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Abstract: The current research was carried out to characterize the phytosociology of the forests of
one of Pakistan’s most valuable tree species (Deodar) across its native range. In this context, our
main hypothesis was that, along the altitudinal gradient, we would find different plant communities
that would be driven by different environmental variables (climatic, edaphic, and physiographic).
Therefore, to assess the vegetation structure of the pure Deodar forests of the unexplored Manoor
Valley (Northwestern Himalaya), Pakistan, frequent field visits were carried out during different
seasons of 2015-2018. Ecological methods: Line transects sampling (23 stands) and phytosocio-
logical attributes were evaluated in relation to geographical and environmental variables. Various
statistical software applications (i.e., PCORD, RStudio 4.0, and R 3.6.1) were used to examine all
of the gathered data of plant species and environmental variables. A total of three different plant
communities (Cedrus—Isodon-Cynodon, Cedrus—Cynodon—Dryopteris, and Sambucus—Cedrus—Desmodiumn)
were identified by grouping 162 species and 23 stands in pure Deodar forests under the influence
of geographic, slope, edaphic, and climatic variables, ranging from 1580.8 to 2373.8 m. The altitude
(1936-2373 m), slope angle (25-85°), sandy (29-48%) and loamy soil texture, wind speed (1.45 ms~ 1),
and temperature (25.8 °C) all had a strong influence on the Sambucus—Cedrus—Desmodium community.
In contrast with this, the Cedrus—Cynodon—Dryopteris community showed a positively significant
relationship with the northeastern slope, silty (32-58%) and sandy (15.8-55%) loamy soil texture,
and barometric pressure (814.3 pa). Nonetheless, the Cedrus—Isodon—Cynodon community revealed a
significant positive association with the northeastern to southwestern slope, pH (6.3), wet bulb (19.7),
and dew point (17.7). We found significant differences (p < 0.001) among the three communities
found in the pure Deodar forests in the four diversity indexes. The Sambucus—Cedrus—Desmodium
community has the maximum number of plants (129 species), Shannon’s diversity (H" = 3.7), and
Simpson’s dominance (0.98) values among the recorded communities. The Pielou’s evenness index
value was led by the Cedrus—Isodon—Cynodon community (0.97). Beta diversity showed a dissimilarity
lower than 50% among the three communities. Simple term effects in the canonical correspondence
analysis model revealed significant (p < 0.05) differences in altitude, slope angle, slope (southeastern),
and wind speed variables. The present investigation sheds light on vegetation pattern and species
contribution as a function of environmental gradients and provides a baseline for future studies.
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1. Introduction

The study of vegetation categorization based on species co-occurrence and its rela-
tionship to environmental factors is known as phytosociology [1,2]. This research area has
resulted in major vegetation appraisal techniques and methodologies that may be linked
to ecosystem services and biodiversity conservation [3]. Species composition, community
structure, and function are the most significant ecological features of forest ecosystems, and
they all change in response to environmental changes [4,5]. Factors such as vegetation type,
slope, aspect, edaphic variables, and altitude [6,7] influence the community composition,
structure, and distribution pattern of diversity in mountain vegetation [8]. Elevation is
an important variable in mountain ecosystems [9] since it affects the structure of the veg-
etation in most mountains across the world [10]. Most of the environmental factors, as
well as species diversity [11,12], change concurrently along the altitudinal gradient [13].
This aspect fosters habitat heterogeneity and induces micro-environmental alteration in
vegetation patterning [14,15]. Heywood and Watson [16] reported that species richness in
vascular plants increases with temperate latitude. Vegetation associations with ecological
diversity are considered as a proportion of the quality of the entire ecosystem [17]. For this
reason, vegetation in relation to environmental variables has been an important topic in
recent years [18].

In Pakistan, Deodar (Cedrus deodara (Roxb. ex D.Don) G.Don) is found in Murree,
Hazara, Abbottabad, Swat, Azad Kashmir, Kaghan Valley, Kohistan Chillas, Dir, and Chitral.
It is mostly a dry temperate plant, although scattered stands of this species can be found in
moist temperate regions [19]. A majority of these forests are found in the transitional zone
between dry and moist temperate zones, with no clear boundary between the two [20].
Deodar grows on ridge tops and moderate (17°) to steep (50°) slopes in Northern areas,
ranging in elevation from 1650 m (Kaghan) to 2927 m (Chitral) in moist temperate, dry
temperate, and timberline regions [21]. According to Champion et al. [19], Cedrus deodara
forests gradually extend into the dry inner valleys of the Himalayas. Hussain and Illahi [20]
have compiled a comprehensive report on the ecology and vegetation types of Pakistan’s
lesser Himalaya. They further noted that Deodar trees cannot endure extremely moist
environments and are thus restricted to the Himalayan drier zones.

Following the observational vegetation surveys by Champion et al. [19] and Beg [22],
plenty of quantitative phytosociological studies have been conducted across the nation by
several researchers. Ahmed et al. [23] carried out an extensive quantitative sampling in the
Deodar forests of the Hindu Kush and Himalayan ranges of Pakistan, and they identified
Cedrus deodara, Pinus wallichiana, P. gerardiana, and Abies pindrow as the dominant species in
the recorded plant communities. Phytosociological work from Ayubia National Park [24]
was reported three decades ago, and it was reported about a decade ago in the Sarsawa Hills,
District Kotli of Azad Kashmir [25]. The former study reported five plant communities, i.e.,
Acacia modesta—Cannabis sativa, Acacia modesta—Cynodon dactylon, Acacia modesta—Themeda
anathera, Acacia modesta—Dodonaea viscosa, and Acacia modesta—Lantana camara. The latter
identified nine communities (i.e., Pinus—Poa-Maytenus, Myrsine—Themeda—Pinus, Colebrookia—
Themeda—Dodonaea, Themeda—Carissa—Adhatoda, Themeda—Dodonaea—Eriophorum, Adhatoda—
Themeda, Carissa—Myrsine-Themeda, Carissa—Themeda—Dodonaea, and Dodonaea—Carissa—Pinus)
at different elevations. The structure and distribution patterns of plant communities in
Himalayan forests are poorly understood [26]. The Northwestern Himalaya is a unique
bioregion because of its variable topographical and ecological complexity throughout a
vast altitudinal range.

Nonetheless, apart from these studies, no thorough quantitative analyses have been
conducted that define communities of Deodar forests, wherein the most valuable wood
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species reside, designating the Deodar as Pakistan’s national tree. Therefore, the current
research was carried out to characterize the phytosociology of the forests, owing to one
of Pakistan’s most valuable tree species across its native range. In this context, our main
hypothesis was that, along the altitudinal gradient, we would find different plant commu-
nities that would be driven by different environmental variables (climatic, edaphic, and
physiographic), due to changes in environmental factors. Overall, our study aims to move
toward a better understanding of how environmental variables influence the structuring
and distribution of plant species in the Deodar forest.

2. Materials and Methods
2.1. Study Area

The current field investigation was conducted in the pure Deodar forests of the
Manoor valley, which is a hilly valley (Figure 1) in Pakistan’s Northwestern Himalayan
region [27-30], with elevations ranging from 1580.8 m to 2373.8 m. In the Himalayas,
monsoon winds are the principal source of precipitation as well as the primary governing
factor of erosion, topography, environment, and vegetation [31]. The valley’s vegetation
features Sino-Japanese characteristics [32,33]. Summers are chilly and dry, and the valley
has a dry-temperate climate with considerable seasonal variations. Between November
and April, there is a lot of snow (an average annual snowfall of 3 m). With rising altitude,
the range represents a significant spike in snow depth. In comparison to lower elevations,
the winter is severe at higher altitudes [34]. From January to April, there is a distinct wet
season, with June to November being the driest months of the year.
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Figure 1. Map of the study area (Manoor Valley/Area) generated by ArcGIS software.
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2.2. Vegetation Sampling and Plant Identification

The vegetation of pure Deodar forests was surveyed and quantified [35] along the geo-
graphic, slope, edaphic, and climatic variables [36]. A line transect ecological technique was
used for the vegetation sampling [35,37—41]. Sampling was carried out during 2015-2018.
The surveyed sites were divided into 23 stands, and three sampling points within each
stand were sampled along a 50 meter transect (total = 69 transects). The phytosociological
attributes (i.e., density, frequency, cover and their relative values, and importance value)
were used for the calculation of the data from each sampled point [42—-44]. The IV was
further used to rank each species, and those with the highest IV were considered as the
dominant species [42,43]. Similarly, plant communities were named after three dominant
species [45—-49]. The slope angle, aspect (i.e., east, west, south, and north), and exposure
of each sampled point were recorded using a clinometer, and altitude, longitude, and
latitude were measured by the geographical positioning system (GPS). Plant collection,
labeling, pressing, and other herbarium work methodologies were adopted [50-56]. Their
identification was confirmed using Flora of Pakistan [57-59], and they were submitted to
the Hazara University herbarium in Mansehra (Pakistan).

2.3. Environmental Gradients

Soil samples weighing 200-400 g were collected from three randomly selected transects
(0-30 cm depth) within the studied vegetation area [60,61]. The replicated samples collected
from each stand were thoroughly mixed to make a composite sample [62], stored in a sterile
polythene bag, and labeled with a permanent marker. The samples were cleaned of any raw
materials, such as rocks and stones, and then dried in the shade. Physicochemical tests were
performed, including soil texture (clay, sand, silt, and loam), pH [63], electrical conductivity
(EC) [64], organic matter (OM) [65], nitrogen (N), phosphorus (P), potassium (K), and
calcium carbonate (CaCO3) contents [66]. Other climatic variables (such as temperature,
barometric pressure (BP), wet bulb (WB), dew point (DP), heat index (HI), wind speed(WS),
and humidity) were measured by recording data at each transect with a small remote
weather station (Kestrel weather tracker 4000), and then calculating average values at the
stand level [36].

2.4. Statistical Analyses

The data from all of the plant species, geographic, and other environmental gradients
were compiled to see whether there was a link between them [67,68]. Various software
packages, such as PC-ORD [69] and R 3.6.1 [70], were applied to analyze IV matrices (abun-
dance of the 162 species) and values of geographic and environmental gradients obtained
at 23 stands. PC-ORD software [35] was used to identify plant communities [36] by process-
ing cluster analysis (CA), two-way cluster analysis (TWCA) [71], and two-way indicator
species analysis (TWINSPAN). TWINSPAN was processed for the identification of the
plant communities [35] based on species classification and sample clustering [72]. RStudio
4.0.0 [70] was used for processing non-multidimensional scaling ordination (NMDS) and
principal component analysis (PCA) [73], ternary plot using the “Ternary” package [74],
GLM with Gaussian error distribution and Likelihood ratio test [75], the spatial turnover
and nestedness-resultant components of beta diversity, dissimilarity analysis [76,77], canon-
ical correspondence analysis (CCA), and variation partitioning tests (partial CCA) [70]. The
NMDS and PCA bi-plot ordinations were used to evaluate the correlation of environmental
gradients with communities. The ternary diagram (simplex plots/Gibbs triangles) was
drawn using the standard graphics functions by employing the soil texture variables data
(sand, silt, and clay). GLM was conducted to compare the variables (20 variables distributed
into four different groups: geographic, edaphic, climatic, and slope) evaluated among the
communities produced by our previous analysis [75]. For calculating species richness by
using a Poisson error distribution, we used a GLM, followed by a Likelihood ratio test. In
addition, we used Gaussian error to measure each plant community’s evenness, Shannon,
and Simpson diversity. In the case of CCA and partial CCA, analyses fitted a complete
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model, and by using the step function with permutation in the package “stats”, we reduced
this complete model to the best model with the lowest number of variables. In addition, we
used the Variance Inflation Factor (VIF) to validate the model’s applicability by evaluating

multicollinearity between variables in the final model.

3. Results

In this phytosociological investigation, 162 plant species were documented from
23 stands sampled in the pure Deodar forests of the Manoor Valley, Himalaya, Pakistan
(Table 1). The pure Deodar forests ranged from 1580.8 to 2373.8 m.

Table 1. List of plant species, with their importance values (IVs) calculated based on vegetative
characteristics of each stand. Plant communities were named based upon three dominant species.

The indicator species’ IVs are mentioned in bold, as well, with respect to plant community.

Plant Communities

Plant Species Cedrus—Isodon— Cedrus—-Cynodon— Sambucus—Cedrus—
Cynodon Dryopteris Desmodium

Abies pindrow (Royle ex D. Don) Royle 0.00 0.00 1.10
Achyranthes aspera L. 0.34 1.09 0.00
Achyranthes bidentata Blume 0.21 0.20 0.00
Adiantum capillus-veneris L. 3.67 3.86 1.45
Adiantum indicum J. Ghatak 0.00 0.00 0.29
Adiantum venustum D. Don 0.00 0.00 0.35
Aesculus indica (Wall. ex Camb.) Hook. 0.00 0.00 0.26
Ailanthus altissima (Mill.) Swingle 0.00 3.62 0.80
Ajuga integrifolia Buch.-Ham. 1.25 2.58 0.00
Amaranthus viridis L. 0.00 1.37 0.00
Anagallis arvensis L. 1.77 2.55 0.00
Arisaema flavum (Forssk.) Schott 3.88 1.07 0.00
Artemisia absinthium L. 0.00 5.04 1.39
Bergenia ciliata (Haw.) Sternb. 0.00 0.00 0.56
Berberis lycium Royle 5.03 0.00 0.00
Berberis parkeriana C.K. Schneid. 0.00 0.00 0.61
Berberis pachyacantha Bien. ex Koehne 0.00 0.00 0.20
Bistorta amplexicaulis (D. Don) Greene 0.00 0.00 1.82
Bromus diandrus Roth. 0.00 0.00 0.53
Bromus secalinus L. 0.00 0.00 1.56
Bromus tectorum L. 0.00 0.00 0.68
Bupleurum nigrescens E. Nasir 2.96 0.00 1.55
Calamintha umbrosa (M. Bieb.) Hedge 0.00 0.00 1.42
Cannabis sativa L. 0.00 0.95 0.00
Capsella bursa-pastoris (L.) Medik. 0.00 3.76 0.00
Cedrus deodara (Roxb. ex Lamb.) G. Don 13.74 10.79 5.05
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Table 1. Cont.

Plant Species

Plant Communities

Cedrus—Isodon—

Cedrus—Cynodon—

Sambucus—Cedrus—

Cynodon Dryopteris Desmodium
Cichorium intybus L. 0.00 0.46 0.00
Cirsium arvense (L.) Scop. 2.00 3.18 0.21
Clematis grata Wall. 2.46 3.97 0.64
Clinopodium vulgare L. 0.00 2.53 0.51
Commelina benghalensis L. 0.00 0.00 0.26
Convolvulus arvensis L. 4.41 2.26 0.00
Conyza japonica (Thunb.) Less. ex Less. 0.00 0.39 0.23
Corydalis carinata Lidén and Z.Y.Su 0.00 0.00 0.03
Corydalis virginea Lidén and Z.Y.Su 0.00 0.00 0.05
Cotoneaster acuminatus Wall. ex LindL 0.00 0.00 0.16
Cotoneaster microphyllus Wall. ex Lindl 3.71 0.00 0.00
Crotalaria sp. 0.00 0.67 0.22
Cuscuta reflexa Roxb. 1.63 0.00 0.00
Cynodon dactylon (L.) Pers. 10.47 10.40 1.83
Cynoglossum glochidiatum Wall. ex Benth. 1.19 1.90 0.00
Cyperus odoratus L. 0.00 1.58 0.78
Cyperus rotundus L. 5.48 3.26 1.66
Dactylis glomerata L. 0.00 0.00 3.30
Desmodium elegans DC. 0.00 0.00 4.10
Dicliptera bupleuroides Nees 0.00 0.49 0.10
Dioscorea deltoidea Wall. ex Griseb. 0.00 0.00 0.04
Diospyros lotus L. 0.00 0.83 0.13
Dipsacus inermis Wall. in Roxb. 0.00 0.00 0.06
Dodonaea viscosa (L.) Jacq. 0.30 0.54 0.00
Dryopteris wallichiana (Spreng.) Hyl. 5.88 5.48 3.26
Duchesnea indica (Andx) Fake. 4.07 1.06 0.61
Erigeron canadensis L. 0.00 0.00 0.50
Euphrasia himalayica Wetts. 0.00 0.00 1.50
Euphorbia hirta L. 0.00 1.72 0.00
Euphorbia prostrata Ait. 0.00 0.70 0.00
Filipendula vestita (Wall. ex G. Don.) Maxim. 0.00 0.00 0.70
Foeniculum vulgare Mill. 0.00 0.00 2.38
Fragaria nubicola (Hook. f.) Lindl. ex Lacaita 6.41 2.64 245
Fumaria indica (Hausskn) Pugsley 1.29 0.00 0.00
Galium aparine L. 0.00 0.00 0.48
Geranium nepalense Sweet. 0.00 0.41 0.49
Geranium wallichianum D. Don ex Sweet 4.00 1.20 1.19
Grewia optiva ] R.Drumm. ex Burret 0.00 0.00 0.16
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Table 1. Cont.

Plant Species

Plant Communities

Cedrus—Isodon—

Cedrus—Cynodon—

Sambucus—Cedrus—

Cynodon Dryopteris Desmodium
Hedera nepalensis K. Koch 4.25 1.96 0.00
Heracleum candicans Wall. ex DC. 0.00 0.00 3.29
Hyoscyamus niger L. 0.00 0.00 0.47
Impatiens bicolor Royle. 5.64 241 0.94
Indigofera hebepetala Baker 0.00 0.00 0.91
Indigofera heterantha Brandis 0.00 3.68 1.52
Ipomoea nil (L.) Roth 0.00 1.67 0.64
Isodon rugosus (Wall. ex Benth.) Codd 11.50 3.28 0.24
Juglans regia L. 0.00 1.17 0.08
Justicia adhatoda L. 0.00 0.00 0.29
Lamium amplexicaule L. 0.00 0.98 0.00
Lathyrus aphaca L. 0.00 0.00 0.53
Launaea procumbens (Roxb.) Ramayya and Rajagopal 111 1.49 0.08
Leptodermis virgata Edgew. ex Hook.F. 3.16 2.99 0.00
Lindelofia sp. 0.74 0.46 0.02
Malvastrum coromandelianum(L.) Garcke 0.28 0.25 0.09
Malva parviflora L 0.00 2.46 0.00
Malva neglecta Wallr. 0.00 2.86 0.00
Medicago sativa L. 4.95 3.83 0.55
Micromeria biflora (Ham.) Bth. 0.00 2.64 0.00
Nepeta graciliflora Benth. 0.00 0.00 0.46
Nepeta laevigata (D. Don) Hand.-Mazz 0.00 0.00 0.97
Oenothera rosea L. Her ex Aiton 0.00 0.99 0.30
Olea ferruginea Wall. ex Aitch. 0.00 0.00 0.12
Onopordum acanthium L. 0.00 0.00 2.86
Origanum majorana L. 0.00 0.00 0.16
Origanum vulgare L. 0.00 0.00 1.54
Oxalis corniculata L. 411 538 0.81
Parthenium hysterophorus L. 0.00 0.91 0.00
Parrotiopsis jacquemontiana (Decne.) Rehder 6.41 0.81 2.37
Paspalum dilatatun Poir. 0.00 0.00 0.28
Pennisetum orientale Rich. 0.00 0.00 3.04
Periploca aphylla Decne. 0.00 0.00 0.20
Persicaria capitata (Buch.-Ham. ex D.Don) H.Gross 2.62 2.86 0.00
Phragmites altissimus (Benth.) Mabille 0.00 0.00 1.88
Phytolacca americana L. 0.00 0.00 0.08
Phytolacca latbenia (Moq.) H. Walter 0.00 0.00 0.04
Pimpinella stewartii (Dunn) Nasir 0.00 2.10 1.53
Pinus roxburghii Sarg 0.43 0.10 0.00
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Table 1. Cont.

Plant Communities

Plant Species Cedrus—Isodon— Cedrus—Cynodon-— Sambucus—Cedrus—
Cynodon Dryopteris Desmodium
Pinus wallichiana A.B. Jacks 0.00 0.62 0.77
Piptatherum aequiglume (Duthie ex Hook.f.) Roshev. 0.00 0.00 0.68
Plantago major L. 0.00 0.00 0.33
Pleurospermum stellatum (D. Don) Benth. ex C.B. 0.00 0.00 0.04
Clarke
Pleurospermum stylosum C.B. Clarke 0.00 0.00 0.04
Poa infirma Kunth 0.00 0.00 1.72
Polygonum plebeium R.Br. 0.00 0.00 0.91
Polygonatum sp. 0.00 0.00 0.03
Polygonatum verticillatum (L.) Allioni 0.00 0.00 0.25
Populus alba L. 0.00 0.00 1.80
Populus ciliata Wall. ex Royle 0.00 0.00 0.33
Populus nigra L. 0.00 0.00 0.16
Portulaca oleracea L. 0.00 0.00 0.28
Potentilla nepalensis Hook. 0.00 0.00 0.36
Prunella vulgaris L. 0.00 0.00 1.62
Pteridium aquilinum (L.) Kuhn 0.00 0.46 0.00
Pteracanthus urticifolius (Wall. ex Kuntze) Bremek. 0.00 0.00 0.07
Ranunculus muricatus L. 0.00 0.00 0.44
Reinwardtia trigyna Planch. 0.00 0.00 0.26
Rhamnus purpurea Edgew. 0.00 0.00 0.14
Rhynchosia pseudo-cajan Cambess. 0.00 0.00 0.13
Robinia pseudo-accacia L. 0.00 0.00 0.22
Rosa brunonii Lindl. 0.00 0.00 0.80
Rubus fruticosus agg. 0.00 0.00 1.04
Rubus sanctus Schreber 0.00 0.00 0.34
Rydingia limbata (Benth.) Scheen and V.A. Albert 0.00 0.00 0.26
Saccharum spontaneum L. 0.00 0.00 0.06
Salix alba L. 0.00 0.00 0.25
Salix denticulata subsp. hazarica (R. Parker) Ali 0.00 0.00 0.08
Salvia lanata Roxb. 0.00 0.79 0.39
Salvia moorcroftiana Wall. ex Benth. 0.94 0.00 0.00
Salvia nubicola Wall. ex Sweet 0.00 0.00 0.61
Salix tetrasperma Roxb 0.00 0.00 0.03
Sambucus wightiana Wall. ex Wight and Arn 0.00 0.00 5.25
Saussurea sp. 0.00 0.35 0.00
Seseli libanotis (L.) W.D.]. Koch 0.00 0.00 0.04
Sida cordata (Burm.f.) Borss 0.00 0.00 0.03

Silene conoidea L. 0.00 0.00 0.42
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Table 1. Cont.

Plant Communities

Plant Species Cedrus—Isodon— Cedrus—Cynodon-— Sambucus—Cedrus—
Cynodon Dryopteris Desmodium

Silybum marianum (L.) Gaertn. 0.00 0.61 0.00
Silene vulgaris (Moench) Garcke 0.00 0.00 0.62
Smilax glaucophylla Koltzsch 0.00 0.00 0.20
Sonchus asper (L.) Hill 0.00 0.95 0.49
Sorghum halepense (L.) Pers. 3.37 191 1.17
Sorbaria tomentosa (Lindl.) Rehder 0.00 1.00 3.62
Spiraea affinis R Parker 0.00 0.00 0.23
Spiraea vaccinifolia D. Don 0.00 0.00 0.02
Sporobolus diandrus (Retz.) P.Beauv. 0.00 0.00 0.70
Stellaria media (L.) Vill. 0.00 0.00 0.12
Tagetes minuta L. 0.00 433 0.77
Taraxacum officinale aggr. FH. Wigg. 0.00 1.52 0.00
Thalictrum pedunculatum Edgew. 0.00 0.00 0.03
Torilis japonica (Houtt.) DC. 0.00 0.00 0.04
Trachyspermum amii (L.) Sprague 0.00 0.00 0.01
Trifolium repens L. 3.26 3.60 0.00
Vicia sativa L. 0.00 0.00 0.04
Vincetoxicum petrense (Hemsl. and Lace) Rech. f. 0.00 0.00 0.04
Viola odorata L. 0.00 0.00 0.29
Viola serpens Wall. Ex Ging 0.00 0.00 0.36
Vitex negundo L. 0.00 0.00 0.19

3.1. Cluster Analysis (CA), Two-Way Cluster Analysis (TWCA) and TWINSPAN

Cluster analysis (CA), using PC-ORD, grouped the vegetation into three plant com-
munities, as indicated in the dendrograms under the impact of various environmental
gradients (Figure 2). TWCA displays the detailed distribution patterns of 162 plant species
recorded at 23 sampling sites (stands). Based on influenced environmental gradients, all of
these stands were clustered into three distinct groups (plant communities) (Figure 3). Ac-
cording to TWINSPAN classification, a total of three communities (Cedrus—Isodon—Cynodon,
Cedrus—Cynodon—Dryopteris, and Sambucus—Cedrus—Desmodium) were established by cluster-
ing 162 reported plants species in 23 stands under the strong influence of environmental
variables in pure Deodar forests (Table 1).
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Figure 2. Cluster analysis displaying three different plant communities’ recognition based upon the
grouping of 23 stands and 162 plant species. CIC, Cedrus—Isodon—-Cynodon; CCD, Cedrus—Cynodon—
Dryopteris; SCD, Sambucus—Cedrus—Desmodium.
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Figure 3. TWCA analysis displaying three distinct communities recognized based on 162 plant
species recorded from 23 stands. Each blue dot represents the existence of a species, whereas each
white dot indicates its absence. (For the complete names of plant communities, see Figure 2).

3.2. Community Distribution Modeling along the Environmental Gradients

NMDS (Figure 4a—d) and PCA are used to show the relationship between identified
communities and environmental gradients (Figure 4e). The most representative envi-
ronmental factors that drove the plant community structure were altitude, slope angle
and aspects, NE, slope SW, K, pH, OM, loam, silt, sand, clay, temperature, HI, and WS
(Table 2). Environmental gradients distinguish the 23 sample sites into 3 communities
in both ordinations, as TWINSPAN, CA (Figure 2), and TWCA have already revealed
(Figure 3).
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Figure 4. Multivariate analyses among plant communities of pure Deodar forest and environmental
variables. (a—d) Non-Multidimensional Scaling (NMDS) of three plant communities and their ecologi-
cal variables such as geographic (a), slope (b), edaphic (c), and climatic (d). (e) Principal Component
Analysis (PCA) ordination of three communities along the environmental variables. For the complete
names of plant communities, see Figure 2.
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Table 2. Means of geographic and environmental gradients measured at three different transects of each stand were recorded (wind speed averages are given

as integers).

Stands  Altitude Latitude Longitude SA Temp H HI WS DP WB BP pH EC oM CaCOg3 K P Sand Silt Clay
S1 1807.9 34.69282 73.58045 45 23.7 68.9 244 1 17.6 19.4 826.1 6.4 0.56 1.1 9.2 210 17 214 54 24.6
S2 1769.8 34.69304 73.58070 38 23.3 72.5 25 1 19.1 20.2 877.5 6 1.54 1.07 7.7 216 13 45.8 28 26.2
S3 1792.4 34.69279 73.58091 34 27.1 55.2 29 1 17.3 19.7 815.1 6.1 15 0.59 9.6 210 13 15.6 58.2 26.2
54 1869.5 34.69168 73.58167 40 26.4 57 28.8 2 17 19.5 822.1 6.7 2.24 0.7 34 215 6.1 46 31 23
S5 1580.8 34.69881 73.60361 35 26.9 60.2 28.4 1 19.4 21.3 836.7 6.2 0.73 1.07 9.7 235 16 26.4 49.2 244
S6 1587.5 34.69675 73.57915 24 27.8 56.6  28.8 1 18.5 21 836 6.1 1.13 0.6 9.5 200 11 15.8 58 26.2
S7 1598.2 34.69641 73.58026 28 28.4 53.9 29.2 0 18.1 20.8 834.9 6.5 1.92 1.15 7.4 205 11 35.8 50 14.2
S8 1872.9 34.68000 73.58000 35 25 562 263 1 15.5 18.4 807.1 6.7 1.49 0.63 2.8 210 10 55 26 19
S9 1864.6 34.68760 73.58897 50 25.8 53.6 265 0 17.2 19.7 807.7 59 1.6 1.25 5.9 215 12 29.4 56 14.6
S10 1968.3 34.68724 73.58803 36 25.4 60.3 26.8 0 18.9 20.7 797.6 6.7 0.93 1.08 2.8 225 11 42 32 26
S11 1965.5 34.68650 73.58700 40 20.9 749 221 15 16.8 18.2 797 6.4 173 0.85 5.7 205 15 43 35 22
S12 1982.0 34.68704 73.58770 45 21.8 69.2 224 0 16.6 18.2 796.3 7.3 0.84 0.64 6.6 215 77 29.6 44 26.4
S13 2373.8 34.69443 73.62392 85 26.3 53.5 269 0 16.2 18.6 758.5 6.9 2.31 0.65 2.7 215 8 29 57 14
S14 2352.1 34.69476 73.62369 60 27.3 59.1 28.4 0 18.2 20.6 760.6 5.7 1.8 1.19 7.5 211 16 48 30 22
515 2285.7 34.69551 73.62269 40 23.3 61.3 23.6 15 16 18.5 766 5.6 5.09 1.18 74 213 17 40 36 24
S16 2080.2 34.69696 73.61943 85 25.9 595 262 1 17.2 19.4 786.6 5.4 1.43 11 11.8 225 11 42 32 26
517 2013.7 34.69766 73.61852 75 26.9 57.3 27.9 2 17.6 19.9 793.2 5.6 1.95 1.2 7.5 212 13 46 29.6 244
S18 1986.3 34.69753 73.61784 25 26.3 541 307 15 18.5 21.1 795.7 6.2 2.48 12 8 206 15 48 31 21
519 1949.4 34.69768 73.61755 85 25.6 53.9 25.6 3 l6.1 18.8 799.3 5.7 3.71 1.2 10.3 228 14 33 48 19
S20 1943.6 34.69779 73.61757 75 26.4 57 26.6 2 16.9 19.9 800 5.6 2.39 11 119 225 15 40 36 24
521 1936.0 34.69785 73.61739 65 25.6 47.9 26.3 15 13.7 17.4 800.7 55 9.18 0.6 13 216 11 41.8 42 16.2
522 1942.4 34.71430 73.62436 70 255 49.9 26.2 2 15.2 18 800.2 6.5 2.02 0.86 5.5 215 16 44 36 20
523 1947.6 34.71437 73.62418 70 25.4 52.9 254 15 16.2 18.3 799.5 52 3.99 1.06 74 210 5 47.8 36 16.2
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In constrained PCA ordination, the PC1 axis accounted for the most explanatory
variance (21.6%), whereas the PC2 axis accounted for the least (14%). By distinguishing the
vegetation of the pure Deodar forest into three communities (Figure 4a—e), the consider-
able effect of the altitudinal gradient was revealed. Altitude (1936-2373 m), slope angle
(25-85°), and sandy (29-48%) and loamy soil texture all indicated a positive and substantial
association in the SCD community. Potassium (216 mg kg_l), EC (3.3 dsm™1), CaCO;3
(8.45 mg kg~1), and organic matter (1.03%) were the edaphic variables that shaped this
plant community. Furthermore, wind speed (1.45 ms~!) and temperature (25.8 °C) were
found to have a positive and significant association. In contrast with this, the CCD com-
munity was primarily found in the lower mountainous ranges (1580.8-1982 m.a.s.1.) and
showed positive and significant relationships with the northeastern slope, silty (32-58%)
and sandy (15.8-55%) loamy soil texture, and barometric pressure (814.3 pa). Nonetheless,
the CIC community was recognized at the middle altitudinal range (1769.8-1869.5 m).
This community revealed a significant positive correlation with the northeastern to south-
western slope, pH (6.3), wet bulb (19.7), and dew point (17.7). Since silt, sand, and clay
were representative in both NMDS and PCA (Figure 4) and are expressed in percentage
(Table 2), the relationship of CIC, CCD, and SCD plant communities was plotted with the
said three edaphic elements in a ternary plot (Figure 5). Likewise, a clear clustering in plant
communities was observed according to soil composition based on these three elements.
Based on the mean values, the CCD and CIC communities were hosted by soils having the
maximum silty texture, i.e., 43.7% and 42.8%, respectively. On the other hand, the SCD
community was hosted on soil that comprised a higher sandy texture (41.7%). As each
plant community comprised several stands, the soil-texture values recorded for each stand
were found to have no significant differences (Figure 5). These results reveal that the tree
layer determines the structure of the ground cover more than soil does.

Communities
CIC

® CCD

\ \
A%
Sand 0% N S S $ Clay

A\

Clay

Figure 5. Ternary plot demonstrating the distribution pattern of communities on the basis of soil
texture (clay, sand, and silt). (For the complete names of plant communities, see Figure 2).
3.3. Significance Testing of Pure Deodar Forest Communities in Relation to Studied Variables

The significance testing of recognized plant communities was performed in association
with geographic and environmental gradients. The results of the GLM analyses revealed
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Dew point Temperature (°C) Altitude (m)

Eletric conductivity (EC)

Phosphorous (mg/kg)

that the majority of the gradients were significantly different (p-value < 0.05; Figure 6)
among the 20 examined gradients between three communities. Nonetheless, there were
no significant variations in the heat index, temperature, DP, WB, OM, K, P, and CaCO3

(Table 2).
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Figure 6. Variation in geographic and environmental gradients among the three plant communities
of pure Deodar forests. For the complete names of plant communities, see Figure 2.
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3.4. Beta Diversity (Bsim and Bsne)

Beta diversity revealed a dissimilarity lower than 50% among the three communities
(Figure 7). In the sim cluster, we observed a 47% dissimilarity between the SCD com-
munity and the other two communities and a 15% dissimilarity between CCD and CCI.
In the Bsne cluster, the highest dissimilarity value was 28% between CIC and the other
two communities (CCD and SCD). The CCD and SCD showed 18% dissimilarity. Thus,
plant community structure is strongly influenced by sim as compared to $sne, since 3sim
showed almost twice the dissimilarity among communities than (3sne.

ﬁsim Bsne

SCD SCD
-
; CC 1
) CIC bD—m™M8M8 - l
L - o o e -
CCD CIC
| | | | | | I | | | |
04 03 02 01 00 0.00 0.10 0.20

Figure 7. Beta diversity (3sim and sne) among three plant communities of pure Deodar forest. (For
the complete names of plant communities, see Figure 2).

3.5. Species Richness and Diversity Indices

The maximum number of associated species was recorded in the SCD community
(129 species, Figure 8a) at 1789.6-1896.3 m altitude, followed by CCD (66 species), and the
minimum species was reported in the CIC community (38 species). The SCD community
has the highest value (H" = 3.7), followed by the CCD community (H" = 3.6) and the
CIC community (H" = 3.3, Figure 8b). The SCD community has the highest Simpson’s
dominance value (0.98), while the CIC has the lowest value (0.96, Figure 8c). Nevertheless,
the analysis revealed the CIC community with the highest value (0.97) for Pielou’s evenness
index, while the SCD community had the lowest value (0.93, Figure 8d).

3.6. Variation Partitioning Tests (Partial CCA)

The total inertia results of CCA were 3.525, where our final variables (Altitude, Tem-
perature, Wind speed, Barometric Pressure, Slope angle, Slope ES, Slope NE, Slope SW,
pH, EC, OM, CaCOs;, K, P, and Silt) together explained 74.5% of the variation (eigenvalues
of 2.627). The first two canonical axes explained 37% of the variation. The CCA model
was significant (pseudo-F value = 2.626; df = 15; p < 0.01; permutations = 999). For the
15 explanatory variables, we tested simple term effects. Simple term effects showed that
altitude, slope angle, slope ES, and wind speed (in decreasing order of importance) were
significant (p < 0.05; Table 3). All these studied gradients were further grouped into four
major classes: climatic (temperature, wind speed, and barometric pressure), edaphic (pH,
EC, OM, CaCO;3, K, P, and silt), geographic (altitude), and slope (slope angle, slope ES, slope
NE, and slope SW). Moreover, variation partitioning tests (partial CCA) were performed
(Table 4). Class (b) was the most explanatory variable (32.4%), followed by class (d) (21.1%),
class (a) (19.5%), and class (k) (17.6%) (Figure 9).
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Figure 8. Variation of diversity indexes among the three plant communities recognized in pure

Deodar forest (GLM results and associated p-values are displayed at each plot). (a-d) Species richness

(a), Shannon diversity (b), Simpson diversity (c), and Pielou’s evenness (d). (For the complete names

of plant communities, see Figure 2).

Table 3. Contribution and ranking of the variables fit in our final model. Significant p-values are

displayed in bold.
Variables df Chi-Square F Pr(>F)
Altitude 1 0.39074 30.439 0.001
Temperature 1 0.16637 12.960 0.144
Wind speed 1 0.22077 17.198 0.019
Barometric Pressure 1 0.14212 11.071 0.342
Slope angle 1 0.29362 22.874 0.001
Slope (ES) 1 0.25023 19.493 0.012
Slope (NE) 1 0.14662 11.422 0.290
Slope (SW) 1 0.17210 13.407 0.161
pH 1 0.10719 0.8350 0.692
EC 1 0.13028 10.149 0.422
oM 1 0.10794 0.8409 0.693
CaCOj3 1 0.13288 10.351 0.377
K 1 0.10015 0.7801 0.771
P 1 0.13604 10.598 0.343
Silt 1 0.12995 10.124 0.411
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Table 4. Variation partitioning (partial CCA) of four variable groups studied (Figure 9).

Individual Fraction Adjusted R2 Variation Explained (%) % of All df
@) 0.055 19.5 15 2

(b) 0.091 324 26 3

(c) —0.050 —18.0 —1.4 3

) 0.059 21.1 17 2

(e) 0.022 7.8 0.6 0

(f) 0.045 16.1 1.3 0

() 0.006 22 0.2 0

(h) 0.000 0.1 0.0 0

1) —0.020 -73 —0.6 0

() —0.009 -33 -0.3 0

®) 0.049 17.6 14 0

0 —0.041 ~148 ~12 0

(m) 0.043 154 1.2 0

) 0.039 14.0 1.1 0

(0) —0.011 —4.0 -0.3 0

Total explained 0.280 99.0 7.9 10

All variation 3.525 / 100

Geographic

Slope Edaphic

Climatic

Residuals = 0.72

Figure 9. Venn diagram [78] illustrating the variation partitioning results (partial CCA) and contribu-
tion (%) of the four major variable classes studied.

4. Discussion

In this phytosociological investigation, 162 plant species were documented from
23 stands sampled in the pure Deodar forests (Manoor Valley, Himalaya, Pakistan), ranging
from 1580.8 to 2373.8 m. The species richness recorded in the current study is higher
than that of temperate forests in Kedernath Wildlife Sanctuary (116 species), the Central
Himalaya, India [79], and the Western Himalayan moist temperate forests in Kashmir,
Pakistan (122 species) [5]. Dar and Sundarapandian [80] observed that mid-elevation
(23002800 m) coniferous forest types had higher species richness than low and high-
elevation broad-leaved forests. This might be because mid-elevation ranges are less dis-
turbed than low-elevation ranges. Although altitude is the most important variable in
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regulating species distribution, other variables, such as topography, aspect, slope, and
exposure, can significantly affect the structure and composition of species [36,81].

In the current ecological investigation, various types of analyses have been used to
quantify the recorded data of all species and stands in association with geographic and
environmental gradients. The structure and distribution patterns of plant communities
in Himalayan forests are poorly understood [26]. Due to variable topographical and eco-
logical complexity throughout a vast elevational range, the Northwestern Himalaya is a
unique bioregion. The TWINSPAN, CA, and TWCA resulted in the recognition of plant
communities in the pure Deodar forests of the studied area. Each plant community was
composed of many stands, with no notable changes in the soil-texture values recorded
for each stand. The considerable effect of the altitudinal gradient was revealed by dis-
tinguishing the vegetation of the pure Deodar forest into three major plant communities.
Moreover, these three communities (Cedrus—Isodon—Cynodon, Cedrus—Cynodon—Dryopteris,
and Sambucus—Cedrus—Desmodium) were established by clustering 162 species recorded from
23 stands under the effect of climatic, edaphic, topographic, and physiographic gradients in
pure Deodar forest that ranged from 1580.8 to 2373.8 m. Ahmed et al. [21] recognized seven
plant communities in 47 stands of Deodar forests in the Himalayan range of Pakistan.

The SCD community showed a strong influence with altitude (1936-2373 m), slope
angle (25-85), sandy (29-48%) and loamy soil texture, wind speed (1.45 ms~!), and temper-
ature (25.8 °C). In contrast with this, the CCD community showed a positively significant
relationship with the northeastern slope, silty (32-58%) and sandy (15.8-55%) loamy soil
texture, and barometric pressure (814.3 pa). Nonetheless, the CIC community revealed a
significant positive association with the northeastern to southwestern slope, pH (6.3), wet
bulb (19.7), and dew point (17.7). A similar pattern was observed in the allied area (Nandiar
catchment, Battagram) of the Himalayan region by stating altitude as the governing gradi-
ent [35]. Such variables alter the species diversity as well as community structure [82,83].
Species composition, community structure, and species diversity, however, are influenced
not just by environmental factors but also by local micro-abiotic filtration [84].

We found significant differences (p < 0.001) among the three communities found in the
pure Deodar forests in the four indexes. The SCD community had the maximum number
of species (129 species) at 1789.6-1896.3 m altitude. Variability in the number of plant
species is an outcome of species interaction with a particular set of environments [85].
A number of biological and environmental factors interact to control the distribution of
species richness along the altitude [86-88]. Nonetheless, other researchers [16] reported that
species richness in vascular plants increases with temperate latitude. The SCD community
has the maximum Shannon’s diversity (H" = 3.7) and Simpson’s dominance (0.98) values
among the recorded communities. The diversity values recorded in the current study are
higher than the range (1.16-3.40) reported by various researchers from other Himalayan
regions [5,89]. The Pielou’s evenness index value was led by the CIC community (0.97).
Many researchers reported that the physicochemical properties influence plant species
richness [90] and evenness [91].

5. Conclusions

The current research was carried out to characterize the phytosociology of the forests,
owing to one of Pakistan’s most valuable tree species across its native range. In this context,
this investigation documented 162 plant species recorded in 23 stands of the said forests
that were further recognized into three plant communities. Each plant community was
composed of many stands, with no notable changes in the soil-texture values recorded
for each stand. Therefore, it could be concluded that the tree layer, rather than the soil
texture, determines the structure of the ground cover. Significant differences were recorded
among three communities found in the pure Deodar forests by analyzing species richness
(x? = 14.732, p < 0.001) and Pielou (x> = 18.267, p < 0.001). Beta diversity showed a dis-
similarity lower than 50% among the three communities. Simple term effects in the CCA
model revealed significant (p < 0.05) differences in altitude, slope angle, slope ES, and
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wind speed variables. The present investigation sheds light on vegetation pattern and
species contribution as a function of environmental gradients and provides a baseline for
future studies.
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