kato et al. [25]. The equation takes into account of the
stem biomass (Wjs), branches biomass (W},) and leaves biomass (W;). The above-ground
biomass is estimated by adding up the value of stem, branches, and leaves biomass. The
equations are as follows:

Stem biomass (W) = 0.313 (DBH? H)?9733

Branches biomass (W},) = 0.136 W, -041
Leaves biomass (W;) = 125 x 0.124 W0-794

0.124 W07%4 4 125

where,
Tree height, H = (122 x DBH)
(2 DBH + 61)
Above-ground biomass (kg) = Ws + Wp+ W;
3. Results

3.1. Species Richness and Diversity

We assessed 139 tree species from 96 genera and 50 families. This sampling was based
on a total of 2608 tree samples of 5 cm DBH and above (Tables 1 and 2). The detail of the
tree species is shown in Table 2. In Setiu Wetlands, the freshwater swamp forest showed the
highest number of species with 20 species compared to the Melaleuca swamp and mangrove
forest with 13 species each. On the islands, Pulau Redang recorded the highest number
of species with 56 species, followed by Pulau Bidong and Pulau Perhentian, with 55 and
20 species, respectively. In terms of density, freshwater swamp forest had the highest
density and largest basal area with 1992 ind /ha and 17.38 m? /ha; among the islands, Pulau
Bidong had the highest density with 2700 ind/ha and Pulau Redang had the largest basal
area with 52.09 m?/ha (Table 1). The rarefaction curves differed significantly, and 95%
confidence intervals did not overlap among the six study areas (Figures S1 and S2). All the
curves are still in the exponential phase and are non-asymptotic with currently available
sample sizes.
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Table 1. Comparison of basic tree inventory metrics and the total above-ground biomass in each

study site.
Setiu Wetlands Islands
lee‘f:al:;a Fr;‘s/?x;er Mangrove Pulau Bidong Pulau Redang Pell')}?el r&:lian
Number of families 13 17 10 28 27 13
Number of genera 14 20 13 43 42 14
Number of species 13 20 13 55 56 20
Stem density (trees DBH >
5 cm DBH, trees/ha) 1432 1992 1208 2700 1088 1500
Basal area of trees (m?/ha) 15.22 17.38 8.84 25.04 52.09 24.64
Total above-ground biomass 130.92 147.98 69.47 216.73 728.04 244,05
(t/ha)
Table 2. Species list based on plot-based tree inventories. MS = Melaleuca swamp, FS = freshwater swamp,
M = mangrove in Setiu Wetlands; PB = Pulau Bidong, PR = Pulau Redang, PP = Pulau Perhentian.
Family Species MS FS M PB PR PP
Anacardiaceae Bouea oppositifolia — — — + + _
Bouea sp. — — — — + —
Buchanania arborescens - - — + — _
Campnosperma coriaceum — + — — — _
Dracontomelon dao - — — + — _
Mangifera macrocarpa — — — — + _
Mangifera odorata - - - — + _
Parishia insignis - — — — + —
Swintonia floribunda — - — - + _
Swintonia schwenkii - — — + — _
Annonaceae Goniothalamus tenuifolius — — — - + _
Polyalthia sumatrana — - — — + _
Apocynaceae Alstonia spatulata — + — — — _
Aquifoliaceae Ilex cymosa + + + _ _ _
Asparagaceae Dracaena maingayi — — — — + _
Bignoniaceae Dolichandrone spathacea — — + — — _
Burseraceae Dacryodes rostrata — - — — + —
Santiria rubiginosa — - — - + _
Santiria sp. - — — + — _
Calophyllaceae Calophyllum rupicola — — — + — +
Mesua ferrea — — — — + _
Mesua lepidota - — — + + _
Cannabaceae Gironniera sp. - — — + _ _
Celastraceae Euonymus cochinchinensis — — — — - _
Kokoona sessilis — — — — + _
Chrysobalanaceae Licania splendens — — — + — _
Maranthes corymbosa — - — — + _
Maranthes sp. — — — + — _
Clusiaceae Garcinia eugenifolia - + - + - -
Garcinia hombroniana + + — + — _
Garcinia nigrolineata — — - n — _
Garcinia sp. - - — — + _
Dipterocarpaceae Dipterocarpus chartaceus — — — + — _
Shorea glauca — — — — + _
Shorea materialis — — - + — _
Vatica sp. — - — + + +
Ebenaceae Diospyros pilosanthera - — — — + _
Diospyros sp. 1 — — — + _ _
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Table 2. Cont.

Family

Species

PP

Elaeocarpaceae

Erythroxylaceae
Euphorbiaceae

Fabaceae

Flacourtiaceae
Hypericaceae

Lamiaceae
Lauraceae
Lecythidaceae

Loganiaceae
Malvaceae

Melastomataceae
Meliaceae

Moraceae

Myricaceae
Myristicaceae

Myrtaceae

Diospyros sp. 2
Diospyros sp. 3
Elaeocarpus macrocerus
Elaeocarpus mastersii
Elaeocarpus sp.
Erythroxylum cuneatum
Croton oblongus
Drypetes sp.

Excoecaria agallocha
Koilodepas sp.
Macaranga hypoleuca
Suregada multiflora
Acacia mangium
Archidendron contortum
Callerya atropurpurea
Intsia bijuga

Ormosia sumatrana
Sindora cochinchinensis
Lithocarpus rassa
Hydnocarpus sp.
Cratoxylum arborescens
Cratoxylum formosum
Teijsmanniodendron coriaceum
Cinnamomum sintoc
Litsea sp.

Neolitsea zeylanica
Barringtonia macrostachya
Barringtonia scortechinii
Norrisia malaccensis
Heritiera littoralis
Heritiera simplicifolia
Heritiera sp. 1
Heritiera sp. 2
Talipariti tiliaceus
Memecylon edule
Memecylon sp.
Sandoricum koetjape
Xylocarpus rumphii
Artocarpus kemando
Artocarpus lanceifolius
Artocarpus scortechinii
Ficus sp.

Streblus taxoides
Muyrica esculenta
Knema glauca

Knema globularia
Knema laurina
Melaleuca cajuputi
Rhodamnia cinerea
Syzygium cerinum
Syzygium cinereum
Syzygium grande
Syzygium sp. 1
Syzygium sp. 2
Syzygium sp. 3
Syzygium sp. 4
Syzygium sp. 5

A T T e

+oF o+ o+
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Table 2. Cont.

Family

Species MS FS M PB PR PP

Ochnaceae

Pentaphylacaceae
Peraceae
Phyllanthaceae

Picrodendraceae
Pittosporaceae
Polygalaceae
Primulaceae
Rhizophoraceae

Rubiaceae

Rutaceae
Sapindaceae

Sapotaceae

Simaroubaceae
Sterculiaceae
Symplocaceae
Verbenaceae

Violaceae

Syzygium sp. 6 — — — — — +
Syzygium syzygioides - — —
Syzygium zeylanicum —
Brackenridgea hookeri -
Campylospermum serratum — — —
Adinandra dumosa — - — — - _
Chaetocarpus castanocarpus — — - + - +
Baccaurea parviflora - — - —
Cleistanthus sp. 1 — — — _
Cleistanthus sp. 2 — — — _
Cleistanthus sumatranus — — — —
Glochidion sp. — — + — - _
Austrobuxus nitidus - — — + _ _
Pittosporum ferrugineum + + - — - —
Xanthophyllum sp. — - — + - _
Rapanea porteriana — - — — — +
Bruguiera gymnorrhiza — — + — - —
Guynotroches axillaris — + — — — _
Rhizophora apiculata — — + — - _
Aidia wallichiana - — — — +
Canthium glabrum — - — — + _
Canthium nitidum - — — +
Canthium sp. - — — —
Diplospora malaccensis — — — +
Ixora pendula — — — _
Morinda elliptica — — —
Psydrax sp. - — —
Timonius wallichianus — — —
Acronychia pedunculata — - -
Atalantia monophylla — — - _
Guioa bijuga — — + +
Nephelium sp. - - - _
Madhuca longifolia - - — + — _
Madhuca sericea — — — _
Madhuca tubulosa — — - _
Palaquium obovatum — — — +
Pouteria malaccensis — — — _
Pouteria obovata + + +
Eurycoma longifolia — - —
Sterculia parviflora — — — — + _
Symplocos adenophylla — — — + —
Vitex pinnata - — — — _
Vitex trifolia + + _ _ _ _
Rinorea sp. — — — — + _

+ 4+ + +

+ 4+ o+ |
I I

I
+

|+ + |
+ |

I+ +
+

+ +

Total: 50 families

139 species 13 20 13 55 56 20

In Setiu Wetlands, the Shannon-Wiener Diversity Index (H') shows that freshwater
swamp has the highest tree diversity (Table 3). On the other hand, the diversity index
on islands were slightly higher, of which Pulau Bidong recorded the highest with 3.22
(Table 3). As for species evenness, the forests indicated low evenness. Pulau Perhentian
had the highest evenness with 0.68, while Pulau Bidong and Pulau Redang indicated
moderate evenness.

Regarding DBH size classification, the study areas in Setiu Wetlands showed a low
number of diameter class distributions with only 2-3 main diameter classes (Figure 4).
Most of the trees within the plot were small to medium in size, and the majority were in
the 5-14.99 cm DBH class, followed by 15-24.9 cm, and only a few in the 25-34.9 cm. In the
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Numbers of stems

Melaleuca swamp forest, Melaleuca cajuputi from the family Myrtaceae dominated the forest
plot, while in the mangrove and freshwater swamp, Rhizophora apiculata (Rhizophoraceae)
and Alstonia spatulata (Apocynaceae) recorded the highest, respectively.

Table 3. The Shannon-Wiener Diversity Index (H') and species evenness (E) in Setiu Wetlands and
three major islands of Terengganu.

Study Site Shannon Index (H') Evenness (E)
Setiu Wetlands:
Freshwater swamp forest 1.85 0.38
Melaleuca swamp forest 1.67 0.30
Mangrove forest 0.98 0.20
Islands:
Pulau Bidong 3.22 0.46
Pulau Redang 3.18 0.43
Pulau Perhentian 1.95 0.68
700
Melaleuca swamp 600 1 M Pulau Bidong
Freshwater swamp w 500 M Pulau Redang
] Mangrove E M Pulau Perhentian

2 400 4
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Figure 4. Diameter class distribution. (a) The Melaleuca swamp, freshwater swamp and mangrove
forests in Setiu Wetlands; (b) the three major islands of Terengganu, Pulau Bidong, Pulau Redang,
and Pulau Perhentian.

The other families were scattered, such as Aquifoliaceae, Malvaceae, Sapotaceae,
Pittosporaceae, Euphorbiaceae, Verbenaceae, Anacardiaceae, and Fabaceae. Myrtaceae had
the largest basal area, particularly in the Melaleuca swamp, followed by the Aquifoliaceae,
Sapotaceae, and Malvaceae. The abundance of the family Rhizophoraceae with the most
dominant species, Rhizophora apiculata, formed the major structure of the mangrove forest
with a total basal area of 7.08 m? ha~!. In the freshwater swamp, the family Apocynaceae
(Alstonia spatulata) recorded the largest basal area with a total of 9.77 m? ha~!.

From the islands, the study areas demonstrated more DBH classes of at least 46 classes
of diameter distributions (Figure 4). Most of the trees within the plot were small to medium
in size, and the majority were in the 5-14.99 cm DBH class, followed by 15-24.9 cm and
25-34.9 cm. In Pulau Bidong and Pulau Perhentian, the family Myrtaceae and genus Syzy-
gium showed the highest number of individuals in diameter class distribution. However,
the species varies accordingly based on the diameter size. In Pulau Bidong, Licania splendens
tends to be abundant at small sizes within the forest, while Lithocarpus rassa and Syzygium
cinereum were found growing in medium to bigger sizes. In Pulau Perhentian, Vatica sp.
was dominant in small and larger diameter sizes, while Palaquium obovatum and Buchanania
arborescens were in more medium to large sizes. In Pulau Redang, Diospyros pilosanthera
from the family Ebenaceae recorded the highest at 5-14.99 diameter. Meanwhile, Madhuca
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sericea from the family Sapotaceae was dominant at 15-24.99 diameter class. For the diame-
ter class of 25 cm DBH and above, Shorea glauca from the family Dipterocarpaceae recorded
the highest.

In terms of density, the family Myrtaceae showed the highest in Pulau Bidong and
Pulau Perhentian, with 572 individual /ha and 444 individual/ha, respectively. The fam-
ily Dipterocarpaceae was the second highest and thrived well on all three islands. Each
site had 384 ind/ha, 172 ind/ha, and 280 ind/ha in Pulau Bidong, Pulau Redang, and
Pulau Perhentian, respectively. Furthermore, in the basal area, the family Dipterocarpaceae
showed the highest in Pulau Redang with 35.49 m?/ha, and Myrtaceae in Pulau Perhentian
with 9.58 m? /ha and Pulau Bidong with 7.09 m? /ha. Shorea glauca from the family Diptero-
carpaceae in Pulau Redang showed the largest basal area with 35.28 m? /ha while Vatica sp.
in Pulau Perhentian and Syzygium cinereum in Pulau Bidong, each with 5.04 m?/ha and
2.68 m? /ha respectively.

3.2. Importance Value Index

In the Melaleuca swamp forest, Melaleuca cajuputi had the highest importance value
(IV; = 112.52) (Table 4). The other dominant species within the same forest type includes
llex cymosa (IV; = 62.72), Talipariti tiliaceus (IV; = 23.18), and Pouteria obovata (IV; = 19.09). For
the mangrove forest, the most dominant species were the Rhizophora apiculata (IV; = 173.67),
followed by Excoecaria agallocha (IV; = 22.60), Pouteria obovata (IV; = 20.84), Talipariti tiliaceus
(IV; = 15.20), Intsia bijuga (IV; = 14.97), and Heritiera littoralis (IV; = 18.82). The least dominant
species was Dolichandrone spathaceae with IV; of 3.75. The most dominant species in freshwater
swamp forest was Alstonia spatulata with IV; of 105.96. The other dominant species were
Guynotroches axillaris (IV; = 49.99), Macaranga hypoleuca (IV; = 33.91), Vitex trifolia (IV; = 17.40),
and Campnosperma coriaceum (IV; = 13.49).

Table 4. Relative dominance (RD;), relative coverage (RC;), relative frequency (Rf;), and importance
value (IV;) of tree species with DBH of 5 cm in Setiu Wetlands and three major islands of Terengganu.

Species RD; RC; Rf; 1V;
Setiu Wetlands: Melaleuca swamp forest

Melaleuca cajuputi 56.72 44.69 11.11 112.52
Ilex cymosa 25.07 26.54 11.11 62.72
Talipariti tiliaceus 4.53 7.54 11.11 23.18
Pouteria obovata 3.23 4.75 11.11 19.09
Neolitsea zeylanica 3.15 3.63 11.11 17.89
Suregada multiflora 1.98 2.23 11.11 15.33
Pittosporum ferrigeneum 2.48 4.19 5.56 12.23
Streblus taxoides 0.79 0.84 5.56 7.18
Myrica esculenta 0.32 0.56 5.56 6.43
Vitex trifolia 0.61 1.96 2.78 5.34
Suregada multiflora 1.98 2.23 11.11 15.33
Mangrove forest

Rhizophora apiculata 81.83 78.05 13.79 173.67
Excoecaria agallocha 6.89 5.37 10.34 22.6
Pouteria obovata 241 4.63 13.79 20.84
Talipariti tiliaceus 1.68 3.17 10.34 15.2
Intsia bijuga 1.94 2.68 10.34 14.97
Heritiera littoralis 2.04 2.44 10.34 14.82
Guioa bijuga 0.70 1.22 6.90 8.82
Ilex cymosa 1.13 0.49 6.90 8.51
Bruguiera gymnorhiza 0.55 0.73 3.45 473
Acacia mangium 0.47 0.24 3.45 4.16
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Table 4. Cont.

Species RD; RCG; Rf; 1V;
Freshwater swamp forest

Alstonia spatulata 56.1 41.16 8.70 105.96
Gynotroches axillaris 17.0 24.30 8.70 49.99
Macaranga hypoleuca 11.96 13.25 8.70 33.91
Vitex trifolia 3.28 5.42 8.70 17.40
Campnosperma coriaceum 1.99 2.81 8.70 13.49
Cratoxylum arborescens 1.07 141 6.52 8.99
Melaleuca cajuputi 2.32 1.20 4.35 7.88
Ilex cymosa 1.28 1.61 4.35 7.24
Pouteria obovata 0.72 0.80 4.35 5.87
Brackenridgea hookeri 0.61 0.80 4.35 5.76
Islands: Pulau Bidong

Licania splendens 10.58 3.17 12.89 26.64
Calophyllum rupicola 9.75 3.17 9.63 22.55
Vatica sp. 8.32 3.17 10.96 22.46
Syzygium cinereum 10.78 3.17 7.26 21.21
Lithocarpus rassa 10.09 3.17 3.56 16.82
Syzygium cerinum 471 3.17 4.44 12.33
Syzygium sp. 2 5.94 2.38 3.85 12.17
Austrobuxus nitidus 3.80 3.17 4.74 11.72
Symplocos adenophylla 2.32 3.17 5.33 10.83
Buchanania arborescens 3.22 3.17 3.11 9.51
Pulau Redang

Shorea glauca 67.77 15.19 4.49 87.45
Madhuca sericea 4.53 12.22 4.49 21.25
Diospyros pilosanthera 0.67 9.26 4.49 14.42
Diospyros sp. 091 10 3.37 14.28
Litsea sp. 0.90 7.41 4.49 12.81
Barringtonia scortechinii 0.98 4.44 3.37 8.80
Artocarpus lanceifolius 3.69 1.85 2.25 7.79
Cleistanthus sumatranus 0.96 3.33 3.37 7.66
Koilodepas sp. 0.21 3.33 3.37 6.91
Swintonia floribunda 4.01 0.37 112 5.50
Pulau Perhentian

Vatica sp. 20.46 18.93 6.78 46.18
Syzygium cerina 13.28 16.80 6.78 36.86
Buchanania arborescens 12.91 12.00 6.78 31.69
Symplocos adenophylla 7.41 9.87 6.78 24.06
Syzygium sp. 1 5.46 6.67 6.78 18.91
Psydrax sp. 3.28 8.80 5.08 17.16
Chaetocarpus castanocarpus 3.66 5.87 6.78 16.31
Calophyllum rupicola 543 5.60 5.08 16.12
Syzygium sp. 3 4.54 2.40 5.08 12.03
Syzygium sp. 4 5.67 1.07 3.39 10.13

In Pulau Bidong, Licania splendens was the most dominant species within the plot,
having the highest importance value (IV; = 26.64). The least dominant species were Timonius
wallichianus, Memecylon sp., Diplospora malaccensis, and Garcinia eugenifolia with IV; of 0.98.
The most dominant species in Pulau Redang was Shorea glauca (IV; = 87.85), followed by
Madhuca sericea (IV; = 21.25), Diospyros pilosanthera (IV; = 14.42), Diospyros sp. 1 (IV; = 14.28),
and Litsea sp. (IV; = 12.81). Meanwhile, the least dominant species were Mangifera odorata,
Cleistanthus sp. 1, Diospyros sp. 2, Suregada multiflora, Madhuca tubulosa, Dracaena maingayi,
Memecylon sp., Ormosia sumatrana, and Syzygium zeylanicum with IV; of 1.51. In Pulau
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Perhentian, the most dominant species was Vatica sp. (IV; = 46.18), and the co-dominant
species were Syzygium cerina (IV; = 36.86) and Buchanania arborescens (IV; = 31.69) (Table 4).

3.3. Above-Ground Biomass Estimation

The family Myrtaceae in Pulau Bidong and Pulau Perhentian recorded the highest
above-ground biomass with a total of 67.07 t/ha and 100.32 t/ha, respectively, contributing
to 30.95% and 41.11%. Meanwhile, in Pulau Redang, the family Dipterocarpaceae was
the highest, with a total of 534.35 t/ha (73.40%). In Pulau Bidong, Syzygium cinereum
contributed the most with a total of 26.49 t/ha (11.99%), while the Shorea glauca was the
highest in Pulau Redang, 532.37 t/ha (73.10%). In Pulau Perhentian, Vatica sp. contributed
the most, with an estimated total above-ground biomass of 49.71 t/ha (20.36%).

The total amount of above-ground biomass concerning the family differs according to
each study site that follows the types of forest formation and vegetation. The family Myr-
taceae was the highest for the Melaleuca swamp forest with 84.88 t/ha (65.01%) (Table 5).
Meanwhile, in the mangrove forest, the family Rhizophoraceae contributed 55.70 t/ha
(80.18%). The family Apocynaceae were the highest in the freshwater swamp forest with
87.40 t/ha or 58.06% of the total above-ground biomass. Generally, the families Myrtaceae
and Dipterocarpaceae usually contributed a high amount of above-ground biomass in
islands. In Pulau Bidong and Pulau Perhentian, the Myrtaceae was the highest, with a
total amount of 67.07 t/ha and 100.32 t/ha contributing to 30.95% and 41.11% of the total
above-ground biomass. Meanwhile, the family Dipterocarpaceae was the highest in Pulau
Redang, with a total of 534.35 t/ha (73.40%).

Table 5. List of five species that contribute to the highest amount of above-ground biomass (AGB).

Study Area Species Family AGSB (t/ha) %
Setiu Wetlands: Melaleuca cajuputi Myrtaceae 84.88 64.83
Melaleuca swamp Ilex cymosa Aquifoliaceae 28.10 21.46
forest Pouteria obovata Sapotaceae 417 3.18
Pittosporum ferrigenium  Pittosporaceae 3.59 2.74
Talipariti tiliaceus Malvaceae 3.51 2.68
Mangrove forest Rhizophora apiculata Rhizophoraceae 55.70 80.17
Excoecaria agallocha Euphorbiaceae 5.65 8.13
Heritiera littoralis Malvaceae 2.01 2.89
Pouteria obovata Sapotaceae 1.79 2.58
Intsia bijuga Fabaceae 1.47 212
Freshwater Alstonia spatulata Apocynaceae 87.27 58.97
swamp forest Gynotroches axillaris Rhizophoraceae 22.79 15.40
Macaranga hypoleuca Euphorbiaceae 17.7 11.96
Vitex trifolia Verbenaceae 4.37 2.95
Melaleuca cajuputi Myrtaceae 3.55 2.40
Islands: Pulau Syzygium cinereum Myrtaceae 26.49 11.99
Bidong Lithocarpus rassa Fagaceae 25.18 11.62
Licania splendens Chrysobalanaceae 21.22 9.79
Calophyllum rupicola Calophyllaceae 20.09 9.27
Vatica sp. Dipterocarpaceae 16.21 7.48
Pulau Redang Shorea glauca Dipterocarpaceae 532.27 73.10
Swintonia floribunda Anacardiaceae 34.20 4.70
Mangifera macrocarpa Anacardiaceae 29.67 4.08
Artocarpus lanceifolius Moraceae 24.11 3.31
Madhuca sericea Sapotaceae 23.12 3.18
Pulau Perhentian Vatica sp. Dipterocarpaceae 49.71 20.36
Buchanania arborescens Anacardiaceae 31.79 13.02
Syzygium cerina Myrtaceae 29.34 12.02
Syzygium sp.5 Myrtaceae 18.15 7.44
Symplocos adenophylla Symplocaceae 17.48 7.16
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The list of the five species that contributed to the highest amount of above-ground
biomass is shown in Table 5. In Setiu Wetlands, Melaleuca cajuputi, Rhizophora apiculata,
and Alstonia spatulata showed the highest amount of total above-ground biomass, with
each contributing 84.88 t/ha (64.83%), 55.70 t/ha (80.17%) and 87.27 t/ha (58.97%) due to
their abundance and dominant in each forest types formation. In Pulau Bidong, Syzygium
cinereum contributed the most, comprising 26.49 t/ha (11.99%). Shorea glauca was the highest
in Pulau Redang, with 532.27 t/ha (73.10%). In Pulau Perhentian, Vatica sp. contributed the
most with an estimated total above-ground biomass of 49.71 t/ha (20.36%).

4. Discussion

Generally, the distribution of plants and vegetation in Malaysia is influenced by the
climate, soil, and soil water [26], as well as habitat. Our study shows that the diversity of
tree species in the lowland dipterocarp forests in the three major islands of Terengganu was
higher than that of the edaphic forest types in Setiu Wetlands. The Melaleuca swamp, fresh-
water swamp and mangrove forests are among the various edaphic vegetation formations
found in Malaysia, in which species composition is greatly influenced by adaptation to soil
conditions [27]. Setiu Wetlands shows disparities in vegetation types, tree abundance, and
diversity due to different BRIS soil characteristics and series that may explain the plant
distribution. The BRIS soil is classified into two orders, namely entisol and spodosol; the
former can be described as young and sandy soil, which is found in areas close to the sea
while the latter is acidic soil combined with a mor-humus (acidic humus), which can be
found more to the inland areas [28]. Several studies have been carried out on the physical
characteristics of BRIS soil in the coastal area of Terengganu, which further characterized
the soil order into four series: Baging, Rhu Tapai, Rudua, and Jambu [29,30]. These soil
series are generally lacking in selected mineral nutrients, have low water retention capacity
and are poorly structured, that limit the ability of plants to grow [22,23,29,30]. Therefore,
only certain locally adaptable plants with specific soil tolerance can survive and live within
these sites [3,6].

The tree density, basal area and H’ value recorded in mangrove forest for this study
was slightly lower but within a similar range when compared to the other regional studies,
e.g., Ayer Hangat Forest Reserve, Matang Forest Reserve, Tok Bali Forest Reserve, and Kisap
Forest Reserve in Peninsular Malaysia [31-34], Bahile Mangrove Forest, the Philippines [35]
and in Trang Province, Southern Thailand [36] (Table S1). Our study indicated that the
mangrove forest around the area was subjected to higher disturbance and experiencing
low regeneration, as inferred from the low tree density and small basal area. Various
studies have reported that mangrove forests are threatened by land use changes worldwide,
e.g., [37-39]. In Setiu Wetlands, mangrove forests are subjected to anthropogenic distur-
bances such as land reclamation for development, deforestation mainly for charcoal and
firewood and aquaculture activities such as shrimp farming and fish ponds [3]. These ob-
servations highlighted the urgent need for effective conservation management in the Setiu
Wetlands. According to Ashton et al. [40], mangroves can regenerate productively and sus-
tainably when given conducive conditions for stock trees to produce propagules or seeds.
Meanwhile, onsite protection by law and continuous monitoring revealed higher mangrove
tree regeneration survival after disturbances at another Malaysian mangrove site [34]. In
terms of species diversity, the low H’ value was expected due to the lack of species variation
within the mangrove stands. Various comparative studies also concluded that mangrove
forests had lower diversity because of their unique abiotic adaptive requirements and stand
formation compared to the other tropical terrestrial forest ecosystems [32,34,41].

The freshwater swamp forest types are generally less studied in Southeast Asia when
compared to mangroves [36,42,43]. A study in the freshwater swamp forest of Otuwe,
Nigeria demonstrated similar findings where the H’ value ranged from 0.98 to 2.13 [44];
this study recorded the H’ value of 1.85. The tree density and basal area recorded for
this study are slightly lower when compared to Igu [44]. This was attributed to the low
tree diameter class distribution as most of the Setiu freshwater swamp trees belonged
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to the small-to-medium diameter class distribution, while Igu [44] recorded more trees
with large diameter sizes. The species important value (IV;) shows that swamp forests are
usually dominated by a few tree species [45], which agrees with the results of other studies,
e.g., [32,35,36,44,46].

Our study found that most of the trees enumerated in Setiu Wetlands were in
6—25 cm DBH, and large trees greater than 25 cm DBH were rarely seen. Similarly, on the
dune landscape in Jambu Bongkok, Terengganu, 433 out of 451 individuals were in the low-
est diameter class of 5-15 cm DBH [18]. Poor nutrient soil properties significantly affect tree
growth and diameter and may have contributed to fewer trees with large diameters greater
than 25 cm [47]. On the other hand, among all the study sites, only in Pulau Redang and
Pulau Perhentian, trees were seen in more than 45 cm DBH and above, e.g., Shorea glauca
from the family Dipterocarpaceae. While in Pulau Bidong, none of the Dipterocarpaceae
family was found, due partly to the impact of Vietnamese refugees that settled on the
island in the 1980s and harvested most of the trees for building materials [48]. The highest
numbers of trees recorded in the islands were below 24.9 cm DBH, indicating one of the
characteristics of dipterocarp forest [49,50]. The distribution pattern resembled the inverted
‘]” that represents the decrease in the number of individuals as the DBH of trees increases.
The finding suggests that the forests are in regenerating phase due to the abundance of the
understory layer [51]. Similar tree distribution is also observed in previous studies, e.g.,
the primary lowland dipterocarp forest in Pasoh Forest Reserve, Negeri Sembilan [52], and
the lowland dipterocarp forest in Bukit Belata, Selangor [53].

Our study shows that the stem density varies according to the forest types (Table 1) and
corroborates previous studies carried out in Malaysia, with a range of 800-2200 Ind /ha. For
example, a total of 796 Ind /ha were recorded in the swamp forest in Sugut Forest Reserve,
Sabah, 1113 Ind /ha in Tanjung Tuan Forest Reserve, Negeri Sembilan, 1576 Ind /ha in Timun
Island, Pulau Langkawi, 1670 Ind /ha in the coastal forest of Terengganu, 1840 Ind /ha in Pulau
Singa Besar, Pulau Langkawi, and 2200 Ind /ha in the inland forest of Pulau Redang [12,54,55].
Overall, the total basal area recorded in the three islands from 24-52 m?2 /ha is consistent with
data obtained in other studies focusing on the lowland dipterocarp forest. Generally, the total
basal area is within the range of 28-52 m?/ha [56], e.g., Nizam et al. [57] reported a total basal
area of two forest plots established in Kenong Forest Park were 26.91 m?/ha and 29.23 m?2/ha.
Moreover, the lowland dipterocarp forest harbors a higher amount of above-ground biomass
than the other forest types. Similar studies reported a range of 107.5-955.61 t/ha for total
above-ground biomass [12,15,16,25,55,58-60].

Towards this point, our studies successfully assessed the forest stand structure and
evaluated the level of species composition, distribution and diversity within the covered
area. However, long-term monitoring of the forests may be initiated to understand more
of the forest dynamics that attempt to relate present community patterns to past events
and predict the outcomes of future ones concerning suitable environmental parameters
such as climate and soil properties. The study’s findings are much needed to enhance
management practices, concurrently conserve forest resources, and guide and inform forest
management activities and assessment. Furthermore, this information may contribute to
the conservation, biodiversity assessment, and sustainable forest management strategies
for Setiu Wetlands and islands of Terengganu.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agronomy12102380/s1, Figure S1: Sample-based rarefaction
curve for Melaleuca swamp forest, freshwater swamp forest and mangrove forest in Setiu Wetlands.
Figure S2: Sample-based rarefaction curve for Pulau Redang, Pulau Perhentian, and Pulau Bidong.
Table S1: Stem density, basal area, and diversity in mangrove forest for this study compared with
other studies in Southeast Asia.

Author Contributions: Planning and designing of the research and draft of the manuscript: E.P,,
M.RSS. and G.E.L,; fieldwork and data curation: E.P. and M.R.S.; identification and statistical analyses:
E.P. and M.RS;; data analyses: E.P. and G.E.L.; funding acquisition: M.T.A.; writing—original draft:

169



Agronomy 2022, 12, 2380

E.P. and G.E.L.; writing—review and editing: M.R.S., JM.S., KH.L., JW.H.Y. and M.T.A. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Trans-disciplinary Research Grant Scheme (TRGS, 2015/59373),
Niche Research Grant Scheme (NRGS/2015/5313/2), Geran Galakan Penyelidikan (GGP /68007 /2014 /127),
and Dana Pembangunan Geopark Kenyir (GEOPARK/2015/53167/3) led by M.T. Abdullah and col-
leagues. The APC was funded by the Research Management and Innovation Centre (RMIC), Universiti
Malaysia Terengganu.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank the Universiti Malaysia Terengganu for the permission
and administrative and logistic support in conducting this study since 2015, the Forestry Department
of Peninsular Malaysia, and the Setiu District Office. The second author is grateful to Jarina Mohd
Jani for her insightful discussion on the local ecological knowledge about sustainable harvesting in
Setiu Wetlands.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Terengganu State Foresty Department. Available online: http:/ /trgforestry.terengganu.gov.my (accessed on 3 August 2022).

2. Jarina, M.J.; Rohani, S.; Wan Saefullah, W.N.; Sathiamurthy, E.; Lee, G.E.; Jamilah, M.S.; Aqilah, M.; Nur Omaima, H.; Nor Zalipah,
M.; Wan Bayani, W.A.; et al. Setiu Wetlands. In A Celebration of Nature and Culture; Majlis Pengurusan Taman Negeri Terengganu:
Kuala Terengganu, Malaysia, 2021; pp. 1-108.

3. Jamilah, M.S,; Siti Mariam, M.N.; Lee, G.E; Razali, M.S; Salwa, S.; Pesiu, E.; Chong, J.L.; Jarina, M.].; Horsali, N.A.L; Faridah, M.;
et al. A checklist of vascular plants and its uses for livelihood-making in Setiu Wetlands, Terengganu, Malaysia. Phytokeys 2020,
160, 7-43. [CrossRef]

4. Asean Centre for Biodiversity: Sixth National Report of Malaysia. Available online: https://asean.chm-cbd.net/documents/
sixth-national-report-malaysia (accessed on 3 August 2022).

5. Tamblyn, A.; Turner, C.; Rainess, P. Malaysia Tropical Forest Conservation Project Report of the Setiu Wetlands Phase; Coral Cay
Conservation: London, UK, 2006; pp. 1-89.

6. Faridah, M,; Jamilah, M.S.; Jarina, M.].; Rohani, S. Setiu Wetlands: Species, Eosystems and Livelihood; Penerbit Universiti Malaysia
Terengganu: Kuala Nerus, Malaysia, 2015; pp. 1-228.

7. Gedan, L.B.; Kirwan, M.L.; Wolanski, E.; Barbier, E.B.; Silliman, B.R. The present and future role of coastal wetland vegetation in
protecting shorelines: Answering recent challenges to the paradigm. Clim. Change 2011, 106, 7-29. [CrossRef]

8.  Temmerman, S.; Meire, P; Bouma, T.J.; Herman, PM.].; Ysebaert, T.; De Vriend, H.]J. Ecosystem-based coastal defence in the face
of global change. Nature 2013, 504, 79-83. [CrossRef] [PubMed]

9. De Groot, R.S.; Wilson, M.A.; Boumans, R.M.J. A typology for the classification, description and valuation of ecosystem functions
goods and services. Ecol. Econ. 2002, 41, 393-408. [CrossRef]

10. Acremen, M.; Holden, J. How wetlands affect floods. Wetlands 2013, 33, 773-786. [CrossRef]

11.  Vitousek, PM.; Loope, L.L.; Adsersen, H.; D’ Antonio, C.M. Island ecosystems: Do they represent natural experiments in
biological diversity and ecosystems functions. In Functional Role of Biodiversity: A Global Perspective; Mooney, H.A., Cushman, J.H.,
Medina, E., Sala, O.E., Schulze, E.D., Eds.; John Wiley & Sons Ltd.: Chichester, UK, 1996; pp. 245-259.

12.  Khairil, M.; Nashriyah, M.; Norhayati, N.; Shahril, A.; Fatihah, N. Tree species composition, diversity and above ground biomass
of two forest types at Redang Island, Peninsular Malaysia. Walailak ]. Sci. Technol. 2012, 10, 77-90.

13.  Noss, R.F. Assessing and monitoring forest biodiversity: A suggested framework and indicators. For. Ecol. Manag. 1999, 115,
135-146. [CrossRef]

14. Suratman, M.N. Tree species diversity and forest stand structure of Pahang National Park, Malaysia. In Biodiversity Enrichment in
a Diverse World; Lameed, G.A., Ed.; Intech Open: London, UK, 2012; pp. 473—492.

15.  Kueh, J H.R.; Lim, M.T. An estimate of forest biomass in Ayer Hitam forest reserve. Pertanika J. Trop. Agric. Sci. 1999, 22, 117-122.

16. Hikmat, A. Biomass estimation, carbon storage and energy content of three virgin jungle reserves in Peninsular Malaysia. Media
Konserv. 2005, 10, 1-8.

17.  Jamilah, M.S.; Nur-Faiezah, A.G.; Siti Kehirah, A.; Siti Mariam, M.N.; Razali, M.S. Woody plants on dune landscape of Terengganu,
Peninsular Malaysia. J. Trop. For. Sci. 2014, 26, 267-274.

18. Razali, M.S.; Muhammad Khairul, FZ.; Wan Juliana, W.A. Distribution and rarity of mangrove and coastal plants in developing

indicators of hotspots in Setiu Wetlands. In Prosiding Seminar Ekspedisi Saintifik Tanah Bencah Setiu; Abdullah, D.M., Nasir, M.Z.,
Mohd Mazlan, N., Wan Faridah, A.WK., Eds.; WWF Malaysia: Petaling Jaya, Malaysia, 2017; pp. 55-66.

170



Agronomy 2022, 12, 2380

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.
46.

Pesiu, E.; Abdullah, M.T; Jamilah, M.S.; Razali, M.S. Tree species composition in Pulau Bidong and Pulau Redang. J. Sustain. Sci.
Manag. 2016, 1, 48-60.

Gotelli, N.J.; Colwell, R K. Quantifying biodiversity: Procedures and pitfalls in the measurement and comparison of species
richness. Ecol. Lett. 2001, 4, 379-391. [CrossRef]

Devries, PJ.; Alexander, L.G.; Chacon, I.A.; Fordyce, J.A. Similarity and differences among rainforest fruit-feeding butterfly
communities in Central and South America. . Anim. Ecol. 2012, 81, 472-482. [CrossRef]

Hammer, O.; Harper, D.A.T.; Ryan, P.D. PAST: Paleontological statistics of software package for education and data analysis.
Palaeontol. Electron. 2001, 4, 9.

Brower, J.E.; Zar, ].H.; Von Ende, C. Field and Laboratory Methods for General Ecology, 4th ed.; WCB McGraw-Hill: New York, NY,
USA, 1997; pp. 1-176.

Shannon, C.E.; Weaver, W. The Mathematical Theory of Communication; University of Illinois Press: Champaign, IL, USA; Urbana,
IL, USA, 1949; pp. 1-296.

Kato, R.; Tadaki, Y.; Ogawa, H. Plant biomass and growth increment studies in Pasoh Forest. Malay. Nat. ]. 1978, 30, 21-122.
Wyatt-Smith, J. Manual of Malayan Silviculture for Inland Forest. Malayan Forest Records No. 23; Forest Research Institute Malaysia:
Kuala Lumpur, Malaysia, 1963; Volume 1, pp. 1-465.

Saw, L.G. Vegetation of Peninsular Malaysia. In Flora of Peninsular Malaysia. Series II: Seed Plants; Kiew, R., Chung, R.C.K., Saw,
L.G., Soepadmo, E., Eds.; Forest Research Institute Malaysia: Kuala Lumpur, Malaysia, 1963; pp. 21-45.

Roslan, I.; Shamshuddin, J.; Fauziah, C.I.; Anuar, A.R. Fertility and suitability of the Spodosols formed on sandy beach ridges
interspersed with swales in the Kelantan-Terengganu plains of Malaysia for Kenaf production. Malays. ]. Soil Sci. 2011, 15,
472-482.

Mohd Ekhwan, T.; Mazlin, M.; Muhammad Barzani, G.; Nor Azlina, A.A. Analysis of the physical characteristics of BRIS soil in
coastal Kuala Kemaman, Terengganu. Earth Sci. Res. ]. 2009, 1, 1-6.

Usman, M.I,; Umara, B.; Edi Armantho, H.M.; Adzemi, M.A. Assessment and evaluation of BRIS soil and its implication on maize
crop in Merang, Terengganu, Region of Malaysia. J. Biol. Agr. Health. 2014, 4, 69-76.

Muktar, A.; Awang Noor, A.G.; Nobilly, E; Alerk, R.J. Stand structure and species composition of mangrove forests in Kuala
Trong range, Matang, Perak. In A Sustainable Management of Matang Mangroves: 100 Years and Beyond; Shaharuddin, M.I., Azahar,
M., Rozani, U., Kamaruzaman, A.B., Lim, K.I,, Suhaili, R., Jalil, M.S., Latiff, A., Eds.; Forest Department of Peninsular Malaysia:
Kuala Lumpur, Malaysia, 2005; pp. 253-262.

Norhayati, A.; Nizam, M.S.; Wan Juliana, W.A.; Shukor, M.N.; Fera Fizani, A.F,; Hafizah, S.; Sariah, H.; Jamaliah, J.; Intan Nordira,
A K.; Latiff, A. Comparison of mangrove tree species composition at selected location in Peninsular Malaysia. In A Sustainable
Management of Matang Mangroves: 100 Years and Beyond; Shaharuddin, M.I., Azahar, M., Rozani, U., Kamaruzaman, A.B., Lim, K.I.,
Suhaili, R., Jalil, M.S., Latiff, A., Eds.; Forest Department of Peninsular Malaysia: Kuala Lumpur, Malaysia, 2005; pp. 263-272.
Kasawani, I.; Kamaruzaman, J.; Nurul-Nadhirah, M.I. Biological diversity assessment of Tok Bali Mangrove Forest, Kelantan,
Malaysia. WSEAS Trans. Environ. Dev. 2007, 2, 37-44.

Wan Norilani, W.I; Wan Juliana, W.A_; Razali, M.S.; Latiff, A. Structural and floristic pattern in a disturbed mangrove tropical
swamp forest: A case study from the Langkawi UNESCO Global Geopark Forest, Peninsular Malaysia. Sains Malays. 2018, 47,
861-869.

Abino, A.C,; Castillo, J.A.A.; Lee, Y.J. Assessment of species diversity, biomass and carbon sequestration potential of a natural
mangrove stand in Samar, the Philippines. Forest Sci. Technol. 2014, 10, 2-8. [CrossRef]

Sudtongkong, C.; Webb, E.L. Outcomes of state versus community-based mangrove management in Southern Thailand. Ecol. Soc.
2008, 13, 27-51. [CrossRef]

Valiela, I.; Bowen, J.L.; York, ].K. Mangrove forests: One of the world’s threatened major tropical environments. . Bio. Sci. 2001,
51, 807-815.

Alongi, D.M. Present state and future of the world’s mangrove forests. Environ. Conserv. 2002, 29, 331-349. [CrossRef]

Polidoro, B.A.; Carpenter, K.E.; Collins, L.; Duke, N.C; Ellison, A.M.; Ellison, J.C.; Farnsworth, E.J.; Fernando, E.S.; Kathiresan, K.;
Koedem, N.E.; et al. The loss of species: Mangrove extinction risk and geographic areas of global concern. PLoS ONE 2010, 5,
€10095. [CrossRef]

Ashton, E.C.; Macintosh, D.J. Preliminary assessment of the plant diversity and community ecology of Sematan mangrove forest,
Sarawak, Malaysia. For. Ecol. Manag. 2002, 166, 111-129. [CrossRef]

Lu, C.Y;; Wong, Y.S.; Tam, N.FY.; Berry, R. Vegetation analysis of a typical mangrove swamp- Lai Chi Wo coast of Hong Kong.
Chin. J. Oceanol. Limnol. 1998, 16, 72-77.

Yamada, I. Tropical Rainforest of Southeast Asin—A Forest Ecologist’s View; University of Hawaii Press: Honolulu, HI, USA, 1997; pp.
1-440.

Dudgeon, D. Riverine biodiversity in Asia—A challenge for conservation biology. Hydrobiologia 2000, 418, 1-13. [CrossRef]

Igu, N.I Species diversity and structure of an intact freshwater swamp forest in the Niger Delta. Open. J. For. 2017, 7, 242-254.
[CrossRef]

Corlett, R.T. The Ecology of Tropical East Asia; Oxford University Press: New York, NY, USA, 2009; pp. 1-333.

Rozainah, M.Z.; Mohamad, M.R. Mangrove forest species composition and density in Balok River, Pahang, Malaysia. Ecoprint
2006, 13, 23-28. [CrossRef]

171



Agronomy 2022, 12, 2380

47.
48.
49.
50.
51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

Richards, P.W. The Tropical Rain Forests; Cambridge University Press: Cambridge, UK, 1952. [CrossRef]

Vu, Q.G.N. Journey of the abandoned: Endless refugees’ camp and incurable traumas. Signs 2007, 32, 580-584. [CrossRef]
Whitmore, T.C.; Burnham, C.P. Tropical Rain Forests of the Far East; Clarendon Press: Oxford, UK, 1975.

Wan Norilani, W.I.; Wan Juliana, W.A_; Latiff, A. Floristic composition, stand structure, above ground biomass and conservation
value of a coastal lowland forest at Bukit Bauk Urban Forest, Dungun, Terengganu, Malaysia. Malays. For. 2013, 76, 17-26.
Newberry, D.M.; Campbell, E.J.E; Lee, Y.F; Ridsdale, C.E.; Still, M.]. Primary lowland dipterocarp forest at Danum Valley, Sabah,
Malaysia: Structure, relative abundance and family composition. Phil. Trans. R. Soc. Lond. 1992, 335, 341-356. [CrossRef]
Appanah, S.; Weinland, G. Research Pamphlet No. 112. In A Preliminary Analysis of the 50-Hectare Pasoh Demography Plot: I.
Dipterocarpaceae; Forest Research Institute of Malaysia: Kuala Lumpur, Malaysia, 1993.

Nizam, M.S.; Nur Maisarah, J.; Jildred, J.; Wan, .W.A. Komposisi, Kepelbagaian Dan Biojisim Komuniti Pokok Di Hutan Simpan Bukit
Belata; Azahar, M., Koh, H.L., Mohd Shah, N.M.N., Samsul, A.N., Latiff, A., Eds.; Forest Department of Peninsular Malaysia:
Kuala Lumpur, Malaysia, 2008.

Nilus, R.; Ong, R.C. Floristic composition of the Perupok Swamp Forest of the Sugut Forest Reserve, Sabah. Mal. Nat. J. 2001, 55,
95-101.

Mat-Salleh, K.; Tami, R.; Latiff, A. Ecology and conservation value of Tanjung Tuan, the Myrtaceae-dominant coastal forest
reserve of Malaysia. J. Trop. For. Sci. 2003, 15, 59-73.

Swaine, M.D.; Lieberman, D.; Putz, EE. The dynamics of tree populations in tropical forest: A review. J. Trop. Ecol. 1987, 3,
359-366. [CrossRef]

Nizam, M.S.; Rohani, S.; Wan Juliana, W.A. Floristic variation of tree communities in two distinct habitats within a forest park in
Pahang, Peninsular Malaysia. Sains Malay. 2012, 41, 1-10.

Soepadmo, E. Structure, aboveground biomass and floristic composition at Gunung Janin Barat, Ulu Endau, Johore, Malaysia.
Mal. Nat. ]. 1987, 41, 275-290.

Lajuni, J.J.; Latiff, A. Biomass and floristic composition of Bangi Permanent Forest Reserve, a twice-logged lowland dipterocarp
forest in Peninsular Malaysia. Sains Malay. 2013, 42, 1517-1521.

Syuharni, A.; Hakeem, K.; FaridahHanum, I.; Ozturk, M. Ecology of the coastal heath forest flora—A case study from Terengganu,
Malaysia. Emir. . Food Agric. 2014, 26, 1114. [CrossRef]

172



agronomy

Article

Floristic Association of Moist Temperate Forests of Shangla
District, Delineated by a Multivariate Approach

Javed Igbal 1, Nasiruddin Shaikh !, Moinuddin Ahmed 2, Wajid Zaman 3-*%, Adam Khan 4, Asma Ayaz >,

Diaa O. El-Ansary %%, Hanoor Sharma 7, Hosam O. Elansary 8

Citation: Igbal, J.; Shaikh, N.; Ahmed,
M.; Zaman, W.; Khan, A ; Ayaz, A ;
El-Ansary, D.O.; Sharma, H.;
Elansary, H.O.; Park, S. Floristic
Association of Moist Temperate
Forests of Shangla District,
Delineated by a Multivariate
Approach. Agronomy 2022,12,1723.
https://doi.org/10.3390/
agronomy12071723

Academic Editor: Marco Scortichini

Received: 6 June 2022
Accepted: 20 July 2022
Published: 21 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and SeonJoo Park 3-*

Department of Botany, Government College University Hyderabad, Sindh 71000, Pakistan;
javedkhattak76@yahoo.com (J.I.); shaikhdrnasir@gmail.com (N.S.)

2 Department of Earth and Environmental Systems, Indiana State University, Terre Haute, IN 47809, USA;
drmoingeolinks@gmail.com

Department of Life Sciences, Yeungnam University, Gyeongsan 38541, Korea

4 Department of Botany, University of Lakki Marwat, Lakki Marwat 28420, Pakistan;
adam.khan345@yahoo.com

State Key Laboratory of Biocatalysis and Enzyme Engineering, School of Life Sciences, Hubei University,
Wuhan 430062, China; asmaayaz@bs.qau.edu.pk

Precision Agriculture Laboratory, Department of Pomology, Faculty of Agriculture (El-Shatby),
Alexandria University, Alexandria 21545, Egypt; diaa.elansary@alexu.edu.eg

7 School of Microbiology and Immunology, Wright State University, Dayton, OH 45435, USA;
hanoor.sharma@clearlabs.com

Plant Production Department, College of Food and Agriculture Sciences, King Saud University,

Riyadh 11451, Saudi Arabia; helansary@ksu.edu.sa

Correspondence: shanglal23@gmail.com (W.Z.); sjpark01@ynu.ac.kr (S.P.)

Abstract: Multivariate analysis was conducted to explore the moist temperate forests of the Shangla
district, Khyber Pakhtunkhwa. The prime objective was to quantitatively describe and differentiate
the vegetation groups and the factors that determine the boundaries and composition of plant com-
munities in the Shangla district. This was achieved by sampling all common species in a complex
vegetation mosaic coinciding with local gradients in topography and soil distribution. Ward’s clus-
tering dendrogram demonstrated four significant vegetation clusters with respect to environmental
effects. These four major groups of the tree vegetation were superimposed on the ordination plane:
1. Pinus wallichiana, the dominant group associated with Abies pindrow; 2. Abies pindrow and the Picea
smithiana group; 3. Dominant Cedrus deodara associated with the Pinus wallichiana, Abies pindrow, Picea
smithiana, and Quercus baloot group; 4. Pinus roxberghii pure group. The key controlling factors for
each group were the environmental characteristics (i.e., edaphic factors, topographic factors, soil
physical properties, and soil nutrients). The results revealed elevation (p <0.001) to be the promi-
nent factor in the composition of plant communities. Furthermore, pH, soil moisture, maximum
water holding capacity, and soil physical properties (sand, silt, and clay) also showed a significant
(p < 0.05) relationship with vegetation. The other environmental factor did not show a significant
relationship with vegetation. Ward’s cluster dendrogram of understory species also demonstrated
four groups. Group 1 comprises two subgroups, a and b, with the highest number of species,
i.e., Digeteria sanguinalis, Fragaria nubicola, Verbascum Thapsus, Pinus wallichiana seedlings, and Polygo-
natum multiflorium, respectively. The second large group contains twenty-five species out of eight
stands, and the dominant species was Tagetis minuta. Eighteen species out of six stands were found in
group 3, which was considered the smallest group. Group 4 consisted of seven stands containing
twenty-four species of ground flora, with Anaphalis scopulosa followed by Adiantum venustum as
the dominant species. The environmental characteristics of the understory vegetation showed a
resemblance with the tree communities. With the exception of elevation, the other factors did not
show a significant correlation.

Keywords: flora; environmental variable; multivariate analysis; soil moisture; Shangla district; Pakistan
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1. Introduction

In an ecological study, multivariate analysis is one of the most important approaches,
demonstrating the relationship between species and their local communities [1]. This
technique has been used widely to abstract and simplify the massive ecological data set
available and explore the possible relationship between various environmental variables
and vegetation. Therefore, for understanding the species composition and distribution
with respect to environmental variables, multivariate analysis techniques are reliable ap-
proaches [2]. In Pakistan, earlier ecological studies were based on observational approaches.
Though, for the determination of the floristic composition of vegetation, few quantitative
studies have been conducted, they were mostly based on primitive techniques. Advanced
multivariate ordination and cluster analysis techniques have been used routinely in Europe
and North America for several decades. In Pakistan, Shaukat and Qadir [3] and Ahmed [4,5]
applied the multivariate techniques to the vegetation of the calcareous hills around Karachi,
the industrial area of Karachi, and the Skardu District for the first time. Shaukat et al. [6]
used these techniques to show significant correlations between the local environmental
variables and vegetation. Various physical and environmental characteristics, including
biotic and abiotic stresses, and particularly anthropogenic disturbance, have been linked to
the distribution of plant species and communities [6-11].

Most of the vegetation of Pakistan has been analyzed by various researchers using
multivariate techniques. Using the multivariate technique, Shaukat and Uddin [12] in-
vestigated the Achyranthes aspera tree composition and pattern. Ahmed et al. [13] and
Hussain et al. [14] illustrated the vegetation of Chiltan in Baluchistan and the Swabi area
of Khyber Pakhtunkhwa, respectively, using multivariate analysis. Ahmad et al. [15] in-
vestigated the phytosociological and structural characteristics of the Himalayan forests in
several climatic zones of Pakistan. They found that specific communities had similar floris-
tic compositions but differing quantitative values and provided a description of understory
species. Ilyas et al. [16] analyzed the anthropogenic pressure on existing temperate forests
in the Swat district, Khyber Pakhtunkhwa, including logging, deforestation, overgrazing,
and forest removal for terrace farming. Ahmad, Fazal, Valeem, Khan, Sarwar and Igbal [15]
evaluated ecological aspects of roadside vegetation around Havalian city using multivari-
ate techniques and vegetation along the motorway (M-2) in Pakistan. Siddiqui et al. [17]
analyzed Pakistan’s major moist temperate area vegetation quantitatively using multi-
variate agglomerative cluster analysis. Siddiqui et al. [18] conducted detailed research on
several forests in Pakistan’s moist temperate areas, whereas Rashid et al. [19] carried out a
phytoecological evaluation with a detailed floristic appraisal of the vegetation around Malam
Jabba'’s forests. Wahab et al. [20] explored the population dynamics of pine tree species in the
Dir District, and Khan [21] investigated the vegetation ecology of Chitral Gol National Park.

The understory vegetation plays a very important role in a functioning forest ecosys-
tem and structure. These species make strong association with trees and maintain the
nutrient cycle as well as canopy succession [22]. The impact of trees on the understory
vegetation and its relationship is essential because ground flora plays a significant role in
the functioning of forest ecosystems. Natural and diverse understory vegetation may be
significant to plant communities beyond any effect on growth or nutrients. Huo, Feng, and
Su [22] suggested that coniferous forests are less favorable to biodiversity than mixed- or
hardwood forests. On the other hand, few investigations have compared the vegetation of
coniferous species [23,24]. Natural forest patches, mainly inhabited by Pinus wallichiana,
are commonly distributed in the Hindu Kush Himalayan mountains of the northern area
of Pakistan. These vegetated areas, composed mainly of forests, are a critical source of
timber, firewood, and water conservation, and prevent the erosion of the local fertile soils
in the region. Owing to the rigid and harsh mountainous system and less accessible part
of the Khyber Pakhtunkhwa, quantitative and multivariate analysis of the vegetation of
this area had been ignored in the past. Therefore, this study examined the vegetation—
environmental relationship using multivariate techniques. The proposed study is the first
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multivariate analysis study from the Shangla district. This study is expected to enhance the
understanding of the vegetation and environmental complex of these forests.

2. Materials and Methods
2.1. Vegetation Sampling

Sampling was conducted in forests of the Shangla district of Khyber Pakhtunkhwa
(Figure 1). The study sites were selected on the basis of the maturity of forests determined
by (1) no sign of recent disturbances and (2) tress that have at least 60 cm dbh. Forty mature
sites of conifer tree species were sampled using the PCQ (point-centered quarter) method
reported by Cottam and Curtis [25]. At each site, trees under 10 cm dbh and understory
species were sampled with a circular plot, 1.5 m in diameter. In addition, the coordination
and altitude of the sampling sites were calculated by GPS. At each sampling site, three soil
samples were collected from a 10 cm depth up to 500 gm, and a composite of the samples
was made for analysis. The slope angle and aspect were recorded using a clinometer. The
phytosociological attributes, including the relative and absolute density and basal area of
the tree species, were calculated using standard ecological approaches [25-27].
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Figure 1. Land cover map of the study area.

2.2. Laboratory Procedure

Soil samples were dried in air at room temperature (25 to 30 °C), then sieved through a
2 mm sieve. The soil characteristics, including (TDS) total dissolved solids, soil pH, salinity,
and conductivity of this soil were obtained and analyzed by making a suspension of 20 gm
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soil and filtering through a Whatman filter paper no. 42. These filtered samples were taken
in a beaker, and their results were determined using a multiparameter meter (HANNA
Model Sension Tm!%). The maximum water holding capacity (MWHC) of the collected
soil samples was determined using the approach reported by Eaton [28]. The soil organic
matter was determined by applying weight loss following the loss-on-ignition method [29].
The phosphorus (P) level was estimated using the method of Vanado-Molybdate-Yellow
(Barton’s Reagent) described by [30]. The total phosphorus was calculated as a percentage.
The soil texture was then assessed. Soil has particles of different sizes called sand, silt, and
clay. Sands are the largest particles in the soil. Silt has midsized particles of soil. Clay is the
smallest-sized soil particles. The percentages of sand, silt, and clay were determined using
the pipette method reported by Cornell Nutrient Analysis Laboratory (CNAL), website:
www.css.cornell.edu/soiltest, accessed on 1 June 2022.

2.3. Statistical Analysis

For the statistical analysis, the obtained data were subjected to a computer pro-
gram (PC-ord version 5). The tree vegetation and understory species were classified
by cluster analysis [31]. Two techniques, i.e., principal component analysis (PCA) and
two-dimensional nonmetric multidimensional scaling (NMS), described by [32], were used
for ordination. The frequency of the understory vegetation and the importance value of
the trees were taken to categorize the vegetation into groups. The differences between the
local environmental variables among the groups were investigated using the single-way
analysis (ANOVA). The understory vegetation was divided into different groups according
to the method of Tansley and Chipp [33,34]: (I) 10-20% Rare, (II) 21-30% Occasional, (III)
31-40% Frequent, (IV) 41-50% Abundant, and (V) 51-60% Very abundant.

3. Results
3.1. Classification Based on Ward'’s Cluster Analysis (Tree Vegetation Data)

The cluster dendrogram (Figure 2) separated four major groups of vegetation. Table 1 lists
the characteristic features of these groups, whereas Table 2 presents the environmental variables.

Table 1. Four groups derived from Ward'’s cluster analysis of 40 stands and their average tree species
composition (average importance value for each group).

Tree Species Group 1 (a) Group 1 (b) Group 1 (c) Group 2 Group 3 Group 4
Pinus - 100 + 0 98.33 + 1.67 80.9 +22 * 263 +93 *
wallichiana

Abies pindrow * 1.67 + 1.67 10+ 6.1 925+ 4.6 9.75 +9.75 *
Cedrus deodara * * * * 44 + 20.7 *
Picea smithiana * * * 75+46 16.25 4+ 16.25 *
Pinus roxburghii * * * * * 1000
Quercus baloot * * 9.0+5.2 * 375+25 *

Note: (*) = Absent, (+) = Standard error.

3.1.1. Group I Pinus wallichiana Dominant Group

Twenty-eight stands comprised of three subgroups were obtained: group 1 (a), com-
posed of 21 stands of pure Pinus wallichiana tree species; group 1 (b), comprised of
three stands of Pinus wallichiana and Abies pindrow association; group 1 (c), four stands
comprised of two gymnosperm and one angiosperm species (Figure 2).

3.1.2. Group I (a) Pure Pinus wallichiana

Among the groups, this was the largest group, which is composed of 21 stands of
Pinus wallichiana. As this group was based on monospecific stands of Pinus wallichiana,
their importance value index (IVI) was 100. The average elevation of this group was
1953.1 + 69 m, whereas the slope angle was 39.05 & 1.41°. The total dissolved salts (TDS)
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and water-holding capacity were 68.0 & 6.8 g/L and 12.24. &= 0.06%, respectively. The salin-
ity, conductivity, and soil moisture of this group were 0.06 & 0.01%, 136.6 &= 13.7 uS/cm,
and 24.5 + 1.2%, respectively. The soil nature of this group was alkaline, having a mean pH
of 7.94 & 0.04. Regarding the soil nutrients, this group had mean values of organic matter
of 0.6 & 0.0% and mean phosphorus of 0.43 &= 0.09%. The mean sand, silt, and clay were
53.37 £ 1.90%, 32.37 £ 1.63%, and 13.9 & 1.53%, respectively.
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Figure 2. Dendrogram derived from Ward'’s cluster analysis using the importance value of tree
species from the Shangla district. The different colors indicate different floristic composition with
respect to their environmental variables. (St indicates different stands in groups of vegetation.)

3.1.3. Group I (b) Pinus wallichiana and Abies pindrow Association

This subgroup contained three stands showing two gymnosperm tree species: Pinus
wallichiana and Abies pindrow. Pinus wallichiana is the leading dominant species with a
98.33 & 1.67 importance value, and codominant species Abies pindrow contributed a very
low 1.67 £ 1.67 importance value. The mean elevation of this group was 2203.3 £ 29.6 m
with a 38.3 £ 4.4 mean slope angle. The edaphic condition of this group showed that the
TDS value, maximum water-holding capacity, salinity, conductivity, and soil moisture were
48.67 £ 5.36,11.70 £ 0.9, 0.04 £ 0.0, 96.67 &= 10.09%, and 23.4 £ 1.8%, respectively. The pH
was alkaline at 8.06 + 0.03. The soil nutrient organic matter content was 43 + 0.030 and
the phosphorus level was 0.23 & 0.03%. The sand, silt, and clay contents were 51.73 & 7.66,
36.9 £ 7.36, and 11.3 £ 1.13%, respectively.

3.1.4. Group I (¢) Pinus wallichiana Mix Group

This subgroup comprised four stands of trees showing two coniferous species, Pinus
wallichiana and Abies pindrow, with high importance values of 80.9 £ 2.2 and 10 & 6.1,
respectively. By contrast, the angiospermic species Quercus baloot contributed a 9.0 + 5.2%
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importance value to this group. This group is generally associated with an elevation
of 2171.5 £ 35 m with a 30.8 £ 3.3° steep slope. The edaphic features of this group
showed a TDS, maximum water-holding capacity, salinity, conductivity, and soil moisture
0f71.3 £19.1,9.5 £ 0.6, 0.07 £ 0.02, 143.8 & 37.6, and 18.9 £ 1.2%, respectively. The pH was
7.8 £ 0.2. The soil nutrients of this group showed an organic matter level of 0.7 + 0.2 and a
phosphorus level of 0.33 & 0.11%. The physical characteristics of the soil of this group were
composed of sand 49.4 £ 5.0%, silt 42.0 £ 6.0%, and clay 8.7 & 2.6%.

Table 2. Mean values =+ SE of the environmental variables (topographic, edaphic, and soil nutrient) based

on three groups derived from Ward'’s cluster analysis using the tree vegetation data. (Mean + SE).

Variables Group 1 Group Group Group
1(a) 1(b) 1(0) 2 3 4

1. Topographic variables
1.Elevation(m) 1953.1 £+ 69.7 2203.3 +29.6 2171.5 £ 35.0 2691.2 +47.6 2188 £ 76.25 1374.5 £76.5
2. Slope 39.05+14 38.33 £4.41 30.8 £33 34.0 £7.48 38.2 +4.04 3505
2. Edaphic variables
1.pH 7.94 £+ 0.04 8.06 + 0.03 78 +0.2 7.78 £ 0.09 7.60 & 0.06 7.40 £+ 0.02
2.WHC 12.24 4+ 0.06 11.7 £ 0.9 9.5+ 0.6 154 +1.81 12.05 £+ 0.83 8.07 £4.23
3.Salinity 0.06 £ 0.01 0.04 £0.0 0.07 £ 0.02 0.04 £ 0.01 0.05+0.0 0.04 £ 0.02
4.Cond 136.5 £13.7 96.67 + 10.0 143.8 £ 37.6 82.6 +7.59 108 £+ 12.73 89.5 + 34.5
5.TDS 68.0 £ 6.8 48.67+ 5.3 71.3 £19.1 4444701 51.2 £4.95 45.0 £17.0
6. Soil Moisture 245+12 234+138 189+1.2 30.8 £ 3.61 241+17 16.14 + 8.46
3. Soil Texture
1. Sand 53.37 £1.9 51.73 £ 7.66 49.4£5.0 45.88 £ 2.59 47.56 + 5.85 27 £0.0
2. Silt 3237 £1.6 36.93 +7.36 42.0 £ 6.0 34.48 +3.11 43.44 £ 5.61 53.8 £11.0
3. Clay 139+15 11.33 £1.13 8.7+26 19.64 +4.22 9+0.6 192 £11.0
4. Soil nutrients
1. OM 0.62 £ 0.07 0.43 £+ 0.03 0.7+02 0.42 £0.07 0.48 £ 0.05 04+02
2. Phos 0.43 £+ 0.09 0.23 +0.03 0.33 £0.11 0.53 £0.17 0.46 £+ 0.09 03+0.0

SE = standard error; WHC = water-holding capacity; OM = organic matter of soil in%; TDS = total dissolved salt;
Cond = conductivity; Phos = phosphorus.

3.1.5. Group II Abies pindrow and Picea smithiana Association

This group includes five stands; Abies pindrow dominates with a 92.5 & 4.6% average
importance value, while Picea smithiana attained a 7.5 & 4.6% average importance value.
Compared to the other groups, this group was commonly growing on the highest elevation
(2691.2 & 47.6 m), with a 34.0 £ 7.48° slope angle. In the edaphic variables, the TDS,
maximum water-holding capacity, salinity, conductivity, and soil moisture were 44.4 £ 7.01;
15.4 £ 1.81,0.04 £ 0.01, 82.6 + 7.59, and 30.8 + 3.61%, respectively. The pH was 7.78 £ 0.09.
Regarding the soil nutrients, this group showed 0.42 £ 0.07% of organic matter and
0.53 &= 0.17% phosphorus. This group contained 45.88 + 2.59% sand, 34.48 + 3.11% silt,
and 19.64 & 4.22% clay.

3.1.6. Group III Mixed Group of Conifer Dominating Species

This group contains five stands of 32, 35, 37, 38, and 40, respectively, and included
four conifers and one angiospermic tree species. The dominant species was Cedrus deodara,
with an average importance value of 44 + 20.7, followed in order by Pinus wallichiana,
Picea smithian, Abies pindrow, and Quercus baloot at average importance values of 26.3 £ 9.3,
16.25 £16.2,9.75 £ 9.75, and 3.75 £ 2.5%, respectively. The elevation value means of this
group were slightly lower at 2188 = 76.2 than that found in the previous group, while
the mean slope was 38.2 £ 4.04, higher than the previous group. The edaphic feature of
this group showed a mean TDS, maximum water-holding capacity, salinity, conductivity,
and soil moisture of 51.2 4 4.9, 12.05 4 0.83, 0.05 + 0.0, 108 + 12.73, and 24.1 £+ 1.7%,
respectively. The pH of this group was 7.60 £ 0.06. The soil nutrients of this group were
0.48 £ 0.05 for organic matter and 0.46+ 0.09 for phosphorus. The sand, silt, and clay
contents were 47.56 & 5.85, 43.44 £ 5.61, and 9 £ 0.6%, respectively.
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3.1.7. Group IV Pure Pinus roxberghii Association

Among the groups, group IV was the smallest group, composed of two pure stands
of Pinus roxberghii tress with 100 £ 00% importance values. This group belongs to the
subtropical area. The topographic appearances of this group revealed a comparatively
low elevation of 1374.5 + 76.5 m with a 35.0 &+ 5° slope angle. The edaphic feature of
this group showed a mean TDS, maximum water-holding capacity, salinity, conductivity,
and soil moisture of 45.0 + 17.0, 8.07 & 4.23, 0.04 £ 0.02, 89.5 & 34.5, and 16.14 + 8.46,
respectively. The soil pH was 7.40 £ 0.02. The soil texture was composed of 27 + 0.0%
sand, 53.8 £ 11.0% silt, and 19.2 £ 11.0% clay. Soil organic matter was 0.4 & 0.2, and the
phosphorus level was 0.3 £ 0.0.

3.2. Univariate Analysis of Variance (ANOVA)

ANOVA was used to determine the relationship between vegetation and environ-
mental characteristics. The results showed that in the topographic factors, elevation was
highly significant (p < 0.001), whereas the slope was nonsignificant. Among the edaphic
factors, pH was significantly correlated (p < 0.01) (Table 3). Soil moisture and maximum
water holding capacity also showed a significant p > correlation with vegetation. Salinity,
conductivity, and TDS were nonsignificant. The soil texture (sands, silt, and clay) also
showed a significant correlation (p < 0.05). Regarding the soil nutrients, soil organic matter
was correlated significantly (p < 0.001), but phosphorus was nonsignificant.

3.3. Ordination
Principal Component Analysis (PCA) Ordination of Tree Vegetation Data

PCA was used to determine the different soil factors, i.e., topographic variables
(elevation and slope), edaphic factors, soil physical properties, and soil nutrients, and the
importance value index of the tree species (Table 4). Four major groups were isolated by
Ward’s cluster analysis and superimposed on the PCA ordination with axis 1 and 2, 1 and
3, and 2 and 3 (Figure 3). The analyses showed no overlapping among the groups in the
two axes of 1,2 and 1,3, whereas axis 2,3 showed little overlap. The largest group among all
four groups was group 1, showing 28 stands. This group contained three subgroups, i.e.,
group I (a), group I (b), and group I (c), showing different cospecies compositions. Pinus
wallichiana was the main dominant species in the three subgroups. Group I was separated
on all axes. This group was present on the three axes of 1-2, 1-3, and 2-3.

Group I (a) consisted of 21 stands mainly containing Pinus wallichiana, which was
the only species there. The elevation and slope angles of this group were 1953.1 £ 69.7 m
and 39.05 + 1.41, respectively. Group I (b) was composed of three stands containing Abies
pindrow as the codominant species. The average elevation of this group was 2203.3 = 29 m,
with a 38.33 £ 4.4° slope angle. Group I (c) was composed of four stands. This subgroup
contained two species: Abies pindrow and Quercus baloot. This group was found on a
2171.5 £ 35 m average elevation and a 30.8 & 3.3° average slope angle. Group II was
composed of five stands with Abies pindrow the dominant tree, while Picea smithiana was
codominant. This group was found on the highest elevation (2691.2 & 47) with a slope
angle of 34.0 + 7.4. Group III was composed of five stands dominated by Cedrus deodara.
The codominant species were Pinus wallichiana, Picea smithiana, and Abies pindrow. In this
group, one angiosperm, Quercus baloot, was also recorded. This group was located on an
average elevation of 2188.0 & 76, with a 38.2 &+ 4° slope angle. Group IV was the smallest
group, which was separated based on their monospecific position. In this group, two stands,
i.e., 34 and 36, were recorded as pure Pinus roxburghii stands. The lowest average elevation
was recorded as 1374.5 & 76.5 m, with a 35 & 5° average slope angle. This group was
represented only in the subtropical condition.
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Table 3. Analysis of the variance of individual environmental variables (topographic, edaphic, soil
texture, and soil nutrients) by Ward'’s cluster analysis using the tree vegetation data of 40 stands.

Source of Variation SS df MS F p-Level
1. Topographic Variables
1 Elevation
Between Groups 3,337,292.82 5 667,458.57 10.15 p <0.001
Within Groups 2,236,902.77 34 65,791.26
Total 5,574,195.6 39
2 Slope
Between Groups 307.81 5 61.56 0.814 NS
Within Groups 2571.17 34 75.62
Total 2878.98 39
2. Edaphic Variables
1 PH
Between Groups 1.043235 5 0.208647 5.73 p<0.01
Within Groups 1.240102 34 0.036474
Total 2.2833375 39
2 WHC
Between Groups 115.4212 5 23.08424 2.766 p <0.05
Within Groups 283.7654 34 8.346041
Total 399.1866 39
3 Salinity
Between Groups 0.003552 5 0.00071 0.981 NS
Within Groups 0.024625 34 0.000724
Total 0.028178 39
4 Conductivity
Between Groups 19,125.115 5 3825.023 1.251 NS
Within Groups 103,938.26 34 3057.008
Total 123,063.38 39
5 TDS
Between Groups 4271.35833 5 854.2717 1.116 NS
Within Groups 26,021.4167 34 765.3358
Total 30,292.775 39
6 Soil Moisture
Between Groups 461.68485 5 92.33697 2.766 p <0.05
Within Groups 1135.0615 34 33.38416
Total 1596.7464 39
3. Soil Texture
1 Sands
Between Groups 1421.31148 5 284.2623 3.241 p <0.05
Within Groups 2981.75952 34 87.69881
Total 4403.071 39
2 Silt
Between Groups 1278.40024 5 255.68005 2.967 p <0.05
Within Groups 2930.09476 34 86.179258
Total 39
3 Clay
Between Groups 716.5828095 5 143.3166 3.384 p<0.05
Within Groups 1440.14819 34 42.3573
Total 2156.731 39
4. Soil Nutrients
1 Organic matter
Between Groups 9564.9254 5 1912.985 7.120 p <0.001
Within Groups 9135.4484 34 268.6897
Total 18,700.374 39
2 Phosphorus
Between Groups 0.24110417 5 0.048221 0.406 NS
Within Groups 4.04083333 34 0.118848
Total 4.28193750 39

Note: SS = sum of square; MS = mean square; F = F ratio, df = degree of freedom; P level = probability level;
ns = nonsignificant.
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Table 4. The correlation coefficients of environmental variables (topographic variables, edaphic

variables, soil texture, and soil nutrients) with 3 PCA ordination axes obtained by tree vegetation data.

Axis 1 Axis 2 Axis 3

S. No. Variables r Prob. Level R Prob. Level r Prob. Level
1. Topographic variables

1 Elevation 0.316 p <0.05 —0.309 NS 0.509 p <0.001

2 Slope —0.079 NS 0.122 NS —0.044 NS
2. Edaphic variables

1 Ph —0.511 NS —0.321 NS 0.059 NS

2 MWHC 0.144 NS —0.319 NS 0.235 p<0.05

3 Salinity —0.240 NS 0.008 NS 0.127 NS

4 Conductivity —0.262 NS —0.017 NS 0.094 NS

5 TDS —0.263 NS —0.013 NS 0.093 NS

6 Soil moisture 0.144 NS —0.329 NS 0.245 p <0.05
3. Soil Texture

1 Sand —0.346 NS —0.309 0.224 NS

2 Silt 0.255 p <0.05 0.423 p < 0.005 —0.088 NS

3 Clay 0.228 NS —0.149 NS —0.198 NS
4. Soil nutrients

1 oM —0.240 NS 0.008 NS 0.124 NS

2 Phosphorus 0.136 NS 0.017 NS 0.128 NS

Key to abbreviations: r = correlation coefficient; NS = nonsignificant; Prob. Level = probability level; OM = organic
matter of soil in %; TDS = total dissolved salt.
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Figure 3. PCA stand ordination based on IVI of tree species from the Shangla district, Pakistan. The
floristic composition/group obtained from Ward’s cluster analysis were super imposed on ordination

axes. The different colors in the above ordination plan indicate different groups. (St indicates different

stands in groups of vegetation.)
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3.4. Relationship (Correlation Coefficients) of Three Ordination Axes with Environmental Variables

The correlation between the PCA ordination of the three axes with different environ-
mental variables are shown in (Table 4). Axis 1 was significantly correlated with elevation
(p < 0.05) and silt (p < 0.05), while the other environmental factors did not show a signif-
icant correlation. Axis 2 ordination showed a significant correlation (p < 0.005) with silt,
whereas no correlation was observed with the other environmental factors. Ordination
on axis 3 was a highly significant correlation (p <0.001) on the elevation and a significant
correlation between the maximum water-holding capacity and soil moisture, while the
other environmental variables did not show a significant correlation.

3.5. Understory Vegetation Data
Ward’s Cluster Analysis of Stands

Based on frequency, Ward’s cluster dendrogram distributed the understory vegetation
into four groups (Figure 4). Table 5 lists the average frequency of these four groups, while
Table 6 presents their environmental factors.

Distance (Objective Function)
24E+01 1.4E+06 2.8E+06 4.2E+06 5.6E+06

Information Remaining (%)
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Figure 4. Ward'’s cluster analysis of the understory vegetation based on frequency. The understory
species indicates five distinct groups. (St indicates different stands in groups of vegetation.)
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Table 5. Average frequency of the understory vegetation of four main groups was derived from
Ward’s cluster analysis.

. Group I Group I Group Group Group

S No. Species Name (A) B) I I v

1 Adiantum venustum D.Don 225+32 27.5£25 * 30 45

2 Amaranthus tricolor L. 25+5 20 * 33.3t£44 25

3 Ammannia baccifera L. 275+25 * 30+£5 325+75 *

4 Anaphalis scopulosa Boriss * 333+93 31.7+83 * 475+25

5 Asplenium ceterach L. 37.5£3.10 3125+ 23 30 +£2.04 36 +£1.25 35+5

6 Berberis lycium L. * 40 * * *

7 Bistorta amplixiculis D.Don * * 40 £5 28.7 4.3 30£29

8 Cannabis sativa L. 21.7+17 27.5+75 33.7+£3.15 * 375125

9 Cenchrus penusaliformis L. 30 28.33 £8.3 275+£75 30 £3.54 20

10 Cicota virosa L. 35 * * 30 *

11 Conyza bonarensis L. 33.3 £6.01 20£5 225£75 20 *

12 Corbichonia decumbers (Forssk.). 30 35+5 225+25 * 20

13 Digiteria sanguinalis L. 40 25 40 175+£25 275+£75

14 Droypteris stewartii L. 20 * 31.7 + 44 * 15

15 Fragaria nubicola L. 40 40 £ 10 30+£5 45+ 10 25+ 10

16 Fragaria orientalis Los. 225+ 125 25 305 26.7 £8.3 367+ 1.7

17 Hedera nepalensis K.Koch 333 +21 28.7 £5.15 32 £4.36 * 29 £3.32

18 Impatiens braclycenera L. 33.3£8.38 36.6 £1.7 * 325+£125 *

19 Indigofera gerardiana Wall. 283 +25 * * * 25

20 Launaea procumbens (Roxb.) 20 15 26.7 £ 44 * 15

21 Morchella esculenta L. * 325+£25 233+£17 * *

22 Ocimum bacilicum L. 31.25+4.7 175+£25 25 * 30

23 Panicum miliaceum L. 26.7+2.8 325+17 * 27.5+25 31.7+33

24 Persicaria punctata (Elliott.) 25+5 31.7 £33 * * *

25 Pinus wallichiana seedling 405 30+5 * * 30

26 Pteridium aquilinium L. 235+31 * 337455 25 25

27 Phragmites karka (Retz.) 33.7+24 * 50 * *

28 Polygonatum multiflorium L. 2251438 45 35 * *

29 Rubus fruticosus L. 233+17 267 +17 30 25 275+25

30 Rumex hastatus D.Don * * 40 28.3 £6.01 325+75

31 Solanum nigrum L. 283+ 44 35+20 20 325+75 25

32 Tngetis minuta L. 26.7 £ 6.01 275+52 55 * 275+ 125

33 Urtica dioica. L. 15 30 21.7 £33 * 233 £33

34 Verbascum Thapsus L. 40 * 25 26.2 £8.3 *

* Shows the absence of this species in a group.

Table 6. Mean values £ SE of environmental variables based on four groups derived from Ward’s
cluster analysis using understory vegetation data of 40 stands.

Variables Group 1 Group Group Group
(A) (B) 2 3 4
1. Topographic variables
. 2249.5 + 2645.75 +
Elevation 2062.73 £ 17 8.9 3701 1509.83 £52 1792.14 + 19
Slope 38.18 £2.6 36.13 £ 2.5 3625+4.6 3417+£201 4071+25
2. Edaphic variables
MWHC 11.49 + 0.6 1038 +13 1424+124 11.68+1.7 12.86 + 0.7
Salinity 0.05+0.0 0.05 £ 0.01 0.05 £ 0.01 0.06 £ 0.02 0.07 £ 0.01
OM 0.5+ 0.04 0.58 & 0.09 0.49 £ 0.07 0.55+£0.2 0.71 £0.15
3. Soil Texture
Sand 51.33 £3.5 515+ 3.6 48.78 +2.7 4473 £59 51.34 + 3.9
Silt 372438 3723 £3.5 353 £26 40.93 £5.3 3257 £32
Clay 1147 +£2.2 1128 +1.2 1593 + 3.1 1433 +3.3 16.09 + 3.4
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Group L is the largest group among the groups and was divided into two subgroups,
Group I (A) and Group I (B), as follows.

Group I (A) contained a large understory vegetation group composed of eleven stands
and twenty-nine tree species. Among these species, Digeteria sanguinalis, Fragaria nubicola,
Verbascum Thapsus, and Pinus wallichiana seedlings showed a 40% average frequency, which are
the dominant species recorded in these stands. Asplenium ceterach was the second dominant
species and showed a 37.5% average frequency. Urtica dioica, with a 15% average frequency,
was recorded as a rare species in this group. Based on the topographic characteristics, this
group was recorded at 2062.73 £ 17 m mean elevation with a 38.18 & 2.6° mean slope angle.
In the edaphic factors, the water-holding capacity was highest (11.49 £ 0.6). The recorded
mean salinity and organic matter were 0.5 &£ 0.0 and 0.5 £ 0.04, respectively. The sand, silt,
and clay contents were 51.33 &+ 3.5%, 37.2 & 3.8%, and 11.47 & 2.2%, respectively.

Group I (B) contained eight stands composed of 25 species. Among these species,
22 were common, and the leading species was Polygonatum multiflorium, with a 45% average
frequency. Fragaria nubicola was the second dominant species, with a 40% average frequency.
Other species, such as Impaliense braclycenera (36.6%), Corbichonia decumbers (35%), and
Solanum nigrum (35%), were occasional species, while Launaea procum (15%) was a rare
species. According to the environmental variables, this group has a 2249.5 £+ 289 m
elevation and a 36.13 + 2.5° mean steep slope. The sand, silt, and clay contents were
51.5 + 3.6, 37.23 &+ 3.5, and 11.28 £ 1.2%, respectively.

Group II was the second largest group of understory vegetation and contained eight
stands with 25 different species of ground flora. Sixteen of these species were common
in group I (a) and group I (b). Tagetis minuta was the dominant species in this group,
with a 55% average frequency. Phragmites karka had a 50% average frequency and ranked
second. Solanum nigrum was a rare species with a 20% average frequency. This group
showed the highest elevation (2645.75 4 37.01 m), with a mean slope angle of 36.25 & 4.6°.
Among the edaphic variables of this group, this group had the highest water-holding
capacity (14.24 £ 1.24). The salinity and organic matter of this group were 0.05 & 0.01 and
0.49 % 0.07%, respectively. The sand, silt, and clay contents were 48.78 £ 2.7, 35.3 & 2.6,
and 15.93 + 3.1, respectively.

Group III consisted of six stands and 18 species and was considered the smallest group.
The group was dominated by Fragaria nubicola, representing a 45% average frequency.
Twelve species were common with group I (a) and group I (b), whereas thirteen species that
occurred in this group were also recorded in group II. Asplenium ceterach was the second
dominant species in this group, with a 36% average frequency. Digeteria sanguinalis was
a rare species, with a 17.5% average frequency in this group. With respect to the environ-
mental variables, this group was characterized by a very low elevation (1509.83 £ 52 m)
and mean slope (34.17 £ 2.01°). The edaphic variables showed a water-holding capacity of
11.68 £ 1.7, which was similar to group I (a), while the salinity and organic matter mean
values were 0.06 & 0.02 and 0.55 =+ 0.2, respectively, which was similar to group I (a) and
group I (b).

Compared to the other groups, sand was the lowest (44.73 & 5.9), whereas silt had the
highest value (40.93 & 5.3). Clay was calculated as 14.33 £ 3.3, which was different from
the other groups.

Group IV consisted of seven stands and 24 species of ground flora. Among these
species, only five were common in all four groups from the cluster analysis. Anaphalis
scopulosa was the dominant species in this group, with a 47.5% average frequency. The
codominant species was Adiantum venustum, with a 45% frequency, while Cannabis sativa
had a 37.5% average frequency. Drypteris stewartii and Launaea procum were rare species,
with a 15% average frequency. The results of the environmental variables group showed
that this group was characterized by an average elevation (1792.14 & 19 m) with the highest
mean steep slope of 40.71 & 2.5°. The water-holding capacity was 12.86 £ 0.7, whereas the
salinity and organic matter were 0.07 £ 0.01 and 0.71 £ 0.15, respectively. The sand of this
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group was 51.34 £ 3.9, similar to group I (A and B). The recorded silt was 32.57 &£ 3.2%,
while the clay was 16.09 + 3.4%, the highest among all groups.

3.6. Univariate Analysis of Variance (ANOVA)

The results of the different environmental variables of the understory vegetation of the
four main groups derived from Ward'’s cluster analysis were examined by ANOVA (Table 7).
The results showed that, of the topographic variables, elevation showed a significant
(p < 0.001) correlation, while slope showed no relationship. The other environmental
variables did not significantly correlate with the understory species.

Table 7. Analysis of variance of individual environmental variables (topographic, edaphic, and soil
texture) derived by Ward's cluster analysis using understory vegetation data.

Source of Variance SS Df MS F p-Level

1. Topographic variables
1 Elevation

Between Groups 532,2642 4 1,330,661 185.14 p <0.001
Within Groups 251,553.4 35 7187.239

Total 5,574,196 39

2 Slope

Between Groups 168.701732 4 42.1754329 0.545 Nonsignificant
Within Groups 2710.27327 35 77.4363791

Total 2878.975 39

2. Edaphic variables

1 Water holding capacity

Between Groups 69.5759929 4 17.394 1.847 Nonsignificant
Within Groups 329.6106046 35 9.417446

Total 399.1865975 39

2 Salinity

Between Groups 0.002504286 4 0.000626 0.854  Nonsignificant
Within Groups 0.025673214 35 0.000734

Total 0.0281775 39

3 Organic Matter

Between Groups 0.250428571 4 0.062607 0.854 Nonsignificant
Within Groups 2.567321429 35 0.073352

Total 2.81775 39

3. Soil Texture

1 Sand

Between Groups 227.7037056 4 56.92593 0477  Nonsignificant
Within Groups 4175.367294 35 119.2962

Total 4403.071 39

2 Silt

Between Groups 246.852381 4 61.7131 0.545 Nonsignificant
Within Groups 3961.642619 35 113.1898

Total 4208.495 39

3 Clay

Between Groups 182.6822771 4 45.67057 0.814 Nonsignificant
Within Groups 1963.733723 35 56.10668

Total 2146.416 39

Note: SS = sum of square; MS = mean square; F = F ration; df = degree of freedom; p-level = probability level.

3.7. Stand Ordination of the Understory Vegetation Data

Two-dimensional nonmetric multidimensional scaling (NMS) ordination divided the
understory species into four distinct groups (Figure 5). A continuous pattern appeared to
exist between axes 1 and 2. Groups 1 (A) and 1 (B) were located on the top of the ordination
axes, whereas group 2 was slightly lower. Groups 3 and 4 were located on the extreme
lower middle side of the ordination plan, indicating differences in species composition and
environmental variables.
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Figure 5. NMS stand ordination of the understory species, based on the frequency from the Shangla
district, Pakistan. The four distinct groups (G1-G4) and the subgroup (Gla) obtained from Ward'’s
cluster analysis of understory species were clearly imposed on ordination plan. (St indicates different
stands in groups of vegetation.)

Relationship (correlation coefficient) between the NMS ordination axis and the envi-
ronmental variables of the understory vegetation data.

Table 8 lists the results of the environmental factors with the ordination axis. The topo-
graphic and edaphic factors of elevation, with a significant correlation with axis 1 (p < 0.001)
and axis 2 (p < 0.001), of the NMS ordination are shown. The other environmental factors
did not exhibit a significant relationship.

Table 8. Relationship (correlation coefficient) of the environmental variables with two axes of NMS
ordination based on understory vegetation.

Axis 1 Axis 2
S. No Variables R Prob. Level R Prob. Level
1. Topographic variables
1 Elevation 0.7801 p < 0.001 0.9417 p <0.001
2 Slope —0.1411 NS —0.0221 NS
2. Edaphic variables
3 WHC 0.1517 NS 0.1502 NS
4 Salinity —0.1718 NS —0.1645 NS
5 oM —0.1718 NS —0.1645 NS
3. Soil Texture
6 Sand —0.1661 NS 0.2367 NS
7 Silt 0.0350 NS —0.1366 NS
8 Clay 0.1889 NS —0.1478 NS
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4. Discussion

Multivariate techniques (i.e., classification and ordination) were conducted on tree and
understory vegetation of 40 forest stands in the Shangla area. Ordination and cluster analy-
ses have important advantages. They can yield corresponding results and provide deeper
explanations of the ecological data, as reported by [35]. Frades and Matthiesen [36] reported
that the cluster analysis approach is a quantitative and objective detailed categorization
technique. Environmental factors play an essential role in understanding the vegetation
pattern. The elevation is an environmental factor that could be considered a critical factor
in understanding vegetation patterns distribution, as suggested by Lovett et al. [37] and
Gajoti et al. [38]. Zhang et al. [39] reported that the vegetation distribution pattern is a
basic tool for evaluating and managing forests. Other researchers investigated quantitative
separation to illustrate the influence of environmental factors on the layers of plant com-
munities and their distribution patterns [39]. Indeed, natural communities are distributed
continuously and usually contain different plant communities at several succession stages
related to environmental factors.

4.1. Classification

According to Ward’s cluster analysis, the classified groups obtained from tree veg-
etation and understory vegetation data were associated with several factors, including
topographic, edaphic, and soil physical parameters. In general, the results of classification
and ordination, alongside the environmental variables, have improved the understanding
of the vegetation communities and their locations in the study area. In the current investi-
gation, the sequence of the natural vegetation of tree and understory communities could
be explained in terms of several environmental characteristics. The vegetation groups
found in the cluster analysis were almost dominated by a single species, and sometimes by
two species. Group I (a) was composed of 21 stands dominated by a single species, Pinus
wallichiana, showing a 100% average importance value, and was the largest group in this
study. This group had an average elevation of 1953.1 £ 70 m and the highest slope angle
(39.05 £ 1.4). A Pinus wallichiana pure community was reported by Ahmed, Tareen, and
Tareen [13] from different climatic zones of Himalayan forests in Pakistan. They described
a pure Pinus wallichiana stand at an approximately 2770 m elevation from Naltar-Gilgit and
a 3100 m elevation from Takht-e-Suleiman. Saima et al. [40] found that the Pinus wallichiana
community was associated with two species, Taxus wallichiana and Abies pindrow, in the
Ayubia National Park.

Ahmad et al. [41] reported that Pinus wallichiana was common in 22 forests in Pak-
istan at an elevation range from 1950 to 2700 m with a slope of 23° to 25°. Khan and
Hussain [34] and Wahab, Moinuddin, Nasrullah, and Sarangzai [20] examined the com-
munities of the same species in the Dir District and Chitral at approximately 1875 m and
2559 m elevations, respectively. Siddiqui, Ahmed, Shaukat, and Khan [17] reported five
different Pinus wallichiana-dominated stands in the moist temperate areas of the Himalayan
mountains range in Pakistan, and assumed that this species preferred to grow on relatively
medium elevations of 2368 m and low slope angles of 29°. Akbar [42] described Pinus
wallichiana tree forests at a 3169 m elevation with a low slope angle of 28°. Ilyas, Shin-
wari, and Qureshi [16] described Pinus wallichiana tree forests from temperate mountain
forests in Qalagi Hills Swat. Group I (b) was composed of Abies pindrow as a codominant
tree growing in three stands with an elevation of 2203.3 &+ 29 m and at an average slope.
Group I (c) contained four stands, with Abies pindrow and Quercus baloot growing communi-
ties, with an average elevation and slope angle. In all these subgroups, Pinus wallichiana was
the main species in these groups. Pinus wallichiana shows large ecological growing areas
in different climatic zones. Wahab et al. [43] found Pinus wallichiana and Cedrus deodara
species naturally growing close to the Afghanistan and Pakistan border. Group II contained
five stands occupied mainly by Abies pindrow and followed by Picea smithiana rec, with the
highest average elevation of 2691.2 £ 47 m with a 34 £ 7.4° slope angle. Ahmed, Tareen,
and Tareen [13] described Abies pindrow stands at a 3450 m elevation with a 45° slope angle
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in the Rama District Astore. Wahab, Moinuddin, Nasrullah, and Sarangzai [20] observed
Abies pindrow stands at a 2670 m elevation in the Dir District. Siddiqui, Ahmed, Shaukat,
and Khan [17] reported Abies pindrow in 21 communities in the moist temperate areas of
the region of Lalazar, Naran. They assumed that Abies pindrow preferred growing at high
elevations (2617 m) and at high slope angles (36°). The natural distribution of Abies pindrow
trees shows that this species can grow and form communities in different climatic regions.

Group III was described in five stands containing Cedrus deodara, Pinus wallichiana,
Picea smithiana, Abies pindrow, and broad-leaved species of Quercus baloot with an average
elevation and slope angle. Similar communities were described by Wahab, Ahmed, and
Khan [43], who reported Cedrus deodara and Pinus wallichiana communities at the Pakistan
and Afghanistan border. Ahmad, Abdul, and Akbar [41] found Cedrus deodara forests from
approximately 1650 m to 2770 m and at slope angles from 12° to 50°. Siddiqui, Ahmed,
Shaukat, and Khan [17] reported Cedrus deodara and Pinus wallichiana natural forests in the
moist temperate areas of Pakistan. Siddiqui, Ahmed, Shaukat, and Khan [17] studied the
Cedrus deodara communities growing naturally in the Gol National Park, Chitral District.
Siddiqui, Ahmed, Shaukat, and Khan [17] suggested that Cedrus deodara is the predominant
species in the forest of the moist temperate areas of the Himalayan mountains. Group IV
contained Pinus roxburghii pure stands, which was the smallest group in two different sites,
with a low average elevation of 1374.5 & 76.5 and a 35 & 5° slope, and represented the
dry condition of the area. Malik and Malik [44] reported that this species was common in
the Azad Jammu and Kashmir areas. Ahmed et al. (2006) and Siddiqui, Ahmed, Shaukat,
and Khan [17] observed Pinus roxburghii natural communities in the subtropical areas of
Hindukush and the Himalayan mountains of Pakistan. Wahab, Moinuddin, Nasrullah, and
Sarangzai [20] also reported the Pinus roxburghii natural community from the Dir District.

The understory vegetation cluster analysis revealed four significant groups. Diverse
shapes were described in the vegetation of these forests, but some of them were com-
mon. The dominant species of the understory vegetation in the current study were Asple-
nium ceterach, Fragaria orientalis, Cenchrus penusaliformis, Fragaria nubicola, Rubus fruticosus,
Digeteria sanguinalis, and Solanum nigrum. Group 1 was composed of two subgroups:
group I (a) and group I (b). This group was predominated by Digeteria sanguinalis, Ver-
bascum Thapsus, Fragaria nubicola, and Pinus wallichiana seedlings in group I (a), while
Polygonatum multiflorium was the main plant species associated with Fragaria nubicola, com-
monly growing in both subgroups. Group II was composed mainly of Tagatis minuta, with
a 55% average frequency, followed by the Phragmatis karka, with a 50% frequency. This
group was found at the highest mean elevation of 2645.75 m. Group III was the smallest
and contained Fragaria nubicola with a 45% average frequency. This group has a low mean
elevation of 1509.83 m and a low slope. Group IV contained mainly Anaphalis scopulosa,
with a 47.5% average frequency, a mean elevation of 1792.14 m, and the highest slope angle
of 40.71°. Environmental factors, including the edaphic and photographic variables of the
understory species, were common among the groups.

4.2. Ordination

Ordination techniques are commonly applied to study the relationship between the
vegetation pattern composition and the gradients of the underlying environment [45,46].
Ordination might be one of the easiest methods to determine species commonly growing in
areas and to associate them with other species. Furthermore, it describes how the species
composition is changed in these natural communities with fluctuations of the elevation
range. Two basic approaches were complementary to each other, which were classification
and ordination, and could be applied to the natural communities [35]. The PCA ordination
approach was used to investigate the compositional variations in the gradients of the
environment in the tree vegetation ecological data from other taxonomic studies [47-50].
McCune and Mefford [51] considered PCA to be an essential and effective approach for
the ordination and evaluation of the data of homogenous communities. This is mainly an
Eigen analysis, in which the sum of the Eigenvalues is primarily equal to the sum of the
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variance of all the variables in a data set. PCA provides reasonable and true indicators
of the relationship among vegetation species in natural communities. Nonmetric multi-
dimensional scaling (NMS) was used to study the different environmental variables that
correlate with the species composition of understory vegetation. The NMS is considered
a true nonparametric ordination approach to identify the best-reduced space portrayal
of environmental relationships. These methods are commonly used to identify possible
similarities in a data set, classify the information, and order them. Kenkel [1] considered
NMS a highly effective approach for evaluating data sets showing a low diversity.

The current investigations showed four separated groups of tree vegetation on or-
dination axes dominated by conifer species. These results might show acceptable corre-
spondence between the ordination and cluster analysis results of the tree and understory
vegetation studied. Group I was composed of three subgroups: Group I (a, b, and c). The
groups were composed mainly of Pinus wallichiana, and an association with other cospecies
was found on all three axes axis, 1-2, 1-3, and 2-3. These three subgroups were naturally
growing on the average mean elevations of 1953, 2203, and 2171, which may provide
sufficient evidence that this is the suitable elevation range and slope angle for them. Group
II showed a high mean elevation of 2691 m, which is suitable for growing Abies pindrow
and steep slopes. Group III, mainly composed of Cedrus deodara, was associated with Pinus
wallichiana, Picea smithiana, Abies pindrow, and an angiospermic species, Quercus baloot,
located on an average mean elevation (2188 m). Siddiqui, Ahmed, Shaukat, and Khan [17]
also recorded Cedrus deodara on a moderate slope on all exposures equally and suggested
that exposure is not a controlling factor for the existence of Cedrus deodara. Group IV was
the smallest group, composed of two monospecific stands with a very low mean elevation
of 1374 m. Similarly, four main groups of tree vegetation were derived for understory
vegetation based on the nonmetric multidimensional scaling (NMS) ordination technique.
These four groups were superimposed on two axes, plotted between axes 1 and 2, showing
a continuous pattern among these axes.

In the present study, environmental variables with PCA ordination showed that el-
evation is significantly (p < 0.05) associated with axis 1 and highly significant (p < 0.001)
with axis 3 of tree vegetation, and a highly significant (p < 0.001) correlation showed in the
understory vegetation with the NMS ordination. Siddiqui, Ahmed, Shaukat, and Khan [17]
also calculated a highly significant correlation on axis 1 with the DCA ordination of the
tree and axis 3 (in the understory vegetation). Khan [21] reported a significant correlation
on axis 1 with the DCA ordination of tree vegetation and axis 1 and 3 of the understory
vegetation from the Chitral District. Wahab, Moinuddin, Nasrullah, and Sarangzai [20]
reported a significant correlation of elevation in all three axes of tree vegetation and axis
1 of the understory vegetation from the Dir District when applying the NMS ordination.
Akbar [42] reported a significant correlation of elevation for the understory vegetation in
axis 1 with the DCA ordination. Their results agreed with these findings. Holdridge [52]
and Garcia [53] showed that elevation has a great extent of control in climatic conditions,
particularly in temperature and precipitation. They also observed that an increase in alti-
tude causes a decrease in temperature, water-holding capacity, soil fertility, and plant cover.
Ver Hoef et al. [54] revealed a correlation with vegetation on ordination axes and suggested
that the elevation and study area are the first two factors regulating the vegetation compo-
sition. In other environmental variables, the maximum water-holding capacity and soil
moisture showed significant correlation on axis 3 in the tree vegetation data; similarly, in
the soil texture, silt had a significant correlation in axes 1 and 2.

5. Conclusions

As a part of the moist temperate forests of Pakistan, the tree association groups
were similar to the other findings in Pakistan. On the other hand, there is a considerable
difference among the groups of the understory vegetation. Despite some disturbances,
the classification and ordination showed a similar association of the tree species, which
are the controlling agent of the environment of the Shangla forests. Moreover, in these
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natural mature forests, elevation and soil moisture play an essential role in determining
the association. These forests provide a better environment, carbon storage, biodiversity,
and other resources to the local population. These forests should be maintained and used
sustainably. In the future, seedling growth, regeneration patterns, and health status should
be carried out to protect and manage these forests.
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Abstract: The genus Dalbergia has a pantropical distribution and comprises approximately 250 species.
Previous phylogenetic studies on the genus revealed that Dalbergia is monophyletic and is sister to
Machaerium and Aeschynomene sect. Ochopodium. However, due to limited samples or DNA regions in
these studies, relationships among the major clades are still unresolved, and divergence dates and
biogeographical history of the genus have not been addressed. In this study, phylogenetic analyses of
Dalbergia were conducted using broad taxon sampling and a combined dataset of two plastid DNA
markers (matK and rbcL) and one nuclear marker (ITS). We evaluated the infrageneric classification
of the genus based on the reconstructed tree, and investigated biogeographical history of this genus
through molecular dating and ancestral area reconstruction analyses. The monophyly of Dalbergia
was strongly supported and the genus was resolved into five major clades with high support, several
of which correspond to the previous recognized sections. We inferred that Dalbergia originated in
South America during the Early Miocene (c. 22.9 Ma) and achieved its current pantropical distribution
through multiple recent transoceanic long-distance dispersals (LDD). We highlighted the important
historical events which may explain the pantropical distribution pattern of Dalbergia.

Keywords: Dalbergia; Early Miocene; ITS; long-distance dispersal; matK; monophyletic; rbcL

1. Introduction

The pantropical genus Dalbergia L.f. includes c. 250 species with centers of diversity
in Central and South America, Africa, Madagascar, and Asia [1]. Dalbergia species grow
in diverse habitats including tropical rain forests, dry forests, savannas, costal dunes,
and rocky outcrops [2-4]. The Dalbergia species display a high diversity of life forms,
including trees, shrubs, and woody lianas. The genus is economically important for its
high-quality timber known as rosewood (e.g., Brazilian species D. nigra (Vell.) Allemao
ex Benth., Chinese species D. odorifera T.C.Chen, Madagasar species D. baronii Baker, and
Thailand species D. cochinchinensis Pierre), and blackwood (e.g., D. melanoxylon Guill. &
Perr.), which are used for construction works, fine furniture and musical instruments [5].
Many Dalbergia species have also been used in traditional medicine and phytochemical
studies [6]. Overexploitation, illegal logging, and habitat fragmentation have severely
decreased the population sizes of many Dalbergia species.

Studies on the intrageneric classification of Dalbergia are limited. Only Bentham
(1860) [7] carried out large-scale taxonomic study of the genus, and divided the 64 Dalbergia
species known at that time into six series. Later, this work was followed by subsequent
regional monographs based exclusively on morphological characteristics. In the Neotropics,
the Brazilian species of Dalbergia were studied by Carvalho (1997) [2]. He divided the
41 Brazilian Dalbergia species into five sections based on inflorescence and fruit types.
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Prain (1904) [8] classified the 86 South East Asian Dalbergia species into two subgenera,
five sections and 24 series. Thothathri (1987) [9] categorized the 46 Dalbergia species present
in the Indian subcontinent into four sections and seven series, based on androecium and
fruit types.

Only a few molecular phylogenetic studies have been carried out to address the
phylogenetic position of Dalbergia and its intrageneric relationships. Phylogenetic analysis
of the tribe Dalbergieae, based on molecular and morphological data, placed Dalbergia
within the Dalbergioid clade [10]. Using plastid trnL and matK, and nuclear ribosomal
ITS sequences data, Dalbergia were observed to be monophyletic and sister to a clade
comprising the genus Machaerium Pers. and Aeschynomene sect. Ochopodium [11,12]. The
above-mentioned studies have highlighted the relationships between Dalbergia and its
relatives and included a limited sampling of Dalbergia species, leaving the interspecific
relationships within the genus largely unknown. The first comprehensive phylogenetic
study of the genus Dalbergia was conducted by Vatanparast et al. (2013) [13] using ITS
sequences and 64 species representing most of the recognized sections: i.e., sects. Dalbergia
L.f., Triptolemea (Mart. ex Benth.) Benth, Selenolobium Benth, Ecastaphyllum (P. Browne)
Ducke (Carvalho 1997), and Dalbergaria Prain. Their study confirmed the monophyly of
a clade comprising Dalbergia, Machaerium and Aeschynomene sect. Ochopodium, but the
relationships among them were unresolved. In addition, Dalbergia was resolved into five
major clades, but many relationships among them and among species were poorly resolved.
The previously recognized sects. Triptolemea, Ecastaphyllum and Dalbergaria were shown
to be monophyletic, whereas sects. Dalbergia and Selenolobium were non-monophyletic.
Therefore, more samples and molecular markers are needed to resolve the phylogenetic
relationships among Dalbergia.

To date, there has been no formal biogeographical study of Dalbergia based on its
phylogenetic scheme. Vatanparast et al. (2013) [13] hypothesized that Dalbergia originated
in the New World and suggested that multiple migrations through LDD across oceans
might account for its pantropical distribution. However, they did not conduct formal
molecular dating or biogeographical analyses, so the origin date, original center, and the
evolutionary history leading to the current disjunct distribution pattern of Dalbergia are still
largely unknown. Therefore, formal dating and biogeological analyses should be conducted
to infer the origin and account for the disjunct distribution pattern of the genus.

In this study, we used two plastid markers (matK and rbcL) and one nuclear marker
(ITS) representing 93 species of Dalbergia across its major lineages and entire geographical
range, to reconstruct the phylogenetic relationships, estimate divergence times using
multiple fossil calibrations and explore the original center and subsequent dispersal history
of the genus Dalbergia.

2. Materials and Methods
2.1. Taxon Sampling and Sequence Alignment

Sequences of two chloroplast markers (matK and rbcL) and one nuclear marker (ITS)
representing 93 Dalbergia species and six outgroup species were downloaded from GenBank.
Our samples represent the major clades and cover the entire geographic range distribution
of Dalbergia. The outgroups include four species from the genus Aeschynomene L., one from
Machaerium Pers., and one from Pterocarpus Jacq. If there was more than one sequence for
the same marker of the species, we kept the longest. Details of samples used in this study
are given in Table S1.

The matK, rbcL and ITS loci were individually aligned using MAFFT v.7.4.0 [14] as
implemented in Geneious v.8.1.9 [15] under default parameters. Alignments of the three
loci were further individually inspected and manually adjusted in Geneious.

2.2. Phylogenetic Reconstruction of Dalbergia

In order to evaluate the conflicts among datasets, Incongruence Length Difference (ILD)
testing [16] was performed in PAUP * v.4.0b.10 [17] between plastid (rbcL and matK) and
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nuclear regions (ITS), using a heuristic search with 1000 replicates, random taxa-addition,
tree bisection and reconnection (TBR) branch-swapping saving 15 trees per replicate.

Prior to conducting the phylogenetic analyses, nucleotide substitution models were
selected for each DNA region using the Akaike Information Criterion (AIC) implemented
in jModelTest v.2.1.6 [18] (Table S2).

Phylogenetic analyses of the concatenated dataset were performed using Maximum
Likelihood (ML) and Bayesian inference (BI). The ML analysis was performed using the IQ-
Tree Web server [19]. We specified the best-fit model (GTR + I + G) selected by jModelTest
and used the ultrafast bootstrap algorithm (UFBoot2) with 1000 replicates to assess branch
support (-bb 1000), combined with a search of the best-scoring ML tree under default
parameters. Bl analyses were conducted using MrBayes v.3.2.6 [20]. We linked and specified
GTR + I + G as the best-fit model according to the optimal scheme selected by jModelTest.
Two independent Bayesian runs with four chains of Markov Chain Monte Carlo (MCMC)
were run for 25 million generations, sampling every 10,000 generations. Chain convergence
was checked in Tracer v.1.6 [21] by examining log likelihood plots and ensuring that
Effective Sample Size (ESS) values were well above 200. After discarding 25% of the
trees as burn-in, a majority rule consensus tree was constructed using TreeAnnotator
v.2.3.2 [22]. Outputs of all phylogenetic analysis were read using FigTree v.1.4.2 [23] and
nodes with ultrafast bootstrap (BS) > 95% [24] and posterior probability (PP) > 0.90 [20]
were considered well supported. We also conducted phylogenetic analyses of ML and BI
for each DNA region using the best-fit model selected by jModelTest (Table S2). Other
parameters were set similarly.

2.3. Divergence Time Estimation

Divergence time estimations were generated on the Bl tree of the concatenated dataset
using BEAST v.1.8.4 [22], which was modeled under a Yule process using a random starting
tree and an uncorrelated relaxed clock. Within BEAST, a Birth-Death model was employed
for tree priors, the GTR + G + I evolution model with four gamma categories was applied
based on AIC results from jModelTest, and other parameters were set as default values.
Four calibration points were used, with the root node calibrated at the maximum age
of 96.33 Ma (Legumes stem) based on the meta-calibration study of flowering plants by
Magallon et al. (2015) [25], as shown in Table 1. The prior distributions of the root node
and the other calibration points were set as log normal with a standard deviation of 1.0.

Table 1. Fossils used as calibration points to generate a time-calibrated phylogenetic tree of Dal-
bergia. All ages in millions of years (Ma) and set to a minimum, except for Label A which was set
to a maximum.

Label

Node Constrained
(MRCA)

Species Morphology Age References

Tipuana stem

Polygala

Legume stem californica—Cercis 96.33 Magallon et al. (2015)

occidentalis
Styphnolobium

Styphnolobium stem japonicum—Pickeringia Leaf and fruit 40 Lavin et al. (2005)

montana

Tipuana
tipu—Pterocarpus indicus

Dalbergia

Fruit 10 Lavin et al. (2005)

Dalbergia stem hupeana—Machaerium Leaf 40 Lavin et al. (2005)

lunatum

The BEAST file was generated in BEAUti v.1.8.4 [22]. Then, we conducted two runs of
four Markov chains for 40 million generations with sampling every 1000 generations. The
output files were examined in Tracer to evaluate convergence of the runs and the ESS (>200)
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for all parameters. The runs were combined using LogCombiner v.1.8.2 [22]. Following the
removal of the first 20% samples as burn-in, the sampled posterior trees were summarized
using TreeAnnotator v.1.8.4 [22] to generate a maximum clade credibility (MCC) tree and
calculate the mean ages, 95% highest posterior density intervals (95% HPD), and PP. The
chronogram was visualized and annotated using FigTree.

2.4. Ancestral Area Estimations

Ancestral area estimations were conducted with the maximum likelihood framework
using the package BioGeoBEARS v.1.1.2 [26] in RASP v.4.2 [27]. The analysis was carried
out on the chronogram tree from the BEAST analysis without the outgroups. Three models
were tested, including Dispersal-Extinction—Cladogenesis (DEC; [28]), Dispersal Vicariance
Analysis like (DIVALIKE; [29]), and Bayesian Analysis like (BAYAREALIKE; [30]). Given
the ongoing debate around the use of founder-event speciation + j, we did not implement
this parameter in our reconstructions [31]. Using the model selection function, the best-fit
model was selected by comparing the AIC criterion among all models (Table S3). The
maximum areas parameter was set according to the maximum number of areas occupied
by any extant species in the dataset. Consequently, a maximum of three areas was chosen.

Five biogeographic areas were defined, based on the respective distribution of the
species: A—Australasia; B—Africa; C—Madagascar; D—Central America (including
Florida and Caribbean); E—South America. We compiled the information about species
distribution from the literature [2,32-35], herbarium specimens and online databases
(www.gbif.org, accessed on 2 May 2021; www.plantsoftheworldonline.org, accessed on
3 March 2021).

3. Results
3.1. Phylogenetic Analyses

The ILD test showed no significant incongruence between nuclear and plastid datasets
(p = 0.37). Alignment length, numbers of variable sites, and parsimony informative sites
for each marker and the concatenated dataset are provided in Table 2.

Table 2. Features of the DNA data sets used in this study (bp = base pairs).

. Alignment . . Number of Potentially
DNA Region Length (bp) Number of Variable Sites Informative Sites
rbcL 695 17 (2.44%) 24 (3.45%)
matK 1070 74 (6.91%) 119 (11.12%)
ITS 1041 105 (10.08%) 338 (32.46%)
Concatenated dataset 2806 196 (6.98%) 481 (17.14%)

Topology of the BI tree was largely congruent with the ML tree described
(Figures 1 and S1). Thus, we mapped support values of the Bl tree onto the ML tree
(Figure 1). The genus Dalbergia was strongly supported as monophyletic (BS = 100,
PP = 1.00) and five major clades were recovered, labelled as clades I-V (Figure 1). All
clades were strongly supported by all our analyses, except clade IV which was moderately
supported in the ML analysis with BS = 89 (Figure 1). Clade I comprising two South Amer-
ican species (D. miscolobium Benth. and D. spruceana Benth.) was resolved as sister to all
other Dalbergia species with strong support (BS = 98, PP = 1.00). Clade II comprising eight
South American species was resolved as the second divergent clade with strong support
(BS =99, PP =1.00). Clades I and II include species from sects. Dalbergia and Selenolobium,
and all species of these two clades are mainly from the Neotropical regions. Clade III
includes three well-supported subclades (Ill-a, III-b and IIl-c). Subclade IllI-a, compris-
ing three Afro-American species (seven accessions) with the African D. adamii Berhaut
being sister to the Neotropical sect. Ecastaphyllum, was resolved as sister to a clade
comprising subclade III-b and subclade III-c. All species in subclades III-b and III-c
are from the Australasian region (Figure 1). Clade IV is composed of two highly sup-
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ported subclades (IV-a and IV-b). Within subclade IV-a, an African-Malagasy clade (M1)
was recovered as sister to an entire Australasian clade. Within the subclade IV-b, an
African-Malagasy clade (M2) was supported as sister to sect. Dalbergaria from the Aus-
tralasian region. Similarly, Clade V was strongly supported (BS = 98, PP = 1.00) and
split into four subclades (V-a, V-b, V-c, and V-d). Within subclade V-a, D. nigra (Vell.)
Allemao ex Benth. from South America were resolved as sister to a clade comprising
two species from Australasia (D. sandakanensis Surnamo & H.Ohashi and D. bintuluensis
Surnamo & H.Ohashi) and two from Africa (D. armata EMey. and D. hostilis Benth.).
Subclade V-b comprised two species from Australasia and two from Africa, and was
supported as sister to the remaining species in Clade V with low support (BS = 67,
PP = 0.57). All species in Subclade V-c are from Australasia, but monophyly of Sub-
clade V-c was weakly supported. Finally, within subclade V-d, D. bracteolata Baker from
Africa and Madagascar was supported as sister to the remaining species of this subclade,
only in the ML tree (BS = 95). In addition, subclade V-d includes the monophyletic sect.
Triptolemea from South America, the African-Malagasy clade (M3) and some dispersive
lineages from Central America, Africa and Australasia.

3.2. Divergence Times and Biogeographical Analyses

The stem age of Dalbergia was inferred to be c. 40.7 Ma (95% HPD: 41.2-40.2 Ma)
and the crown age to be c. 22.9 Ma (95% HPD: 25.9-19.9 Ma; nodes 1 and 2 respectively,
Figure 2). Diversification of the main clades occurred from the Early to Late Miocene (nodes
3,4,5,7 and 9, Figure 2)—i.e., from c. 19.0 Ma (95% HPD: 21.7-16.3 Ma) to c. 6.7 Ma (95%
HPD: 9.5-4.5 Ma). Clades I and II (species from sects Dalbergia and Selenolobium) diverged
during the Late Miocene c. 6.7 Ma (95% HPD: 9.5-4.5 Ma; node 3, Figure 2) and the Middle
Miocene c. 15.9 Ma (95% HPD: 19.4-12.6 Ma; node 4; Figure 2), respectively. The divergence
of sect. Ecastaphyllum was dated in the Pleistocene around 2.2 Ma (95% HPD: 3.4-1.2 Ma;
node 6, Figure 2). Sect. Dalbergaria diverged in the Middle Miocene around 14.2 Ma (95%
HPD: 16.6-12.1 Ma; node 8, Figure 2) and sect. Triptolemea was dated to the Pliocene c.
3.3 Ma (95% HPD: 4.7-2.1 Ma; node 10, Figure 2).

Ancestral range estimation recovered the DEC model as the best-fit model
(InL = —150.4 and AICwt = 1; Table S3). This result showed that long distance disper-
sal may have played an important role in the biogeographical history of Dalbergia, as
shown by the values obtained for the two parameters of the analysis (d = 0.0063 and
e =0.0028, Table S3).

The ancestral area reconstruction showed that South America was the ancestral area
of Dalbergia (node 1, Figure 3; Table 3) with high probability (p = 100%). Subsequently, it
expanded into other regions through dispersal (Figures 3 and 4). South America was also
inferred as the ancestral range for both Clades I and II (node 2 and 3, Figure 3; Table 3)
with p = 100% for the two nodes. The DEC model inferred an Australasia-South America
origin for Clade III (node 4, Figure 3; Table 3). Clades IV and V were estimated to be
from Australasia (nodes 9 and 13, Figure 3; Table 3) with moderate probability p = 75%
and p = 63%, respectively.
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Table 3. Results of divergence time and ancestral area estimation for some major nodes in Dalbergia.
The 95% highest posterior density (HPD) values of the divergence time estimations are provided
in square brackets. The estimated ancestral areas of each node as inferred by BioGeoBEARS using
the DEC model are shown, with rounded probabilities given as percentages. When only one area
is shown, the probability is 100%. Areas are abbreviated as follows: A—Australasia; B—Africa;
C—Madagascar; D—Central America (including Florida and the Caribbean); E—South America.
Node numbers refer to Figure 3.

Estimated Divergence Time in

Node Ma with [95% HPD] Estimated Ancestral Area (DEC)
1 22.9[25.9-19.9] E
2 6.7 [9.5-4.5] E
3 15.9 [19.4-12.6] E
4 15.2 [18.1-12.5] AE
5 3.41[5.1-2.0] B
6 2.2[3.4-1.2] E 78; DE 22
7 0.9 [1.7-0.3] E68; DE 21; D 11
8 21.1 [24.0-18.5] A77,AE12; AB11
9 18.9 [21.7-16.3] A75; AB 25
10 11.5[14.6-8.6] BC 55, AC20;,C17;B8
11 16.3 [19.2-13.8] AB79; A 21.62
12 1.0[2.1-0.3] BC
13 18.9 [21.6-16.3] A 63; AB20; AE 17
14 17.3[20.3-14.4] A 52; AE26;B11; AB11
15 14.1[17.3-10.9] AB76;, A24
16 1.0 [1.7-0.4] BC
17 10.7 [13.6-8.0] B75 AB 25
18 11.7 [13.8-9.0] E 72, DE 15; BE 14
19 10.0[12.3-7.7] DE 74; E 26
20 5.6 [7.3-4] C
21 7.5[9.4-5.9] A 84; AB 16

Number of dispersal events
————————— > 1
—_— 2

—_— 34

Figure 4. Major dispersal/migration routes suggested by DEC analyses of Dalbergia. Arrows indicate
the dispersal direction; line thickness is proportional to the number of events. Labels A, B, C, D and E
represent Australasia, Africa, Madagascar, Central America (including Florida and the Caribbean)
and South America, respectively.
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4. Discussion
4.1. Phylogenetic Relationships and Taxonomic Implications

Our study confirmed the monophyly of Dalbergia and resolved the genus to be sister
to a clade comprising Aeschynomene sect. Ochopodium and Machaerium, as suggested in
previous studies which focused on the relationships between Dalbergia and relatives [11,12].
Our analysis resolved the genera into five major clades, which is largely congruent with
previously published phylogeny using nuclear DNA region ITS of 64 Dalbergia species [13].
However, our results strongly supported each clade and their relationships, except for
clade 1V in the ML tree (BS = 89, Figure 1), whereas these supports were weak in previous
studies [13]. In addition, resolution and support for the vast majority of the nodes in our
study have been improved compared to previous studies, e.g., Vatanparast et al. (2013) [13]
and Ribeiro et al. (2007) [12]. This is attributed to our increased selection of samples and
markers compared to previous studies, which were based on limited samples [11,12] or
only one marker [13].

Within the five previously defined sections, four are from the Neotropics and only
one from Australasia. Among those of the Neotropics, sect. Ecastaphyllum character-
ized by racemose or paniculate inflorescences and orbicular to suborbicular or reniform
fruits, and sect. Triptolemea with cymose inflorescences and thin samaroid pods, were
seen in our analyses to be monophyletic, as previously suggested in studies using both
morphological and molecular data [12,13,36]. However, sect. Dalbergia, characterized
by paniculate inflorescences and samaroid pods, and sect. Selonolobium, with racemose
or paniculate inflorescences and crescent or kidney-shaped fruits, are non-monophyletic.
Species of these two sections resolved into two diverged clades (Clade I and Clade II;
Figures 1 and S1), each clade comprising species from each of these two sections. One
exception is D. nigra from sect. Dalbergia, which has distinct phylogenetic position in Clade
V according to our analyses. This species also has very distinct traits including a calyx
with a glabrous tube and pilose teeth, obovate standard petals, and dark brown glossy
fruits lacking prominent venation, as reported by Carvalho (1989) [36]. Among the species
from Australasia, our results strongly supported sect. Dalbergaria to be monophyletic,
whereas this support value was low in a previous study [13]. This section has Southeast
Asian distribution and is characterized by reflexed standard petals and stamens that are
usually in two bundles of five. In our study, many species were not included within
any of the five above-mentioned sections. Thus, a through revision of the intrageneric
Dalbergia classification integrating morphological traits and denser sampling phylogeny is
urgently needed.

4.2. Origin and Biogeographical Diversification of Dalbergia

South America was inferred in our study to be the origin center of Dalbergia (Figure 3;
Table 3), which is slightly different from the hypothesis proposed by Vatanparast et al.
(2013) [13], who suggested a Neotropical (Central and South America) origin for this genus.
This is probably due to differences in sampling and the definition of biogeographic regions.
Despite these differences, South America was identified as an important region for the
origin of Dalbergia. Our estimated stem age of Dalbergia (c. 40.7 Ma) is largely consistent
with the c. 40.4—43.0 Ma estimated by Lavin et al. (2005) [37] which was based on the
whole legumes family. However, our estimated crown age (c. 22.9 Ma; Early Miocene; see
node 2, Figure 2) for Dalbergia is much older than c¢. 14.7 Ma (Middle Miocene) inferred by
Hung et al. (2020) [38], who only sampled six representative species from the most basal
Clade I and other clades of Dalbergia. Additionally, the use of different fossil calibrations
probably contributed to the difference in the estimation of crown age between the two
studies. Multiple fossil species have been reported; Dalbergia phleboptera is the earliest
detected Dalbergia fossil species dated to 23.0-27.8 Ma (Late Oligocene) from France [39],
then 15.97-23.03 Ma (Early Miocene) fossil species D. nostratum from Slovakia [40], and the
later Miocene fossil (5.33-11.61 Ma) from China [41]. However, these fossils could not be
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confidently placed within the genus because of their limited morphological traits, thus they
were not used time dating in our study.

Vicariance has been widely applied to explain the intercontinental distributions of
biological taxa across broad oceans [42], but a series of molecular phylogenetic and bio-
geographical studies suggested that LDD should account for most of these disjunctions,
mainly because the estimated divergence times are much younger than the continental
breakup times inferred from geological data [43]. Thus, the finding that Dalbergia arose
during the Early Miocene allows us to dismiss the hypotheses based on vicariance, and to
take into account LDD as the most possible explanation for the pantropical pattern disjunct
distribution of this genus. In addition, some previous legumes studies showed that LDD
played an important role in the biogeography of several legume taxa, including Apios [44],
Canavalia [45], Zornia [46], the tribe Fabeae [47] and legumes in general [48,49].

Our analysis suggested at least seven migrations between the Neotropics (South
America) and the Paleotropics. Four of these were inferred to be from the Neotropics to the
Paleotropics and took place during the Early Miocene to the Pleistocene (c. 21.6-0.9 Ma;
nodes 4, 5, 7 and 8§, Figures 3 and 4; Table 3), while three migrations from the Paleotropics
to the Neotropics were inferred and were dated from the Early Miocene to the Pleistocene
(c. 17.3-2.2 Ma; nodes 6, 14 and 18, Figure 3; Table 3). The estimated ages of these migrations
are too young to support any hypothesis involving continental drift and early Tertiary biotic
interchange. This suggests that the most probable scenario which to explain these tropical
disjunctions involved transoceanic LDD by ocean currents. Generally, Dalbergia species
present samaroid pods and buoyant seeds which are adapted to water dispersal [2,50].

Among the Neotropics, at least two dispersal events between South America and
Central America have been inferred. One migration from South America to Central America
was dated in the late Miocene at c. 10.0 Ma (nodes 19, Figures 3 and 4; Table 3). Although the
emergence time of the Isthmus of Panama remains contentious, the authors assumed that
the latest date for closure of this landmass which connects South and Central America was
around 3.5 Ma [51-53]. Therefore, this first migration was probably through transoceanic
LDD via ocean currents, birds, or wind. This is consistent with a wave of plant dispersal
between South and Central America predating the closure of the Isthmus [51,54]. In
addition, several examples of putatively pre-Isthmus dispersal from South America to
Central and North America have been documented [55-58]. The second migration took
place in the Early Pleistocene at c¢. 2.2 Ma (nodes 6 and 7, Figure 3; Table 3), after the
closure of the Isthmus of Panama, and led to the distribution of sect. Ecastaphyllum across
South and Central America. Thus, this dispersion probably followed the Isthmus which
established an important route of migration between South, Central and North America,
giving rise to the Great American Biotic Interchange [43,59].

At least two dispersal events from Africa to Australasia and four reverse dispersals
from Australasia to Africa in the Early to Late Miocene were inferred in our analyses (nodes
9,11, 13,14, 15 and 21, Figures 3 and 4; Table 3). Boreotropical migration [60], rafting of the
Indian subcontinent [61], transoceanic dispersal [62,63], or Miocene overland migration
across the Arabian Peninsula [64-66] have all been invoked to explain intercontinental
dispersal between Africa and Australasia. The young age of the migrations between Africa
and Australasia in our analyses favors Miocene overland migration or transoceanic LDD.
During the Early to the Middle Miocene, a land connection was formed between Africa and
Southwest Asia which corresponded with a global warming phase that peaked from 17 to
15 Ma [67-69]. This probably played an important role in these migrations, and several stud-
ies have shown similar patterns of dispersal [43,66,70]. However, many Dalbergia species
are adapted to water dispersal [2] and have winged fruits [71]. Therefore, transoceanic
LDD between Africa and Australasia cannot be ruled out.

The Malagasy Dalbergia were resolved in three clades (M1, M2 and M3), nested with
other species from Africa (Figures 1 and 3). This occurrence in three distinct clades and
the inference of an African species as sister to each Malagasy clade suggests at least
three independent migrations from Africa to Madagascar during the Late Miocene to the
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Pleistocene (c. 11.5-1.0 Ma; nodes 10, 12 and 20, Figures 3 and 4; Table 3). Given these dates,
it is evident that these splits occurred after Madagascar separated from Africa [72]. Thus,
both migrations from continental Africa to Madagascar were probably achieved through
LDD across the Mozambique channel, which supports the predominant biogeographical
pattern found by Yoder and Nowak (2006) [73]. In addition, LDD from continental Africa
to Madagascar has been suggested for many taxa of animals and plants [63,74-77].

5. Conclusions

Although our study corroborates previous findings (e.g., the monophyly of Dalbergia
and the presence of five major clades), it sheds new light on the relationships among
the major clades of the genus. These were resolved in our phylogenetic analyses with
strong support, and an increase of support for the vast majority of the nodes (around
85% of the nodes). In addition, we have provided the first detailed divergence times
and biogeographical history study of the genus. We inferred a Middle Eocene and Early
Miocene origin for the stem and crown of Dalbergia, respectively. The genus originated
in South America and achieved its present-day pantropical distribution largely through
recent transoceanic long-distance dispersal. However, taxon sampling included in this
study included 39% of the total species diversity of the genus. Therefore, we recommend
future studies to harness more loci and increased taxonomic sampling for deeper resolution
of the phylogeny of the genus Dalbergia.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12071612/s1, Figure S1: Bayesian 50% consensus tree
of Dalbergia resulting from the combined nuclear (ITS) and plastid (matK and rbcL) datasets. Bayesian
posterior probability (only values >0.50) are presented above the branches; Table S1: Species list,
voucher information and GenBank data accession number of the taxa used for the analysis; Table S2:
Nucleotide substitution models selected using jModelTest under the Aikake Information Criterion
(AIC) for each DNA region; Table S3: Likelihood (LnL) and Akaike Information Criterion (AIC) scores
from each of the models tested in BioGeoBEARS implemented in RASP v.4.2 for the ancestral area
estimations analyses. The best model is highlighted in bold.
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Abstract: Mimosoideae is one of the taxonomically complex subfamilies of Fabaceae. Several studies
have reported the pollen morphology of Mimosoideae taxa and their taxonomic relevance, but no
such study was found specifically for Hainan Island in southern China. Therefore, the present study
was designed to investigate the selected Mimosoideae taxa and explore the new palynological traits
to support and strengthen the systematics of Mimosoideae using multiple microscopic techniques.
The polar axis, equatorial diameter of the pollen grains, colpus length and width were measured. The
smallest pollen grain size was found in Mimosa pudica (7.8 x 7.75 um), while the largest pollen size
was found in Albizia lebback (87.54 x 77.97 pum). Similarly, significant variation was found in the exine
and colpus surface patterns. The subfamily Mimosoideae is considered eurypalynous because of the
variation in pollen traits. In addition, variation was also found in the quantitative traits. Compara-
tively, the pollen features were found to be helpful at the genus and species levels, as well as in the
correct identification and discrimination of the taxa. Hence, this study gives a detailed account of the
pollen morphologies of certain selected taxa of Mimosoideae collected from different geographical
regions on Hainan Island. The pollen morphological traits were proven to have significant taxonomic
potential and can be used as additional tools for the correct identification and discrimination of
Mimosoideae taxa. These results will provide the basis for further systematic studies.

Keywords: Mimosoideae taxa; pollen morphology; taxonomic relevance; light microscopy; scanning
electron microscopy

1. Introduction

Fabaceae is one of the most diverse families, being found in most ecosystems around
the globe. It has been divided into three subfamilies—Papilionoideae, Caesalpinioideae
and Mimosoideae [1]. In terms of modern Fabaceae classifications, the Legume Phylogeny
Working Group (LPWG 2017) [2] recognized six subfamilies, whereby the traditional sub-
family Mimosoideae was presented as a clade nested in the Caesalpinioideae family with
a new level of discrimination. Hence, our study is based on the classifications made by
Lewis et al. [1]. Furthermore, the recent classifications, which only propose changes at
the subfamily level and have not yet solved the taxonomic problem of the tribes in the
Mimosoid clad, do not affect the interpretation of our results. Mimosoideae is a subfamily
of Fabaceae, although is sometimes treated as a separate family [3]. Fabaceae contains about
18,000 species belonging to 697 genera [4]. Fabaceae is the second largest family among the
angiosperms after Asteraceae [5] and contains three subfamilies, i.e., Mimosoideae, Papil-
ionoideae and Caesalpinioideae [6]. Mimosoideae comprises 3100 species and 58 genera
around the world [7]. About 79 genera are distributed worldwide, including in tropical,
subtropical, arid and semiarid regions, as well as in rocky soil [8]. The species has numer-
ous filaments and stamens and a freely downwards-extending base [9]. The group was
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given the rank of a family by Hutchinson [10], which is rarely used by taxonomists. The
Mimosoideae family is broadly dispersed due to its high reproductive rates, making the
plants accomplish in producing a lot of viable seeds [11].

The Mimosoideae taxa are used for multiple purposes. For example, in the dry season,
they can be widely used as animal foods when there are no pastures, and some taxa are
used by local communities for medicinal purposes, firewood and fencing stacks [12]. Before
European colonization, the root and bark of Mimosa species are used by the indigenous
peoples of Northern Brazil to prepare a hallucinogenic drink [13]. The legumes are used as
crops, forages and green manures. These Leguminoceae plants are also used to synthesize a
large range of natural products, including dyes, flavorings and poisons [14]. The medicinal
uses of the Fabaceae family in Bangladesh have been studied previously [15]. The useful-
ness of edible and medicinally important Fabaceae taxa was reported in Argentina [16].
This family is of great importance in urban and indigenous communities all over the world.
Acacia mangium and A. auriculiformis are multipurpose species and are widely used for
fuelwood, timber, tanning, ornamental horticulture and agroforestry [17,18]. Similarly,
Mimosa pudica is used to treat various ailments, i.e., inflammation, vaginal and uterine
complaints, asthma and fatigue [19,20]. Albizia lebbeck has been used to treat diarrhea,
anxiety, allergies, skin diseases and asthma [21].

Light and scanning electron microscopy plays a crucial role in the determination of
the fine details of plant materials. For example, the pollen traits are important in the
classification of various plants groups, and taxonomists mostly depend on these traits to
define species boundaries for various taxonomic ranks [22-33]. This microscopy has a
wide range of applications in other fields of diverse biological sciences [34,35]. The pollen
morphological features are significant in the evolutionary and phylogenetic studies of
various plants groups [36].

The investigation of Mimosoid pollen primarily focuses on the characteristics observed
via light microscopy [37,38]. There have been no taxonomic micro-morphological studies
of Mimosoid pollen, although the limited available literature suggests that exine patterns
may have more systematic potential than those of the pollen units or apertures [39]. Most of
the Mimosaceae taxa are taxonomically complex because of the close macro-morphological
features [40]. Hence, palynological studies may help to solve the taxonomic problems, correctly
identify species and defining species boundaries at various taxonomic levels. Palynological
studies of the Mimosaceae taxa have been sporadically conducted in different geographical
regions around the world [37,41] Some peculiar pollen characteristics, as well as variations
in the pollen traits, have long been known. For example, El Ghazali et al. [42] described the
intraspecific variation in pollen morphology and identified various pollen types in Mimosa
taxa. Similarly, geographical variations in pollen morphology of the Mimosaceae taxa have
been studied previously in Sudan [43], with reports that exine sculpturing is almost constant.
Pollen diversity and its relevance in the systematics of the Mimosaceae taxa of Pakistan have
been analyzed to solve taxonomic problems [41,42,44,45]. Variations in the pollen morphology
of Leucaena and closely related species were illustrated and described by Hughes [46].
Caccavari and Dome [9] analyzed the pollen morphologies of 77 American Acacia taxa and
suggested that pollen features can be used as distinguishing factors in the generic limitation
process. Hughes [46] analyzed variations in pollen morphology of the Leucaena species,
which helped show relationships and define generic boundaries within Mimosoideae taxa.
The pollen morphologies of 21 Calliandra taxa were investigated by De Assis-Ribeiro dos
Santos and De Oliveira-Romao [47], who concluded that some of the polyad characters
were useful in corroborating previous infrageneric classifications of the genus. In China, a
study performed on the pollen morphologies of Mimosoideae taxa and varieties using a
scanning electron microscope, which highlighted the similarities among the genera, mainly
in terms of the exine, aperture and size [48]. The pollen traits, such as the size and shape of
the polyads, exine pattern and presence of apertures, may also be of taxonomic relevance
and could be explored further [49]. However, no pollen morphological studies specifically
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on Hainan Island have been documented yet. Hence, to fill this gap, further palynological
studies are needed.

It is hoped that this palynological study will not only add to the systematic informa-
tion about certain selected Mimosaceae taxa, but will also provide the basis for further
phylogenetic studies. The present study aims (1) to provide descriptions of the pollen types
of selected taxa of Mimosoideae and outline their taxonomic relevance and (2) to strengthen
and support the taxonomy of Mimosoideae and define species boundaries using both light
microscopy and scanning electron microscopy.

2. Material and Methods
2.1. Collection and Identification

For the collection of Mimosoideae taxa, various field trips were arranged in the year
2021 to various geographical regions on Hainan Island (Table 1). The island is characterized
by a tropical monsoon climate with a wet season ranging from May to October and a dry
season ranging from November to April. The annual average precipitation ranges from
2350 to 2651 mm [50-52]. The species were collected and identified with the help of the
available literature Flora of China efloras.org World Flora Online.

Table 1. List of Mimosoideae taxa collected from different geographical regions on Hainan Island.

Species Locality Altitude Sea Level

Acacia auriculiformis A.Cunn. ex Sanya N: 18.26415 119 m
Benth. E: 109. 52084
I~ Wil NSO s
Acacia mangium Willd. Sanya, Chang Jiang I\II::: 11%53291%5 33 m
Albizia julibrissin Durazz. Wanning gliggiigg 118 m
Albizia lebbeck (L.) Haikou ENl 1282165637% 3m
Calliandra haematocephala Hassk. Sanya IIE\T 1%)%2562%182 119 m
Entada phaseoloides (Linn.) Merr. Wannigagéclfec;canical gliggiigg 118 m
Leucaena leucocephala (Lam.) Haikou, Sanya ENHZ 8216 ;6376?3 3m
Mimosa bimucronata (DC.) Kuntze Haikou, Wanning gligggigg 118 m
Mimosa diplotricha C. Wright Beihualing, Haikou é\I 1109908012 56223 471 m
——— Sl tie  WBIE o,

2.2. Light Microscopy

For the light microscopic study, the filaments were first separated from the flowers
and crushed on a glass slide by adding 2-3 drops of acetic acid. The debris was removed
through a needle and then a cover slip was placed on it. The prepared slide was then
observed under a light microscope equipped with a digital camera. The pollen micrograph
was taken and its various taxonomic features were observed. For pollen descriptions, we
mostly followed the terminology used by Punt et al. [53].
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2.3. Scanning Electron Microscopy

The anthers were separated from the mature flower as performed by Ali et al. [23].
The anthers were then crushed on the glass slide by adding a few drops of acetic acid
and transferred into Eppendorf tubes. With the help of a micropipette, pollen samples
from the tubes were taken and placed on a metallic stub attached with double-sided sticky
tape. The prepared samples were sputtered with platinum for twenty-five minutes in a
Leica Mikrosystem made in Austria with a high-vacuum coater (ACE600) and observed
under SEM (Thermo Scientific, Model: verios g 4 uc) Manufacturer Seimer Technology was
installed in the analytical and testing center of Hainan University, Haikou, China.

2.4. Quantitative Analysis

For quantitative analysis, we measured about ten pollen grains in each sample. The

polar axis and equatorial diameter of the polyads and colpus length and width were
measured using Image J software.

3. Results and Discussion

The Mimosaceae taxa were analyzed using both light and scanning electron micro-
scopic techniques. LM and SEM micrographs are illustrated in Figures 1-5. Details of
pollen traits of each species are given below.

Figure 1. Acacia confusa (a—c), showing (a) general view of the pollen and (b) close view of the exine
sculpturing. Entada phaseoloides (d—g), showing (d) oblique polar view, (e) equatorial view, (f) sunken
colpus and (g) zonocolpus. Mimosa pudica Wanning (h,i), showing oblique equatorial view. Scale
bars: a =10 pm; b =4 pm; ¢ =10 um; d = 10 pm; e = 10 um; f,g = 10 pum; h,i = 3 um.
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Figure 2. SEM micrographs showing the pollen grains of Mimosa pudica Wanning, showing (a) close
view of exine sculpturing, (b) the polar area and (c) equatorial view. Mimosa diplotricha Beihualing
(d—g), showing (d) equatorial view, (e) polar view, (f) close view of the exine and (g) prolate-shaped
pollen. Mimosa diplotricha Haikou (h,i), showing (h) polar view and (i) close view of the exine
sculpturing. Scale bars: a =1 um; b,c =4 um; ¢ =10 um; d,e = 10 um; f =3 pm; g,h = 10 pm; i = 3 pm.

Figure 3. The SEM micrographs of Albizia lebback pollen grain (a—c), showing (a) quadrangular-shaped
pollen in polar view outline, (b) a close view of an individual grain of the polyad and (c) inaperturate
pollen. Leucaena leucocephala (d—£), showing a (d) polar view, (e) close view of the colpus surface
membrane and (f) the apocolpium region. Scales: (a) 10 pm; (b) 5 um; (c) 10 um; (d) 30 um; (e—£f) 5 um.
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Figure 4. SEM micrographs of the pollen: Acacia mangium (a) showing octad polyads; Mimosa
bimucronata (b) showing bitetrad polyads; Albizia julibrissin (c) showing 12-grain polyads. Scale bars:
a=10 um; b =2 pm; ¢ = 10 pm.

Figure 5. Light micrographs of pollen. Calliandra haematocephala (a,b), showing (a) equatorial view
and (b) polar view. Entada phaseoloides, (c) showing polar view. Mimosa diplotricha. (d) showing
tetrad-type pollen. Mimosa pudica (e), showing triyad-type pollen. Scale bar = 50 pm.

3.1. Acacia auricifoliformis

The pollen of A. auricifoliformis was a polyad comprising 16 grains. Eight grains are
arranged in the center, which is surrounded by eight periphery cells. Each grain was to
be found inaperturate, while the exine sculpturing was found to be psilate. The average
diameter of the polyads was noted as 32 pm. Similarly, some other species of Acacia have
been described previously and the polyad type was also reported to be pollen (16-32-celled),
with or without distinct apertures [54-56]. The general description of polyads and the
interrelationships of the grains in Acacia have also been discussed previously [57].
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3.2. Acacia confusa

The pollen was shed in polyads (12 grains), the outline in the polar view was rhom-
boidal, the symmetry was bilateral and the polarity was heteropolar. The aperture condition
was noted as inaperturate. Exine sculpturing was found as mega-reticulate and rarely
scabrate. The reticula were thick and flattened, having a rarely scabrate structure, while the
lumina was filled with a somewhat micro-scabrate structure (Figure 1la—c). The pollen size
was noted as 23.19 x 13.88 um, while the individual grain diameter was 5.745 pm.

3.3. Acacia mangium

The pollen of A. mangium was polyad of 12 grains (Figure 4a). The four grains were
arranged in the center, surrounded by eight periphery grains. The exine sculpturing
was found to be megareticulate and heterobrochate. An operculum was observed in the
central grains of the polyads. The average diameter of the polyad was noted as 35.61 um
(Figure 1a). To the best of our knowledge, no descriptive palynological studies have been
reported yet. However, Wang et al. [58] documented only the isolation and characterization
of flower-specific transcripts in Acacia mangium.

3.4. Albizia julibrissin

The pollen type was polyad, comprising 12 grains. The outline in polar view was
elliptical. The central 4 grains were arranged in tetragonal form. The exine sculpturing was
psilate (Figure 3a—c). The pollen size was noted as 71.81 x 81.01 um, while the individual
grain diameter was 25.13 um (Figure 4c). The pollen of A. julibrissin was closely related
to that of A. lebback and A. procera. For example, Khan et al. [41] documented the pollen
diversity and its implications in Mimosaceous taxa using light and scanning electron
microscopic techniques, and reported psilate-poveolate and sparsely psilate-scabrate exine
sculpturing in A. procera pollen. Hence, these traits were found to be useful in delimiting
and defining species boundaries within the genus Albizia.

3.5. Albizia lebback

The pollen type was polyad (12-grains), while the outline in polar view was spheroidal.
The central 4 grains were arranged in tetragonal form. The exine sculpturing was psilate to
rugulate (Figure 3a—). The pollen size was 87.54 x 77.97 um, while the individual grain
diameter was 24.35 um. However, in comparison with the previous results, the 16-celled
polyad-type pollen grains reported by Agashe and Caulton [59] were not corroborated
by our findings. Moreover, a minimum length of 28 pm and maximum length of 57.4 ym
and a minimum width of 30.5 pm and maximum width of 43.05 um were reported by
Parveen and Qaiser [44] in the pollen grains of A.lebback. Similarly, the aperture and
exine sculpturing of Albizia was found to be smooth or almost smooth and different from
Calliandra, Cylindrokelupha and Zygia, due to the presence of tubercles [48].

3.6. Calliandra haematocephala

Pollen was shed as octad polyads (8 grains), while the outline in the polar view was
a pyramid. The two central large-sized grains are in the center and the other grains lie
in the periphery. As found in the previous study by Guinet [39], individual pollen grains
from the same polyads showed a marked heteromorphic structure, with peripheral grains
differing from the central grains in shape, size and less obviously ornamentation. The
exine sculpturing was found to be verrucate, aerolate and somewhat reticulate towards
the periphery. The pollen tip acute and the base was constricted. The surface of pollen
was found to be undulate. According to Van Campo and Guinet [60], the pollen dispersal
units of Calliandra are bi-tetrads and polyads. Similarly, Chen [61] mentioned that the
bi-tetrad pollen of the Calliandra is family is rare in Angiosperms. Some other species of
this genus also have polyad-type pollen [47]. The pollen grain octads, shed as polyads,
were flattened and oval-shaped, while the longest axes ranged from 164 to 173 um and the
shortest axes ranged from 82 to 93 pm. Similarly, the tectate and perforate exine was found

215



Agronomy 2022,12,1122

in the Philippines in Calliandra haematocephala. However, to clarify the differences in exine
sculpturing of the appendix in detail, transmission electron microscopy will be needed.

3.7. Entada phaseoloides

The pollen type was monad, the outline in polar view was ovate and was elliptical
in equatorial view, the symmetry was bilateral and the polarity was heteropolar. The
aperture condition was noted as trizonocolpate. The orientation of the colpus was sunken
and wide, having an obtuse tip, while the sculpturing was scabrate to verrucate and
sometimes psilate. The exine sculpturing was perforate and rarely scabrate, with ubisch
bodies found on its surface. The polar area was found to be very small. The pollen size was
34.61 x 26.76 um. The colpus length was noted as 21.31 pm and the width was 6.72 um. The
polar area was 5.45 pm and the meso-colpium diameter was 25.33. Furthermore, Rao and
Lee [62] documented the pollen flora of Singapore and Malaya and observed a tricolporate
and subprolate structure, a size of 30 x 35um and a faintly reticulate exine pattern of the
Entada spiralis pollen. Similarly, the shape of Entada scandens pollen grains and other pollen
morphological features of Entada phaseoloides were reported in a previous study [54].

3.8. Leucaena leucocephala

The pollen type was monad, the outline in polar view was triangular, the symmetry
was bilateral and the polarity was isopolar. The aperture condition was noted as tricolpate.
The orientation of the colpus was sunken and wide, having an obtuse tip, while the sculptur-
ing was scabrate to rugulate. The exine sculpturing was perforate and rarely scabrate. The
polar area was found to be very small. The pollen size was 21.48 x 21.35 um. The colpus
length was 9.27 um and the width was 3.4 um. In comparison with a previous study [45],
where the exine sculpturing was found to be subpsilate, this was not corroborated by our
findings, while the polar axis was 42.42 um and the equatorial diameter was 31.5 pm.
The colpus length was 17.01 pm and the width was 8.61 um. The mesocolpium area was
23.31 um, while the apocolpium was 39.95 um. The sexine was thicker than the nexine.
Hence, such variation may be due to variation in the pollen acetolysis techniques and the
different geographical regions, i.e., the tropical rain forest in Hainan Island and subtropical
regions in Pakistan having different altitudes and different environmental filters.

3.9. Mimosa bimucronata

The pollen was small in size and shed in polyad bitetrads containing 8 grains, i.e.,
four pollen grains in two planes (4 + 4). The prolate was spheroidal and tetragonal,
the polarity was heteropolar and the symmetry was bilateral. Aperture condition was
found as tri- to tetracolporate. The exine sculpturing was found to be rugulate and rarely
scabrate (Figure 5b). The pollen size was noted as 16.7 x 12.6 um. Similarly, 14 species
of the Mimosoideae family of the Atlantic Forest in Brazil were investigated, and it was
reported that pollen grains of Mimosa bimucronata are bitetrad with exine sculpturing that
is rugulate, which supports our findings. However, bitetrad-type pollen is also found in
Mimosa elliptica and Mimosa pellita. Hence, further palynological studies are needed to
explore new palynological traits, which will help to solve the taxonomic problem within
the Mimosa genus.

3.10. Mimosa diplotricha

The first sample of this species was collected from a tropical rainforest in Beihualing.
The pollen was shed as tetrad polyads, the shape was tetrahedral, the symmetry was
bilateral and the polarity was heteropolar. The aperture condition was noted as inaperturate.
The uniplanar tetrad with the proximal sides of two individual units is directly connected,
while the other two units are separated. The pollen size was noted as 19.1 x 22.39 um, while
the individual grain diameter was 14.28 um. The exine sculpturing was predominantly
areolate and verrucate, rarely being scabrate and gemmate. Ubisch bodies were found as
supra-tectal elements (Figure 2d—g). The second sample was collected from Haikou, and an
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additional perforate, scabrate and densely verrucate exine sculpturing was found, while
the center of the polyad was observed as concave, which was found to be different from
the former species. The pollen size was noted as 22.21 x 22.11 um, while the individual
grain diameter was 13.47 um (Figure 2h,i). In conclusion, variation was found in these two
populations of Mimosa diplotricha. This may have been due to the variations in altitude and
environmental factors such as temperature and humidity. The previous study reported
that the number of grains per polyad and their shape are useful taxonomic traits in the
characterization of Mimosa taxa [63]. Hence, our study confirmed that the number of grains
per polyad and their shape are valuable taxonomic characteristics for the characterization
of Mimosaceae taxa. Additionally, the structure of the polyads may protect the pollen
grains from dehydration in dry habitats.

3.11. Mimosa pudica

The first sample was collected from Wanning. The pollen was shed as tetrad polyads,
the shape was tetrahedral, the symmetry was bilateral and the polarity was heteropolar.
The aperture condition was noted as inaperturate. The uniplanar tetrad with the proximal
sides of two individual units is directly connected, while the other two units are separated.
The exine sculpturing was predominantly areolate and psilate, with various sized verrucae
having an isodiametric shape (Figure 1h,i, Figure 2a—c). The pollen size was noted as
7.8 x 7.75 um. The individual grain diameter was 3.85 um and the diameter of each verruca
was 0.64 pm. In comparison with previous studies, the exine sculpturing was characterized
by tubercles that were inconsistent with our results, except for the tetrads type of pollen
noted by Agashe and Caulton [59]. Inaperturate tetrahedral- and tetrad-type pollen with
an average diameter of 9 ym in M. pudica samples in Singapore has also been reported
previously [62].

In Fabaceae, the pollen evolution ranges from simple to tetrads and polyads. The sim-
ple grains were confirmed in our study, for example for the pollen from Entada phaseoloides
and Leucaena leucocephala. The pollen morphology of the Mimosa genus has been extensively
studied. For instance, pollen grains of about 255 species have been described, of which
247 were studied analyzed by light microscopy, 216 by scanning electron microscopy and
19 by transmission electron microscopy [37,41,63-68]. These studies documented detailed
descriptions of the pollen morphologies of many Mimosa taxa, showing the variation in
the different types of pollen within the genus, i.e., polyads, tetrads and octads in various
shapes and sizes, with verrucate to microverrucate sculpturing, porate apertures in the
subdistal position and the presence of an operculum and annulus [69]. However, in the
present study, this was not noted in Mimosa bimucronata, where the bitetrad 8-grain polyads
were arranged in two planes (4 + 4) with a rugulate exine structure.

Jamwal et al. [70] investigated the characteristic features of Albizia pollen, i.e., polyad
(16-celled), prolate—spheroidal, tricolporate, isopolar and radially symmetric. Sizes ranged
from 57 um x 49 pum. The tectum was previously investigated and shown to be psilate to
faveolate. Similarly, Aftab and Perveen [45] conducted a palynological study of cultivated
trees in Karachi, Pakistan, and observed 14 celled polyads, which were bilaterally symmet-
rical, with pollen sizes pf 79.59 um x 74.235 pum and a tectum subpsilate for Albizia lebback.
In comparison with this, 12 grains per polyad were observed in the present study for A.
lebback, meaning our findings did not corroborate theirs.

In Acacia, polymorphism has been found in the grains of each polyad (numbering 4, 8,
12, or 16 grains) in Australian species, while 16 to 32 grains were found in polyads in African
species [71]. Five species of Pakistani Acacia were studied by Perveen and Qaiser [44],
who concluded that morphological differences in pollen of the Mimosoideae species are
significant at the tribe and genera levels. Caccavari and Dome [9] analyzed the pollen
morphologies of 77 American Acacia species and suggested that pollen features can be used
as a distinguishing factor for the generic limitation of Acacia. Similarly, Rajurkar et al. [72],
reported 16 grains per polyad in Acacia species and variations in their morphological traits,
i.e, size, shape and exine pattern, which were found to be helpful in genera- and species-
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level identification. However, in comparison with these findings, 16 grains per polyad were
found in the present study for Acacia auricifoliformis and 12 grains per polyad were found in
A. confusa and A. mangium. The latter species can be delimited from the former due to the
presence of operculum on the central grain surface of the polyad. Hence, our study also
confirmed that morphological traits of the pollen of Acacia species are useful at the generic
and specific levels.

The pollen morphology of Leuceana leucocephala species was noted as a perforate and
scabrate exine pattern, while pollen units of monad and tricolpate types were found in the
present study. In comparison with a previously published study [46], the variation in pollen
morphology of the Leucaena species was found to be helpful in showing the relationship and
defining generic boundaries within Mimosoideae. For instance, they reported perforate and
punctate exine sculpturing with pollen units of monad and tricolporate types in Leucaena
leucocephala. However, psilate to scabrate exine sculpturing in Pakistani L. leucocephala was
found by Khan et al. [41]. These findings mostly support our study results.

The pollen morphologies of 11 Calliandra taxa were investigated by De Assis-Ribeiro
dos Santos and De Oliveira-Romao [47], who concluded that some of the polyad character-
istics are useful in corroborating previous infrageneric classifications of the genus. Several
palynological studies included Calliandra taxa. Sorsa [37], gathered data from nine species.
Similarly, Guinet and Hernandez [73] made a comparison between Calliandra and Zapoteca,
the former of which has eight grains per polyad, while the latter has 16 grains per polyad.
Our study corroborated these findings (8-grain polyads) in Calliandra haematocephala. Other
studies [74-76] recorded the pollen morphology of one or species of the genus.

4. Conclusions

Taxa from the subfamily Mimosoideae collected from different geographical regions
on Hainan Island were analyzed using both light microscopy and scanning electron mi-
croscopy. Both LM and SEM morphological descriptions of the pollen can be helpful for
plant taxonomists to correctly identify and discriminate the Mimosoideae taxa at generic
and specific levels. Significant variation was found in both the qualitative and quantitative
traits of the pollen, confirming the Mimosoideae species as eurypalynous. The pollen traits
were significantly proven to have taxonomic potential that will support and strengthen the
systematics of this subfamily. This study will also provide a basis for further phylogenetic
and molecular studies to strengthen the systematics of the Mimosoideae subfamily. Het-
eromorphism was found in the shape of the monads in the pollen association (polyads,
bitetrad, octads). Additionally, exines exhibited heteromorphism in the colpus surface
membrane ornamentation of the studied taxa. Interspecies variation was present in the
exine ultrastructure of the pollen grains of the studied Mimosoideae taxa. Furthermore,
palynological, anatomical, molecular and phylogenetic studies are needed to support and
strengthen the systematics of the Mimosoideae subfamily.
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Abstract: Taxon delimitation and identification are important in many areas of biology, especially in
taxonomy and conservation. Taxonomic treatment is required to establish and justify recommenda-
tions in conservation biology for the group being considered. Imperfect and controversial taxonomy
can undermine conservation assessment. We studied 71 populations; 665 individuals corresponding
to the morphology of the Rosa sericea complex (including six taxa, one of which has extremely narrow
distributions) were collected from sympatric, parapatric, and allopatric populations distributed
in China. This study aims to investigate whether the complex species are macromorphologically
different species and evaluate the rare taxa of the complex for conservation priority. The morpho-
logical characters and principal component analysis (PCA) of the R. sericea complex showed that
the complex species have overlapping characters but can distinguish morphologically. The species
of R. sericea complex systematics status based on previous DNA sequencing is controversial. The
ecological habitat’s current morphological characters only delimit the R. morrisonensis (in Taiwan). To
evade mistakes in species conservation, we recommend that taxonomical knowledge be needed to
ensure success in protecting target species. Thus, the complementarity of systemic and conservation
assurance makes conservation actions more necessary for the complex’s rare taxa. The ecological
niche modelling (ENM) results showed that habitats of these conspecific taxa would be shrunken.
With the presence of snapshots in time, the geography of taxa might decrease rapidly in representative
entirely of the Geographic space (G-space) and Environmental space (E-space) that such taxa are
bright to inhabit. So far, the significant inferences meant for the niche occupy the most incredible
comparative research, taking the impermanent nature of taxa distributions and undertaking that such
species are at a state of stability. If the artificially identified species (rarely distributed) are based on
morphological identification, they must be conserved.

Keywords: species boundaries; species concept; taxonomic relationship; conservation; future climate
change; ecology

1. Introduction

The concept of species is crucial in evolutionary research and all biological thoughts.
Species are the fundamental unit of life and biological diversity with a specific karyotype,
morphology, DNA sequence, ecological niche, or behaviour [1]. Taxonomists made several
efforts to describe species, beginning from simple morphology to genetics [2]. Earlier
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taxonomists such as Linnaeus defined species based on what they saw. Later on, this was
formalized as a morphological or typological species concept. Reproductive isolation is con-
sidered the key standard for delimiting the species [3-5]. Yet, the limitation between closely
related taxa becomes unclear with hybridization or continued gene flow [6]. Delimitation of
species is important to distinguish between the species of the same nature, and diagnostic
characters are helpful to separate all sorts of species boundaries in biological sciences. The
idea of delimitation is known as the species concept [7,8]. Though, the species concept itself
is under disputation. To understand the taxonomy of biodiversity, especially conservation
biology, the delimitation of species is vital for the controversial taxa. Furthermore, species
are important, especially in conserving the existing biodiversity in the face of the extinction
disaster of the Anthropocene [9-11].

The complex group of plants exhibits diverse forms. Taxonomic boundaries between
putative taxa are often concealed by a lack of identified fixed morphological differences,
potential hybridization, and a lack of informative collections. The taxonomically complex
taxa are sometimes difficult to differentiate and delimit due to their complex characters and
distribution. The artificial taxonomy or the species delimit through confused characters
sometimes leads the taxa in danger for biological conservation [12,13]. Misidentification
could lead to underestimating or overestimating species richness, and these difficulties
could entirely compromise the investigation. The poor taxonomy could risk understanding
ecological patterns since they are based on richness and measurement of species turnover
between sites [14,15]. Conservation actions are taken without accurate taxonomic identi-
fications may impair the effective conservation of the target taxa. The goal of taxonomic
studies should not be restricted to distinguishing and describing living things, and it seems
impossible to talk about conservation without taxonomy [15]. For species delimitation,
taxonomic variations are important [15].

Though systematic is usually regarded as the science of diversity, it played a limited
role in developing current approaches to conservation biology. In contrast, ecological
values and population genetic concepts are more widely incorporated into conservation
theory and management strategies [16,17]. Different studies examined species delimitation
based on morphological and geographical distribution [18-20]. However, these studies
were limited to one or two factors, whereas species limitation is based on various drivers
such as interaction with climate, evolutionary traits, morphological characteristics, and
biogeographical characteristics. In other words, species delimitation and conservation
can be addressed by focusing on different levels, from genes to populations, ecosystems,
and species concepts [21,22]. Scientists favour biodiversity as more integrative based on
genetic and genomic approaches [23]. Systematics offers a foundation of information for
conservation biology equally valuable as that of population genetics [19,20]. Systematic is
vital due to the linkage of a taxon to other relative species based on taxonomic and molecular
characterizations [24]. Species delimitation without an accurate taxonomic identification
is incomplete. However, funding agencies have neglected taxonomy nowadays because
of being descriptive discipline [15]. Difficulties and hurdles in systematics, ecology, and
taxonomic determination among species hamper research in areas of species definition [25].
For species delimitation, identification is important for the complex taxa [15]. Funding
agencies need to provide financial assistance for taxonomy and ecology to conduct extensive
field works to explore rare and endangered species, especially in megadiverse countries
like China. The technique red lists would be viewed and used for poorly known species,
depleted species, population decline, restricted ranges, and rarity based on all these criteria.
Procedures associated with priority situations and the progress of national red lists are
essential to justify some expectations in formulating the criteria [26]. Taxonomy, ecological
distribution threats, and population knowledge are important for the red-list assessments
and adequate capacity to process and analyze data. Both capacity and data are absent for
numerous species-rich taxa, despite their great ecological importance [27,28].

The taxa of the R. sericea complex occur at a high latitudinal gradient from 1000 to
more than 4000 m above sea level [6,29]. Based on the previous study, we hypothesized that
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the species of R. sericea complex showed few distinct macro-morphological characteristics.
Our observation demonstrates that the studied species have clear morphological characters
to differentiate the taxa in the complex. So, in this research, we applied population morpho-
logical and ecological data (precipitation, temperature, and nineteen bio factors) to observe
the variation in the focal taxa and their distribution. This paper aims to distinguish between
the species of the R. sericea complex using morphological and ecological characteristics and
conservation status to attain the following objectives: (1) To delineate species boundaries
in R. sericea complex by adopting more comprehensive approaches based on populations
sampling; (2) To exclude vulnerably, threatened taxa utilizing the above process; and (3) To
determine how accurate and efficient morphological variation is possible based on proper
species delimitation.

2. Materials and Methods
2.1. Study Area, Populations Morphology, and Record of Samples

A total of 665 individuals of 71 populations of six taxa of R. sericea complex (R. sericea
Lindley (RS) 36 populations, 311 individuals; R. omeiensis Rolfe (RO) 24 populations,
285 individuals; R. sikangensis T. T. Yu and T. C. Ku (RSK) 8 populations, 29 individuals;
R. mairei H. Léveillé (RM), R. morrisonensis Hayata (RMO) with 10, 21 individual, respec-
tively; R. zhongdianensis T. C. Ku (RZ) 1 population, 9 individuals) were collected from
China (Table S1) and studied at the CDBI herbarium. RMO is the only taxon with one
population collected from Taiwan (Figure 1). This work examined fifty morphological
characteristics for each individual: twenty-six leaf characters, twenty-one flower and fruit
characters, and three other traits. The mean values of the quantitative morphological
characters were used for principal component analysis (PCA). Our studied populations
showed that the species of this complex individuals sometimes share and grow in the same
ecological habitat, except the species RMO (from Taiwan) and RM, and RZ from southwest
China. During the collection, we press the samples in the newspapers in the field and
bring them to CDBI for a detailed study. The population records and codes information
are given in Table 1. The detailed morphological features were studied in the herbarium
of the Chengdu Institute of Biology (CDBI). We used a binocular dissecting microscope to
distinguish the study taxa based on detailed characters studied for a concise and clear char-
acter. The macro-morphological characters of each specimen studied herein are described
to determine the species macromorphologically. We also selected some taxonomically
important characters to distinguish the complex taxa species. We constructed dichotomous
keys and taxonomic descriptions to identify these taxa easily (Table 2). Some characters
were noted differently within the same population, while some features were observed
overlap between the different species populations. Various qualitative and quantitative
characters have been examined in detail.

2.2. PCA Analysis of Morphological and Environmental Factor

The PCA analysis was carried out for the morphological and environmental factors
to understand the relationship between the studied taxa. The morphological characters
were analyzed using qualitative, quantitative, and ecological characters to see the complex
taxa’s structure, relationship, and species boundaries. We did PCA analysis for macro
morphological characteristics, qualitative and quantitatively, and the environmental factors
(Figure S1).

2.3. Correlation between Quantitative Characters and Environmental Factors

The quantitative data and the 19 bio parameters (https://www.worldclim.org/, (ac-
cessed on 15 June 2021) were subjected to analysis of variance in R studio to evaluate the
difference between quantitative characters and environmental factors relationship. We used
the Pearson linear correlation bivariate between the quantitative and ecological characters
of different morphological characters.
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Figure 1. The distribution of different taxa of the Rosa sericea complex based on different herbaria
samples. The map is based on different Herbaria records i.e., CDBI, PE, QTPMB, NAS, KUN, LZH,
and KATH.

Table 1. Sample collection information for this research.

Species Locality Latitude Longitude Altitude Population Code  Collection Year
RS Tibet, Yadong 27.42 88.94 2786 GXF-16646 2018
RS Tibet, Cuona 27.91 91.80 2935 GXF-16692 2018
RS Tibet, Gyaca 29.13 92.69 3188 GXF-16734 2018
RS Sichuan, Baoxing 30.77 102.72 2325 GXF-17017 2019
RO Sichuan, Baoxing 30.83 102.72 3127 GXF-17018 2019
RO Sichuan, Xianojin 30.89 102.65 3593 GXF-17022 2019
RO Sichuan, Erlang 29.85 102.29 2885.69 GXF-17314 2020
RS Sichuan, Erlang 29.85 102.26 2738 GXF-17316 2020
RS Sichuan, Erlang 29.84 102.25 2497.53 GXF-17322 2020
RS Sichuan, Erlang 29.8464 102.26 2409 GXF-17323 2020
RS Sichuan, Erlang 29.84 102.25 2247.08 GXF-17324 2020
RO Sichuan, Xiangcheng 29.12 99.99 3970.7 GXF-17373 2020
RS Sichuan, Xiangcheng 29.14 99.97 3717.34 GXF-17375 2020
RO Sichuan, Xiangcheng 29.13 99.97 3831.88 GXF-17376 2020
RO Sichuan, Xiangcheng 29.14 99.96 3679.29 GXF-17377 2020
RS Sichuan, Xiangcheng 29.15 99.93 3572 GXF-17380 2020
RS Sichuan, Xiangcheng 29.15 99.93 3412.35 GXF-17383 2020
RS Sichuan, Xiangcheng 29.14 99.91 3176.9 GXF-17384 2020
RS Sichuan, Xiangcheng 29.11 99.91 2941.69 GXF-17385 2020
RS Sichuan, Xiangcheng 28.97 99.84 2797.29 GXF-17386 2020
RS Tibet, Yadong 27.45 88.92 2872.27 GXF-17510 2020
RS Tibet, Yadong 27.51 88.95 3088.38 GXF-17512 2020
RS Tibet, Yadong 27.55 89.00 3455.09 GXF-17513 2020
RS Tibet, Yadong 27.51 88.95 3232.9 GXF-17514 2020
RS Tibet, Jilong 28.78 85.30 3955.38 GXF-17538 2020
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Table 1. Cont.

Species Locality Latitude Longitude Altitude Population Code  Collection Year
RS Tibet, Jilong 28.43 85.26 2919.29 GXF-17539 2020
RO Tibet, Jilong 28.49 85.22 3167.12 GXF-17540 2020
RO Tibet, Jilong 28.51 85.22 3335.99 GXF-17542 2020
RO Tibet, Jilong 28.37 85.33 2749.6 GXF-17543 2020
RS Tibet, Jilong 28.40 85.35 2751.14 GXF-17559 2020
RS Tibet, Jilong 28.64 85.27 3733.56 GXF-17561 2020
RO Tibet, Jilong 28.55 85.24 3580.76 GXF-17562 2020
RS Tibet, Lhasa 29.74 91.15 3880.1 GXF-17571 2020
RS Tibet, Ding Qing 31.21 95.79 3537.08 GXF-17575 2020
RS Tibet, ChangDu 31.09 96.98 4094.1 GXF-17576 2020
RS Tibet, ChangDu 31.10 97.00 3851.54 GXF-17578 2020
RS Tibet, ChangDu 31.12 97.02 3707.31 GXF-17579 2020
RS Tibet, ChangDu 31.16 97.02 3515.18 GXF-17580 2020
RS Tibet, ChangDu 31.19 97.03 3334.63 GXF-17581 2020
RS Tibet, ChangDu 30.6886 97.250197 4168 GXF-16771 2018
RS Yunnan, Zhaotong 27.46603 104.14769 1750-1789 GXF-12800 2011
RS Yunnan, Zhaotong 27.24207 104.1603 1450-1500 GXF-12804 2011
RS Yunnan, Zhaotong 27.50387 105.12936 1380-1450 GXF-12818 2011
RS Guizhou, Liupanshui 26.39813 104.45166 1970 GXF-12849 2011
RM Yunnan, Qujing 26.4845 103.589875 2185 GXF-16785 2019
RO Hubei, Xingshan 31.28560 110.18061 2150-2180 GXF-13074 2011
RO Hubei, Yichang 31.27466 110.1341 2700 GXF-13088 2011
RO Shaanxi, Ankang 32.1228 109.18652 2057 GXF-13160 2011
RO Shaanxi, Xian 33.50604 108.48483 1800-1915 GXF-13168 2011
RO Gansu, Pingliang 35.10787 106.21600 2110-2300 GXF-13220 2011
RO Gansu, Baiyin 37.8084 103.44553 2618-2820 GXF-13238 2011
RO Gansu, Lanzhou 35.47600 104.3323 2200-2600 GXF-13250 2011
RO Gansu, Dingxi 35.57906 104.0568 2600 GXF-13259 2011
RO Yunnan, Shangri-la 28.34458 99.50008 4250 GXF-13407 2011
RO Yunnan, Dégén 28.20123 99.5514 4180 GXF-13442 2011
RS Tibet, Nagqu 31.11892 94.2563 3960 GXF-15366 2011
RO Qinghai, Xining 36.59186 101.44413 2500 GXF-15470 2011
RO Qinghai, Haidong 35.49680 102.41725 1950 GXF-15500 2011

RMO Taiwan, Hualian 24.141085 121.283714 3180 GXF-15625 2012
RS Guizhou, Bijie 27.65232 105.380261 1645 GXF-17006 2019
RO Tibet, ChangDu 30.4127 97.1608 3600 GXF-12543 2010
RO Tibet, Yadong 27.57816 89.02537 3800 GXF-16639 2018
RZ Yunnan, Diqing 28.094916 99.481725 3007 GXF-17390 2020

2.4. Distribution and Ecological Characters

We pursued to relate and contrast the geographic ranges and environmental tolerance
of putative taxa within the studied taxa. Our studied samples were only belonging to
the geographical ranges of China. We obtained the environmental data while using our
field collection data of given populations. The distribution data of 71 populations and the
spatially unique data at 2.5 arc minutes (for future distribution) resolution (5 * 5 km? at the
equator) of 63 recorded points. We used the ENMSDM package and China elevation data
(30 arcs second for current), taken from the SRTM elevation data of 63 records. We took
and used nineteen temperature, seasonality, and perception variables from WorldClim [30].
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Table 2. Dichotomous taxonomic key of the Taxa of Rosa sericea complex based on macro-
morphological features.

1 + number of leaflets minimum 5-11 2
— number of leaflets minimum 7 6
number of leaflets maximum 7-15, length of leaf minimum 12.5-50 mm, and maximum 20-80 mm,
2 + sepals ovate-lanceolate, abaxially sparsely pubescent or subglabrous, adaxially villous, margin entire, R. sericea

apex acuminate or acute
number of leaflets maximum 9-17, length of leaf minimum 20-80 mm, and maximum 35-115 mm,

— sepals lanceolate, abaxially subglabrous, adaxially sparsely pubescent, margin entire, apex 3
acuminate or long caudate
3 + length of the first leaflet on apex minimum 5-20 mm, maximum 9-41.1, leaf margins single serrate R. omeiensis

length of the first leaflet on apex minimum 5.12-10.29 mm, maximum 8.11-19.78, leaf margins
double serrate
leaf margin double tooth, thrones of petiole and rachis rare, sparse, medium, dense, length of first

4

4o leaflets base minimum, 3.12-6.78 mm, and maximum, 5.14-11.23 R. sikangensis
_ leaf margin single tooth, thrones of petiole and rachis absent, length of first leaflets base minimum 5
3-6 mm, and maximum, 5-9 mm
5 + Hip colour red or bright to reddish, length of pedicel minimum 2-7 mm, and maximum 3-8 mm R. mairei
— Hip colour orange to red-purple, length of pedicel minimum 4-7 mm, and maximum 5-10 mm 6
6 + Minimum number of leaflets 7, maximum 9-11, length of leaflet ranges from 15-45 mm R. morrisonensis
— Minimum number of leaflets 7-9, maximum 9-11, length of leaflets ranges from 21-47 mm 7
7 + Sepal broadly ovate, apex shortly caudate, sepal size 6-10 mm, width 2-5 mm R. taronensis
— Sepal lanceolate, apex acuminate, sepal size 9-17 mm, width 2.5-3.5 mm R. zhongdianensis

2.5. Modelling the Species Complex Current and Future Distribution
2.5.1. Records of the Species Complex and Bioclimatic Variables

We collected 63 presence points (records) of the species complex during fieldworks from
2010 to 2020 (Table 1). After thinning records of the species using the enmSdm package [31] and
China’s elevation data (30 arc seconds) derived from Worldclim (https:/ /www.worldclim.org,
accessed on 15 June 2021), we obtained 62 records of the species complex. Nineteen biocli-
matic variables are crucial in defining species’ climatic niches downloaded from Worldclim
dataset v2.1 (30 arc-seconds) [32] for the current period. Because the high correlation
between variables is expected to affect model performance and increase uncertainty in
model results. Spearman rank correlation (rs) was calculated using R packages (scales and
legendary) in R v4.04 to evaluate multicollinearity among the bioclimatic variables. In the
analysis output, positive correlations (s > 0.7) between variable pairs were drawn in black
and negative correlations (rs < —0.7) were drawn in red.

2.5.2. MaxEnt Modelling of the Species Complex Distribution

We modelled the current and future distribution of the species complex using the
MaxEnt method [33] implemented through Maxent v3.4.4 in the SDMtune package. SDM-
tune uses a particular object to compile the data for the analysis. This object, called SWD,
bundles all the information related to each record, thereby reducing the risk of mistakes
in further investigations [34]. After creating the SWD object, we trained a model using all
19 climatic variables. Then we considered the variable importance of the Jackknife test
of the first model and correlations among bioclimatic variables to model species complex
distribution with fewer variables. Because a study [35] revealed that seed dormancy break-
ing requirements and timing of seedling emergence of the species have a chilling need,
Mean Temperature of Coldest Quarter (Bioll) was chosen as the predictor variable among
highly correlated variables. In the end, paying regard to all of these predictions obtained,
we decided to model the distribution of the species complex with Temperature Seasonality
(Bio04), Biol1l, and Precipitation of Coldest Quarter (Bio19) (Figure S2).

The results of SDMs under future climatic conditions are affected by a range of factors,
including the choice of the statistical model, climate model range, and emission scenar-
ios [36,37]. Although the Intergovernmental Panel on Climate Change (IPCC) considers
all Global Climate Models (GCMs) equal, certain GCMs better represent some climate
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types and regions. For example, among the GCMs, BCCCSM (Beijing Climate Centre,
Climate System Model) has higher reliability and has been better studied in China. The
GCM used in the study was the BCC-CSM2-MR GCM [34] (2.5 arc minutes) obtained
from (https:/ /www.worldclim.org/data/cmip6/cmip6_clim2.5m.html, accessed on 15 June
2021). While the scenarios used were the Shared Socioeconomic Pathways (SSPs; ssp2 4.5 and
ssp5 8.5) (CMIP6), which are now being used as important inputs for the latest climate models,
feeding into the Intergovernmental Panel on Climate Change (IPCC) sixth assessment report
is due to be published in 2021 (https:/ /tntcat.iiasa.ac.at/SspDb/dsd? Action=htmlpage&
page=welcome, accessed on 22 June 2021; https:/ /www.ipcc.ch/assessment-report/ar6,
accessed on 22 June 2021). The species complex’s future distribution was predicted for
20-year periods (2021-2040, 2041-2060, 2061-2080, and 2081-2100).

2.5.3. Tuning Model Hyperparameters and Evaluation Model Performance

Tuning model hyperparameters is a long process, as it requires testing many combi-
nations to identify the best-performing model [34]. To get the model with high predictive
power, we tuned model parameters using ‘gridSearch’ function implemented in SDM-
tune. Since model evaluation measures the capacity of a given model to reflect “truth”
and whether it can be applied under other conditions [38] to assess the performance
of the models. We used receiver operating characteristic (ROC) curve analysis and the
true skill statistic (TSS). Thresholds for interpreting the TSS values were defined as fol-
lows: Value > 0.9 = best, 0.9 > Value > 0.8 = very good, 0.8 > Value > 0.7 = good and
Value < 0.7 = weak [39].

In creating distribution maps of the species, five threshold values were used. Accord-
ingly, ‘0-0.25" denotes unsuitable areas, ‘0.25-0.5" of very low suitability, ‘0.75-1" highly
suitable. We also calculated the size of moderate and highly suitable (we call them suitable
here) predicted by models to quickly assess future distribution areas of the species complex
and to see if the species complex would have gain or loss in the size of suitable habitat
areas in the future. To do that, first, we reclassified highly suitable sites as ‘1’ and other
areas as ‘0" using ArcMap v10.8. Second, we converted raster files into shape format. Lastly,
we calculated the size of the regions from shape data. Distribution maps of the species
complex and cartography works were created in QGIS v3.18.

To grasp more information about the Rsc climatic niche and distribution in China,
we used the “rmaxent” and “ENMTools” that have some excellent features implemented
in functions about the species niches (URL: https://github.com/johnbaums/rmaxent,
accessed on 9 June 2021) [40]. In the R maxent, we modelled the species’ climatic niche
using all bioclimatic variables to reveal which variable/variables affect the species” complex
distribution in China. In the ENMTools, we measured the spatial heterogeneity of the
distribution of suitability scores from the model results we obtained. This feature returns
Levins’ two metrics of niche breadth (B1 and B2) [40].

3. Results

Different morphological characters have been studied in this article for the six taxa of
the R. sericea complex (RO, RS, RMO, RM, RSK, and RZ) (Figure 2). In addition, we focused
on the conservation of rare species of the complex.
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Figure 2. PCA analysis of quantitative morphological characteristics of R. sericea complex (A), PCA
analysis of qualitative morphological features of R. sericea complex (B), PCA analysis of environmental
characteristics population-based of R. sericea complex (C), PCA analysis of morphological characters
and environmental factors of R. sericea complex (D).

3.1. Morphological Variation

Variation has been observed in different morphological characteristics of the studied
taxa. The characters investigated in the focal taxa samples were somehow morphologically
significant for delimiting the taxa into distinct taxon. We identified different morpholog-
ical characters to differentiate the study taxa of the complex. A detailed morphological
description of the study taxa based on qualitative and quantitative features was revised. In
the present work, we studied 50 qualitative and quantitative characters of each individual,
which showed some variation in the studied species. Moreover, these characters were
analyzed with the environmental characters, and the correlation is given in (Figure 3). The
vegetative morphology was mainly focused on the leaf morphological characters. One of
the most important characteristics was the leaflet’s morphology and leaflets in different
individuals (species). The species boundaries in the complex taxa were evaluated based on
morphological characters (Appendix A).

Each individual’s qualitative and quantitative characteristics were examined in the
CDBI herbarium and statistically analyzed. The description of these species was mainly
based on the morphological characteristics of collected populations specimens from differ-
ent geographical distribution ranges of the R. sericea complex. Population information is
given in (Table 1), and morphological characters descriptions are given in (Appendix A).
The studied species of this complex have tetramerous perianth. The height of these shrubby
plants’ species ranged from 1 to 4 m.
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Figure 3. Correlation between the 19 bio and quantitative characteristics (1 = Length of leaf minimum,
2 = Length of leaf maximum, 3 = length of the first leaflet on apex minimum, 4 = length of the first
leaflet on apex maximum, 5 = width of the first leaflet on apex minimum, 6 = width of the first
leaflet on apex maximum, 7 = length of the first leaflet on-base minimum, 8 = length of the first
leaflet on-base maximum 9 = width of the first leaflet on-base minimum, 10 = width of the first leaflet
on-base maximum, 11 = length of pedicel minimum, 12 = length of pedicel maximum, 13 = length
of sepal minimum, 14 = length of sepal maximum, 15 = width of sepal minimum, 16 = width of
sepal maximum, 17 = biol, 18 = bio2, 19 = bio3, 20 = bio4, 21 = bio5, 22 = bio6, 23 = bio7, 24 = bio8,
25 =bio9, 26 = biol0, 27 = bioll, 28 = biol2, 29 = biol3, 30 = biol4, 31 = bio1l5, 32 = biol6, 33 = biol7,
34 = biol8, 35 = bio19) the bio 19 at 2.5 arc minute resolution and projected based on present-day
climatic conditions the codes of bio 19 is according to https://www.worldclim.org/, accessed on
15 June 2021. The graphical representation showed a correlation between —1 and 1 from brown and
red to bluish.

3.2. Ecological Niche Modelling

The complex taxa except for RS, and RO, while the taxa RSK, RM, RMO, and RZ
have narrow ecological amplitude, and hence their distribution is rare. Based on our
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field observations and herbarium records, the population of the one taxon RZ (with nine
individuals with one population) compiled as taxon of very narrow ecological distribution,
followed by RM, RMO, and RSK. Some types specimens of this taxon were available in
the herbarium. Phylogenetically these species are complex, and the evolutionary tree of
these taxa quite complicated. This species are closely interrelated, and morphologically
synapomorphies have been examined (Appendix A).

These taxa have phylogenetically complicated systematics. The species boundaries
were difficult to differentiate [6,29], while the morphological characters showed that the
species have distinct characteristics to define species boundaries. Due to the narrow ecolog-
ical amplitude and rarity, these taxa should be conserved. The phylogenetic classification
is essential if we are thinking of organizing the biodiversity in such a way as to establish
conservation significance and improve informed conservation policies [41,42]. Additionally,
revised classification is dreaded by conservation practitioners and other taxonomy users.
The new classification of plants is based on molecular or phylogenetic analyses considered
the basic basis of practical taxonomy [43,44].

From our fieldwork and analysis of morphological characters, and work previously
done on the species of the complex [45], these taxa were clustered in the same clade [46].
These taxa’s field observations and geographical distribution showed that RS and RO have
a broad ecological amplitude. In contrast, RSK and RM have moderate distribution, while
the taxonRZ have a narrow ecological amplitude and few populations in nature. The RMO
has occurred in the isolated habitat in Taiwan. We have recorded one population with
21 individuals (Figure 1). Morphologically these species could be differentiated because
they have shown morphological species concepts to distinguish them. We assessed the
quantitative characteristics of these taxa showed variation in the studied taxa. Taxonomic
distinctness based on morphological characters showed that and fulfilled the conservation
criteria due to their narrow biogeographical distribution and rarity in nature. Populations
extinction is one of the significant threats to plant diversity, foremost to range reductions,
disintegration, and isolation, which reduces species abundance.

The current SDMs of the R. sericea complex predicted through the model provide
very high success rates with training and test AUC values of 0.90 and 0.97, respectively.
These findings indicate that the predictor variables used for SDMs were suitably selected,
thus leading to very high prediction success. The AUC curves in developing R. sericea
complex SDM under current environments are given (Figure 4). The TSS, AUC, and variable
importance values for the complex conspecific under future climatic are given (Figure 4).
The present finding obtained from the model, the sum of the three first potential distribution
variables was 59.407%. The higher the percent contribution, the more important that a
variable is for predicting the occurrence of the taxa. Bio 11 had the highest predictive
contribution in the present study, 28.44%.

The current potential distribution of the taxa showed that the area with red indicates a
highly suitable area for the complex species. In contrast, the blue indicates the site is not
suitable for taxa (Figure 5). The BCC-CSM2-MR GCM and the SSPs (ssp2 4.5 and ssp5 8.5)
(CMIP6) based models predicting future habitat suitability of the R. sericea complex taxa are
given in (Figures 6 and 7). Concluding from these futures modelling, the results indicate
that the species may have difficulties shortly. Some of the rare taxa of the complex will be
extinct due to their narrow ecological amplitude.
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Figure 4. The response of R. sericea complex to three climatic variables and ROC curve of the model.

Figure 5. The current potential distribution model of R. sericea complex.
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Figure 6. Future suitability areas and the size of the highly suitable areas predicted by models
BCC-CSM2-MR ssp245 (left) and BCC-CSM2-MR ssp585 (right) for 2100.
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Figure 7. The size and placement of highly suitable areas predicted by the future distribution models
BCC-CSM2-MR ssp245 (left) and BCC-CSM2-MR ssp585 (right) for 2100.
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3.3. Environmental Factors, Morphological Variation, and Correlation

The ecological species concept of the complex taxa somehow showed variation, and
some of the populations occurred parapatrically. Our present work’s geographical distribu-
tion of RS populations showed a wide distribution range from 1380 to 4168 m in altitude.
In comparison, RO has altitudinal variation from 1800 to 4250 m, while RSK has altitude
distribution from 2797 to 3851 m. Some RS, RO, and RSK shared the same ecological
habitats and grow parapatrically in the study area. We collected each population specimen
of RM (2185 m Yunnan, Qujing) and RZ (3007 m Yunnan Diging), and one population of
RMO from an altitude of 3180 m, from Taiwan, Hualian (Table 1, Figure 1). RMO has a
unique ecological boundary among the studied taxa and occurs in Taiwan. RZ could also
be isolated easily from the rest of the taxa of the complex allopatrically.

The correlation between the quantitative data and 19 bio data is given in (Figure 7).
The correlation between the environmental factors and quantitative morphological features
shown with single star * correlation is significant at the 0.05 level, while two-star ** cor-
relation is significant at the 0.01 level (Figure 3). The positive and negative correlations
between different parameters are shown in (Figure 3). In detail, some of the quantitative
characters showed a negative correlation represented with the negative sign (-), while some
of the variables have a positive correlation at 0.05 and 0.01 levels. Some variables don’t
show any significant correlation represented in the Figure without the star * symbol.

4. Discussion
4.1. Ecotypes Plasticity and Species Boundaries

7

Different populations of the R. sericea complex were studied here. The individuals
morphological characters showed variation in characters and morphologically distinct taxa.
Some populations shared the same environmental and ecological habitat of the complex
species. Due to similar characteristics in different species populations and individuals with
different characteristics, the complex species had a wide range of character’s plasticity
(Figure 2A—C). The phenotypic plasticity could activate together through ecotype formation,
further increasing suitability. The modest level of phenotypic plasticity may facilitate a
population’s expansion into novel environments. The trait may place the populations
on the slope of an adaptive peak from which natural selection can advance [47]. The
RMO adapted to a novel environment and isolated to a new habitat in Taiwan. The
limitations to the entirely isolated territory and fundamental asymmetry in migration due
to differences in density-dependent viability both redirect selection on a phenotypically
plastic trait. Together, these environmental factors might cause the appearance of feature
values and genetic constitution that seem specialized to one of the extreme environments
of the territory [48]. In the study by Gao et al. [6]), RS and RO were observed parapatrically.
However, we observed that the RS, RO, and RSK occur parapatrically, sympatrically, and
allopatrically (Figure 1).

Documentation of morphological, environmental, and distribution data provides a
basis for the species status of divergent populations of some complex taxa. Conversely,
the morphological and ecological characteristics showed that the taxa are distinct taxon
based on distinctive features (Table 2). The morphological characters showed that the
taxa of the complex are different species. In contrast, predictable morphological features,
and environmental and distribution data accept and support different taxon statuses. In
our study, the divergent parapatric would stand and be treated as species by default like
RMO, RM, and RZ occur parapatrically. Taxon RS has extensive qualitative morphological
variation identified in our populations, while the RO has a wide range of characters
quantitatively. The PCA analysis showed combinedly that the characters of RO populations
are dominated and almost share similar morphological characters with other taxa of the
complex (Figure 2A,B,D). Our environmental data showed that the species RMO and RZ
have unique environmental characteristics and are isolated from the other taxa of the
complex. The factors include low temperature and high precipitation. The morphological
characters retain the status of these taxa to distinguish taxon and prove that the taxa in

236



Agronomy 2022, 12,1078

the complex are morphologically different [49-51]. Species of the complex may be a single
hyper-diverse taxon or contrasted that the speciation or evolution has happened or is
ongoing. If the speciation occurred or is ongoing, we would assume to detect apparent
morphological and genetic variations, which may show more robust evidence if speciation
is completed, or weaker if the speciation is ongoing or confounded by introgression [52,53].
Overall, however, the morphological characteristics support the status of the species as
different taxon.

4.2. PCA Analysis of Environmental and Morphological Characteristics

The PCA analysis of environmental and morphological features demonstrated some
significant information about the complex species. We used PCA analysis of ecologi-
cal features and quantitative and qualitative morphological characters to visualize the
relationships and differences among the six species of the complex. For the ecological
parameters, we used 2.5 arc minutes resolution (~5 km? at the equator), for which we
obtained 19 temperature, perception, and seasonality variables from WorldClim [30,32].

The PCA analysis of only quantitative morphological characteristics showed more vari-
ation in the studied specimens of the same species from different populations (Figure 2A
and Table 3). The qualitative morphological characters PCA analysis of the studied speci-
mens of diverse populations shows overlap and difficulty in distinguishing the taxa from
each other in the studied taxa (Figure 2B and Table 4). We studied the PCA analysis of
nineteen bio factors and 12-months temperature and precipitation. Environmental aspects
of the studied specimens and populations showed significant importance in differentiating
some of the studied taxa (Figure 2C). We also determined the PCA analysis of 19 bio factors,
12-month temperature minimum, maximum, and precipitation combined with quantitative
morphological characters (Figure 2D). The PCA analysis of environmental factors and
quantitative features of various populations showed the association between the studied
taxa (Figure 2D, Table 5).

Table 3. PCA analysis of quantitative morphological characteristics.

PC Eigenvalue % Variance
1 475.905 74.668
2 76.9841 12.079
3 36.3351 5.7008
4 13.8951 2.1801
5 10.0186 1.5719
6 7.29266 1.1442
7 5.10194 0.80048
8 2.61096 0.40965
9 1.871 0.29355
10 1.7679 0.27738
11 1.58519 0.24871
12 1.36646 0.21439
13 0.839891 0.13178
14 0.629685 0.098795
15 0.543176 0.085222
16 0.25117 0.039408
17 0.214402 0.033639
18 0.151487 0.023768
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Table 4. PCA analysis of qualitative morphological characteristics.

PC Eigenvalue % Variance
1 7.45804 31.325
2 3.51155 14.749
3 2.77815 11.669
4 1.5873 6.6669
5 1.55423 6.528
6 0.958856 4.0273
7 0.951377 3.9959
8 0.843049 3.5409
9 0.627619 2.6361
10 0.575717 2.4181
11 0.515355 2.1646
12 0.381654 1.603
13 0.318081 1.336
14 0.253594 1.0651
15 0.238815 1.0031
16 0.197126 0.82796
17 0.182921 0.76829
18 0.169516 0.71199

Table 5. PCA analysis of environmental characteristics of the studied populations.

PC Eigenvalue % Variance

1 280,221 93.582

2 13,001.9 4.3421

3 3998.36 1.3353

4 1244.91 0.41574

5 424.43 0.14174

6 254.889 0.085122

7 109.348 0.036517

8 60.992 0.020369

9 46.6265 0.015571
10 28.1597 0.0094041
11 23.9664 0.0080037
12 8.89486 0.0029705
13 6.6421 0.0022182
14 3.56371 0.0011901
15 2.38813 0.00079753
16 1.31154 0.000438
17 0.826218 0.00027592
18 0.770616 0.00025735

4.3. Morphological Characters Evaluation

Morphological characters for species delimitation are usually directly dependent on
the field observation and herbarium specimens. These closely interrelated taxa showed
dissimilarity in their morphological observation. For the morphological study, we focus on
two parts of a plant: (i) the vegetative part and (ii) the reproductive part of the specimens.
The vegetative morphology is generally referred to as leaf morphology and is related to
different size measures of a species [54]. Morphological features used for taxa delimitation
and identification is dependent directly on the studied species specimens.

The present research finding showed that the morphological characters of the R. sericea
complex sometimes have complicated taxonomic characters, which is challenging to differ-
entiate the complex species. This estimation on the morphological characters and species
collection localities, where some taxa co-occur over the geographical regions investigated
(Table 1). The study species here are capable of hybridizing with each other. Some of
the individuals are commonly possible to assign to species in mixed populations. The
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species RS and RO in a previous study [6] differentiated through leaflet numbers. The RS
showed fewer leaflets, while RO has more leaflets morphologically. Several ongoing or
historical evolutionary processes clarify the morphological dissimilarity among entities
within the studied taxa. One possibility is that the species of R. sericea complex represents
a single hyperdiverse species phylogenetically. Due to this, these species display genetic
panmixia or high levels of gene flow due to less or more constant contact between the popu-
lations [6,55,56]. The hyper-diverse species’ morphological characters may be intergrading
or demonstrating an approximate relationship with the regional environment [52,53].

4.4. Conservation Strategy

According to Darwin, rarity is a significant precursor of extinction [57,58]. Precise
assessments of rare taxon populations and the significant threats are vital to conservation
planning and resource allocation for recovery action [59]. As phylogenetically, these species
are quite difficult to differentiate, and maybe the species are under ongoing speciation. Our
group team has been working on these species for more than a decade [45,46,51,60], and
we have information about very few populations, such as the demographic status of RSK,
RM, and RZ. The RZ taxon have few numbers of individuals as compared to RSK and RM.
As the populations and individual numbers of the one taxon RZ are limited, there is a great
chance of drift and inbreeding, altering the genetic structure [61]. Many studies of genetic
variation in rare plant taxa have demonstrated that the proportion of polymorphic loci and
the number of alleles per locus significantly reduced in small-sized populations [62].

The results of our ENMs indicated that the complex species would have difficulty
shortly if climate change drives the taxa into extinction. According to [63], climate change is
quantitatively considered in Red list assessments for only a few species. The authors of [64]
highlighted that determining the application of SDMs to Red Lists is challenging due to
model uncertainties and many biotic and abiotic factors that cannot be studied in such
models. They suggested that SDMs and Red List assessments might play a complementary
role in conservation actions, such as Red List provides evidence on both current and future
risk of extinction for the species, while SDMs warn the magnitude of future extinction risk.
Due to the shrinking habitat of the complex in the future climate scenarios, some of the taxa
of the complex will lead to extinction due to their rarity and narrow ecological amplitude
(Tables 6-8).

Table 6. PCA analysis of environmental and quantitative characteristics.

PC Eigenvalue % Variance
1 524,075 95.616
2 17,160.3 3.1308
3 4136.92 0.75477
4 1088.62 0.19861
5 505.171 0.092167
6 373.855 0.068209
7 320.227 0.058424
8 114.599 0.020908
9 72.3684 0.013203
10 61.2497 0.011175
11 44.4784 0.0081149
12 33.4481 0.0061025
13 23.8053 0.0043432
14 22.553 0.0041147
15 12.2862 0.0022416
16 10.5593 0.0019265
17 9.75494 0.0017798
18 7.67523 0.0014003
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Table 7. TSS and AUC values obtained from the models implemented in this study.

SSPs and CURRENT SDM AUC (Train) TSS (Train)
BCC-CSM2-MR ssp245 2021-2040 0.97 0.90
BCC-CSM2-MR ssp245 2041-2060 0.94 0.83
BCC-CSM2-MR ssp245 2061-2080 0.95 0.82
BCC-CSM2-MR ssp245 2081-2100 0.96 0.83
BCC-CSM2-MR ssp585 2021-2040 0.95 0.81
BCC-CSM2-MR ssp585 2041-2060 0.94 0.82
BCC-CSM2-MR ssp585 2061-2080 0.97 0.86
BCC-CSM2-MR ssp585 2081-2100 0.96 0.83

CURRENT SDM 0.93 0.92

Table 8. Variable importance of the first model carried out with all climatic variables.

Variable Percent Contribution Permutation Importance
bioll 28.4441 37.0614
biol0 21.0601 6.4193
biol2 9.9030 2.2631
bio03 8.1910 6.4651
bio02 7.4465 12.7615
bio04 6.7611 0.0000
biol9 3.4775 10.5466
bio01 2.0986 0.0000
bio06 2.0245 0.5266
biol8 1.7853 9.9935
biol5 1.6388 2.0871
biol4 1.6258 4.9419
bio05 1.5583 0.2241
bio09 1.5465 2.8801
bio07 1.3294 0.4519
biol7 1.0934 3.3778
biol6 0.0161 0.0000
bio08 0.0000 0.0000
biol3 0.0000 0.0000

The rare species of this complex should be conserved in natural habitats where the
species grow. Direct population management will help conserve these rare species of the
R. sericea complex in the appropriate habitat. Given current land uses (and other pres-
sures of the Anthropocene), however, human interference may be required to maintain
the habitat suitable for conserving these rare taxa. As a result, it is not only species that
are conservation reliant, but entire ecosystems and the associated disturbance regimes
and ecological succession pathways that define them need to be conserved. However, this
requires sufficient data on species’” distribution and abundance. The limitation between
closely related taxa becomes unclear with hybridization between the same species within
the genus and cross genus taxa. Understanding the taxonomy, biodiversity, and conserva-
tion biology, the delimitation of species are controversial for biologists, so several species
concepts have been evaluated. Reproductive isolation is considered the key standard for
delimiting the species [3,5,65].

4.5. Ecology of R. sericea Complex

The R. sericea complex showed apparent macro-morphological variation like some
other species of different families [66,67]. Our field investigation observed intergrading
morphological characteristics; even the populations were geographically intermixed or
proximal, except few entities. However, morphological characters only have been inade-
quately considerable to determine taxonomic problems within the R. sericea complex. These
characters might characterize acclimatization instead of evolutionary variation. Given lim-
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ited genetic adaptability among the recognized species and the infrequent individual with
intermediate characters, these are particularly factual. So, only through integrating ecology
will we imply current or ongoing speciation within the R. sericea complex and display
assistance for the present taxonomic opinion that the R. sericea complex signifies unique,
divergent, or diverging entities. The characteristics that differentiate the R. sericea complex
can have ecological significance as variations alongside the environmental gradient over
which these two taxa are diverging.

Morphologically R. sericea complex taxa have a smaller number of leaflets or have high
leaflet numbers may characterize a variation in temperature, which is higher in the lower
elevations of some taxa where the species arises and, therefore, improves the possibility for
water loss. Such plants can mitigate water loss in high-temperature environments (niche)
with smaller leaf surface areas [68], such as from the smaller number and leaflet size.

5. Conclusions

Through our integrative approach using the field data, ecological factors, and population
morphology, we elucidated that qualitative and quantitative characters provide taxonomic
descriptions and keys to delimit the taxa. The macromorphological characters showed clear
species boundaries, and the taxonomic keys and descriptions provide sufficient evidence
as six separate entities. The previous work on the genetics method failed to define species
boundaries of the complex. However, species concepts need cohesive evidence such as
ecology, morphology, and so on to delineate evolutionarily unique entities since evolution is
continuous and leaves different, detectable footprints within different groups of organisms.
Additionally, the present knowledge of the conservation status of rare species and the
IUCN and its robust network of voluntary experts around the globe is undoubtedly in the
best position to guide such work. The present work is based on the collection of samples
from more than a decade, suggesting that the species RZ have quite rare populations of
individuals and should be conserved. Recognition of unique entities, such as R. sericea
complex rare taxa, has vital implications for conservation decisions and robust biodiversity
estimates. As the one taxon RZ has narrow ecological amplitude, our niche modelling
results suggest that the habitat of these taxa is shrinking with the future climate changes.
There is a chance of the extinction of the complex’s rare taxa, which are morphologically
different entities.
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Appendix A

Qualitative and quantitative morphological description of the Rosa sericea complex
based on Table S1.

Morphological qualitative description of characters
Rosa sericea

Prickles; terete, prickles present, sometimes very broad in pairs below the leaves,
dense or scattered, robust to fine, abruptly flaring, and the base is broad, sometimes bristles
are very dense. Phyllotactic arrangement; not distichous. Vein on adaxial surface; mostly
sunken and sometimes flat. Leaf margin; single serrate. leaf margins 2/3 of apex with
serrate, 1/2 with serrate margin were noted. Serrate tooth edge of leaf margin with gland
absent. Thorns; thorns of petiole and rachis sometimes absent, rare, and sparse were
examined. Thorns of midrib sometimes absent, and rare were noted. Indumentum of leaf
adaxially; pubescent and glabrous. Gland of leaf adaxially absent. Indumentum of leaf
abaxially; pubescent and glabrous. Gland of the leaf is abaxially mostly absent sometimes
rare, sparse, and medium. Indumentum of stipule abaxially; sometimes absent, rarely
pubescent, pubescent, sericeous, and densely hairy. Gland of stipule, sometimes absent,
only on leaf margins, rarely on leaf margin abaxially, sparsely except leaf margin, and
densely except leaf margin. Indumentum of petiole and rachis; sometimes absent, rarely
pubescent, pubescent, sericeous, and densely hairy. Glands of petiole and rachis are some-
times absent, rare, sparse, medium, and dense. Indumentum of the pedicel is sometimes
absent, rarely pubescent. Indumentum of pedicel; sometimes absent, rarely pubescent,
pubescent, sericeous, and densely hairy. The gland of the pedicel is sometimes absent,
rare, sparse, medium, and dense. Indumentum of the receptacle; sometimes absent, rarely
pubescent, pubescent, sericeous, and densely hairy. Gland of receptacle sometimes absent,
rare, sparse, medium, and dense. Sepal morphology; ovate-lanceolate, abaxially sparsely
pubescent or subglabrous, adaxially villous, margin entire, apex acuminate, or acute. Indu-
mentum of sepal; sometimes absent, rarely pubescent, pubescent, sericeous, and densely
hairy. The gland of the sepal is sometimes absent, rare, sparse, medium, and dense. The
number of petals was four mostly few have five. Stalk; not inflated. Hip color; red or
bright to reddish, orange to red or red-purple, immature green or greenish.

Rosa sikangensis

Prickles; terete, prickles in pairs mostly in pairs below leaves, or intermixed sparse,
bristles with dense slender. Phyllotactic arrangement; not distichous. The vein on adaxial
surface; is mostly sunken and sometimes flat. Leaf margin; double serrate, 1/2 with a
serrate margin. Serrate tooth edge of leaf margin with gland present. Thorns; thorns of
petiole and rachis rare, sparse, medium, and dense were examined. Thorns of midrib were
medium and dense were noted. Indumentum of leaf adaxially; sericeous. Gland of leaf
adaxially absent. Indumentum of leaf abaxially; sericeous. Gland of leaf abaxially mostly
sparse, medium, and dense. Indumentum of stipule abaxially; pubescent, sericeous, and
densely hairy. Gland of stipule, sometimes absent, only on leaf margins, rarely on leaf mar-
gin abaxially, sparsely except leaf margin, and densely except leaf margin. Indumentum of
petiole and rachis; sometimes absent, rarely pubescent, pubescent, sericeous, and densely
hairy. Glands of petiole sometimes absent, rare, sparse, medium, and dense. Indumen-
tum of pedicel; sometimes absent, rarely pubescent, pubescent, sericeous, and densely
hairy. Gland of the pedicel is sometimes absent, rare, sparse, medium, and dense. These
specimens have more hairs on the leaf abaxial surface as well as on the petiole, and fruits.

Rosa omeiensis

Phyllotactic arrangement; not distichous. The vein on adaxial surface; is mostly
sunken and sometimes flat. Leaf margin; single serrate. leaf margins all serrate, 2/3 of
apex with serrate, 1/2 with serrate margin were observed. Serrate tooth edge of leaf margin
with gland absent. Thorns; thorns of petiole and rachis sometimes absent, rare, and sparse
were examined. Thorns of midrib sometimes absent, rare, sparse, medium and dense were
noted. Indumentum of leaf adaxially; glabrous. Gland of leaf adaxially absent. Indu-
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mentum of leaf abaxially; glabrous. Gland of leaf abaxially mostly rarely and sometimes
absent. Indumentum of stipule abaxially; sometimes absent, rarely pubescent, pubescent,
sericeous, and densely hairy. Gland of stipule, sometimes absent, only on leaf margins,
and rarely on leaf margin abaxially. Indumentum of petiole and rachis; sometimes absent,
rarely pubescent, pubescent, sericeous, and densely hairy. Glands of the petiole are some-
times absent, rare, sparse, medium, and dense. Indumentum of pedicel; mostly absent,
rarely pubescent, and pubescent. Gland of the pedicel is sometimes absent, rare, and sparse.
Indumentum of the receptacle; mostly absent, rarely pubescent, and pubescent. Gland of
receptacle sometimes absent, rare, and sparse. Sepal morphology; lanceolate, abaxially
subglabrous, adaxially sparsely pubescent, margin entire, apex acuminate or long caudate.
Indumentum of sepal; rarely pubescent, pubescent, sericeous, and densely hairy. Gland of
sepal sometimes absent, rare and sparse. Petals; number of petals were four mostly few
have five. Color of petals mostly white, yellowish and pink. Stalk; half inflated. Hip color;
red or bright to reddish, orange to red or red purple, immature green or greenish. Prickles;
wing like, prickles present in paired below the leaves with broad base, dense or scattered,
abruptly flaring, bristles when present very dense, apex tapering or abruptly.

Rosa morrisonensis

Prickles; stout, prickles in pairs mostly in pairs below leaves, mostly dense sometimes
scattered, bristles dense slender. Phyllotactic arrangement; not distichous. Vein on adax-
ial surface; mostly flat. Leaf margin; double serrate. Serrate tooth edge of leaf margin
with gland present. Leaf margin tooth single tooth. Thorns; thorns of petiole and rachis
not present. Thorns of midrib were absent. Indumentum of leaf adaxially; absent. Gland
of leaf adaxially rarely. Indumentum of leaf abaxially; sericeous. Gland of leaf abaxially
sparse. Indumentum of stipule abaxially; absent. Gland of stipule mostly absent, some-
times in only on leaf margin. Indumentum of petiole and rachis; sometimes absent, and
rarely pubescent. Glands of petiole sparse, and medium. Indumentum of pedicel; some-
times absent, rarely pubescent, and pubescent. Gland of pedicel sometimes absent, and
rare. Indumentum of receptacle; absent. Gland of receptacle sometimes absent, and rare.
Sepal morphology; lanceolate, abaxially glabrous, sometimes sparsely glandular, adaxially
densely pubescent, margin entire, apex long acuminate. Indumentum of sepal; sometimes
absent mostly rarely pubescent. Gland of sepal sometimes absent, sparse and medium.
Gland of receptacle sometimes absent, and rare. Petals; number of petals were four. Color
of petals mostly white. Stalk; all inflated. Hip color; orange to red or red purple.

Rosa mairei

Prickles; terete, and winglike, prickles present, sometimes very broad in pairs be-
low the leaves, dense or scattered, robust to fine, apex tapering, and the base is broad,
sometimes bristles are mostly scattered and sometimes dense. Phyllotactic arrangement;
not distichous. Vein on adaxial surface; mostly sunken and sometimes flat. Leaf margin;
single serrate. leaf margins 2/3 of apex with serrate, 1/2 with serrate margin were noted.
Serrate tooth edge of leaf margin with gland present. Thorns; thorns of petiole and rachis
absent. Thorns of midrib mostly absent, and sometimes dense present. Indumentum of
leaf adaxially; pubescent. Gland of leaf adaxially present and dense. Indumentum of leaf
abaxially; absent. Gland of leaf abaxially dense. Indumentum of stipule abaxially; some-
times absent, pubescent, and sometimes sericeous. Gland of stipule, rarely on leaf margin
abaxially, and densely except from leaf margin. Indumentum of petiole and rachis; absent.
Glands of petiole and rachis sometimes medium, and dense. Indumentum of pedicel;
sometimes absent, rarely pubescent, and pubescent. Gland of pedicel absent. Indumentum
of receptacle; absent. Gland of receptacle absent. Sepal morphology; ovate or lanceolate,
abaxially sparsely pubescent, adaxially densely pubescent, margin entire, apex acuminate.
Indumentum of sepal; pubescent, sericeous, and densely hairy. Gland of sepal sometimes
absent, rare, sparse, and medium. Number of petals were four. White color. Stalk; not
inflated and all inflated. Hip color; red or bright to reddish.
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Rosa zhongdianensis

Prickles; flat, prickles present, sometimes very broad in pairs below the leaves, dense
or scattered, robust to fine, tapering, and the base is broad, sometimes bristles are very
dense. Phyllotactic arrangement; not distichous. Vein on adaxial surface; sunken on
adaxial side. Leaf margin; double serrate. leaf margins double tooth. Serrate tooth edge
of leaf margin with gland absent. Thorns; thorns of petiole and rachis sometimes were
rare. Thorns of midrib were mostly absent, sometimes rare. Indumentum of leaf adaxially;
pubescent. Gland of leaf adaxially absent, rare and sometimes sparse. Indumentum of leaf
abaxially; absent. Gland of leaf abaxially mostly rare, and sparse. Indumentum of stipule
abaxially; sometimes rarely pubescent, pubescent, sericeous, and densely hairy. Gland of
stipule absent. Indumentum of petiole and rachis; sometimes absent, rarely pubescent,
pubescent, sericeous, and densely hairy. Glands of petiole and rachis sometimes absent,
rare, sparse, and medium. Indumentum of pedicel sometimes rarely pubescent, pubescent,
sericeous, and densely hairy. Indumentum of pedicel; sometimes, pubescent, sericeous,
and densely hairy. Gland of pedicel absent. Indumentum of receptacle; sometimes absent,
and sericeous. Gland of receptacle absent. Sepal morphology; lanceolate, 9-12 mm, both
surfaces densely pubescent, margin entire, apex long acuminate, caudate. Indumentum of
sepal; sometimes absent, and rarely pubescent. Gland of sepal sometimes absent, rare, and
sparse. The number of petals were four. Stalk; not inflated. Hip color; dark red, immature
green or greenish.

Quantitative discerption of R. sericea complex
Rosa sericea

The length ranged from 7-15 mm, but most of the specimens had an average 11 mm
of prickles. The width ranges from 7-12 mm. The prickles diameter ranges from 0.9-2.9 cm.
Leaf morphology; the number of leaflets minimum ranges from 5-11, number of leaflets
maximum ranges from 9-15. Length of leaf minimum ranges from 12.5-50 mm, length of
leaf maximum ranges from 20-80 mm. Length of first leaflet on apex minimum ranges
from 5.12-17.4 mm, length of the first leaflet on apex maximum ranges from 6.71-31.21 mm.
Width of the first leaflet on the apex minimum 2.56-6.43 mm, the width of first leaflet on
apex maximum ranges from 3.49-9.8 mm. Length of first leaflet on base minimum ranges
from 2-7 mm, length of first leaflet on base maximum ranges from 4-18 mm. Width of
the leaflet on base minimum 1.5-8.23 mm, width of the first leaflet on base maximum
2-9.78 mm. Pedicel size; length of pedicle minimum ranges from 1-27 mm, length of
pedicel maximum ranges from 2—41.6 mm. Sepal size; length of sepal minimum ranges
from 3-19 mm, length of sepal maximum ranges from 6-29 mm. Width of sepal minimum
ranges from 1.2-8.7 mm, width of sepal maximum ranges from 1.3-3.5 mm.

Rosa omeiensis

The length of prickles was examined various in different specimens of the same
species, variation also have been observed, it was ranging from 3-15 mm, but the average
length was between 7-10 mm. The width was ranges from 2-12 mm. Prickle diameter
was ranging from 1.5-3 cm. Leaf morphology; number of leaflets minimum ranges from
5-11, number of leaflets maximum ranges from 13-17. Length of leaflet minimum ranges
from 20-80 mm, length of leaf maximum ranges from 35-115 mm. Length of first leaflet
on apex minimum ranges from 5-20 mm, length of the first leaflet on apex maximum
ranges from 9-41.1 mm. Width of the first leaflet on apex minimum 2.54-8 mm, width
of first leaflet on apex maximum ranges from 3.98-12 mm. Length of first leaflet on base
minimum ranges from 3.46-11.12 mm, length of first leaflet on base maximum ranges
from 5-17 mm. Width of the leaflet on base minimum 2-6 mm, width of the first leaflet on
base maximum 3-8 mm. Pedicel size; length of pedicle minimum ranges from 1-21.5 mm,
length of pedicel maximum ranges from 2-34.13 mm. Sepal size; length of sepal minimum
ranges from 3.9-16 mm, length of sepal maximum ranges from 5-23 mm. Width of sepal
minimum ranges from 1.89-5 mm, width of sepal maximum ranges from 2-6.4 mm.
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Rosa sikangensis

The prickles length was from 7-15 mm, mostly was from 7-10 mm. The width
ranges from 2-12 mm width noted. The prickles diameter ranges from 0.8-1.3 cm. Leaf
morphology; number of leaflets minimum ranges from 7-9, number of leaflets maximum
ranges from 9-13. Length of leaflet minimum ranges from 13.41-30.23 mm, length of
leaf maximum ranges from 30.12-63.56 mm. The length of first leaflet on apex minimum
ranges from 5.12-10.29 mm, length of the first leaflet on apex maximum ranges from
8.11-19.78 mm. Width of the first leaflet on the apex minimum 3.34-5.34 mm, the width
of the first leaflet on the apex maximum ranges from 4.51-7.53 mm. The length of the
first leaflet on the base minimum ranges from 3.12-6.78 mm, length of the first leaflet on
the base maximum ranges from 5.14-11.23 mm. Width of the leaflet on-base minimum
2.34-4.32 mm, the width of the first leaflet on-base maximum of 3.03-6.03 mm. Pedicel
size; length of pedicle minimum ranges from 3.4-13 mm, length of pedicel maximum
ranges from 9.1-32 mm. Sepal size; length of sepal minimum ranges from 4.9-14 mm,
length of sepal maximum ranges from 7.9-22 mm. The width of sepal minimum ranges
from 1.7-4 mm, the width of sepal minimum ranges from 2.9-9 mm, the width of sepal
maximum ranges from 2.5-9 mm.

Rosa morrisonensis

The prickles length was from 7-15 mm, mostly was from 7-10 mm. The width
ranges from 2-12 mm width noted. The prickle” diameter ranges from 0.8 to 1.3 cm. Leaf
morphology; the number of leaflets minimum were 7, the number of leaflets maximum
ranges from 9-11. The length of leaflet minimum ranges from 15-30 mm, length of leaf
maximum ranges from 24-45 mm. Length of first leaflet on apex minimum ranges from
5-8 mm, length of the first leaflet on apex maximum ranges from 7-12 mm. The width of
the first leaflet on apex minimum 2.5-5 mm, the width of the first leaflet on apex maximum
ranges from 3-7 mm. Length of first leaflet on base minimum ranges from 4-6 mm, length
of the first leaflet on base maximum ranges from 5-9 mm. The width of the leaflet on
base minimum ranges from 2—-4 mm, width of the first leaflet on base maximum 3-5.5 mm.
Pedicel size; length of pedicle minimum ranges from 4-7 mm, length of pedicel maximum
ranges from 5-10 mm. Sepal size; length of sepal minimum ranges from 7-14 mm, length
of sepal maximum ranges from 8-14 mm. The width of sepal minimum ranges from
2-3 mm, width of sepal maximum ranges from 2.5-3.5 mm.

Rosa mairei

The prickles length was from 7-15 mm, mostly was from 7-10 mm. The width
ranges from 2-12 mm width noted. The prickles diameter ranges from 0.8-1.3 cm. Leaf
morphology; the number of leaflets minimum were 7-9, number of leaflets maximum
ranges from 9-11. The length of leaflet minimum ranges from 20-30 mm, length of leaf
maximum ranges from 25-40 mm. The length of the first leaflet on the apex minimum
ranges from 7-11 mm, length of the first leaflet on the apex maximum ranges from 9-13 mm.
The width of the first leaflet on the apex minimum 3—4.5 mm, the width of first leaflet
on apex maximum ranges from 3.5-5.5 mm. The length of first leaflet on base minimum
ranges from 3-6 mm, length of first leaflet on the base maximum ranges from 5-9 mm. The
width of the leaflet on base minimum ranges from 2-3 mm, width of the first leaflet on a
base maximum 2.5-4 mm. Pedicel size; length of pedicle minimum ranges from 2-7 mm,
length of pedicel maximum ranges from 3-8 mm. Sepal size; length of sepal minimum
ranges from 5-10 mm, length of sepal maximum ranges from 6-12 mm. The width of sepal
minimum ranges from 2.5-3 mm, the width of sepal maximum ranges from 3—4 mm.

Rosa zhongdianensis

The prickles length was from 6-8 mm. The width ranges from 4-7 mm width noted.
Leaf morphology; the number of leaflets minimum were 5-9, number of leaflets maximum
ranges from 9-11. The length of leaflet minimum ranges from 19—42 mm, length of leaf
maximum ranges from 32-58 mm. The length of the first leaflet on apex minimum ranges
from 7-11 mm, length of the first leaflet on apex maximum ranges from 10-14 mm. Width
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of the first leaflet on the apex minimum 5-7 mm, the width of first leaflet on apex maximum
ranges from 7-8.5 mm. Length of first leaflet on base minimum ranges from 5-8 mm,
length of first leaflet on base maximum ranges from 7-13 mm. Width of the leaflet on base
minimum ranges from 3-4.5 mm, width of the first leaflet on base maximum 4-5.5 mm.
Pedicel size; length of pedicle minimum ranges from 7-14 mm, length of pedicel maximum
ranges from 10-15 mm. Sepal size; length of sepal minimum ranges from 9-13 mm,
length of sepal maximum ranges from 11-17 mm. Width of sepal minimum ranges from
2.5-3.5 mm, width of sepal maximum ranges from 3-3.5 mm.
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