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Introduction: The Indian Himalayan forests are remarkable landforms 
experiencing tremendous climatic variation, constituting complex and diversified 
ecosystems with prominent vegetation zones. Despite their global significance 
and substantial research efforts focused on plant diversity in the temperate 
Himalayan region, only a few studies have explicitly assessed the distribution 
patterns of understory vegetation in relation to forest compositional types along 
altitudinal gradients.

Methods: To cover a wide range of altitudes and diverse overstory compositions, 
stands were sampled across four altitudinal ranges from 1500 to 3500 meters 
above mean sea level with increments of 500 meters in elevation steps. The 
overstory compositions were classified on the basis of dominant tree species in 
each stand on the similar sites. Vegetation in the shrub and ground layers was 
surveyed by visually estimating the percentage coverage within circular plots.

Results: A total of 99 understory species including 37 species each in the shrub 
layer, 62 species in the herb layer vegetation were recorded. The abundance, 
species diversity and composition of understory vegetation differed significantly 
along the altitudinal gradient and dominant overstory composition types. 
Moreover, distinct understory vegetation communities were observed at lower 
elevations compared to higher elevations, with middle elevations exhibiting 
intermediate vegetation characteristics. The study also highlighted the 
importance of dominant overstory composition types in shaping the pattern 
of understory vegetation abundance, species diversity and composition in the 
temperate Himalayan region. The higher resource conditions associated with 
broadleaved stands supported higher understory species abundance at lower 
elevations, while the heterogeneous conditions induced by the mixedwood 
stands promoted higher understory species diversity.

Conclusion: The hump shaped pattern along the altitudinal gradient appeared 
to be the most dominant pattern of plant abundance and species diversity and 
call for more conservation concern towards the middle elevation zones in the 
temperate Himalayan region. Furthermore, the management interventions should 
aim at maintaining diverse range of overstory composition types for conserving 
biodiversity and their ecological functions in the temperate Himalayan region.
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1 Introduction

Forest ecosystems are one of the major categories of land forms 
which constitute the most important natural resources of the world and 
a template for biodiversity and ecosystem functions. In India, forest 
constitute around 21.71 percent of country’s geographical area (Forest 
Survey of India, 2021), ranging from Himalayan temperate forest to Dry 
zone forests, and representing one of the 12 mega biodiversity regions of 
the world (Chitale et al., 2014; Sankaran and Dinesh, 2020). Among all, 
Himalayan temperate forests are the most remarkable landforms on 
earth, experiencing tremendous variation in climatic conditions (Rawal 
et al., 2018; White et al., 2019), constituting complex and diversified 
ecosystems with prominent vegetation zones and are one of the youngest 
and richest ecosystems on the earth. These forests contribute nearly 36% 
of the total forest area in the country with the variety of species, forest 
types having high level of endemism and are recognized as one of the 
hotspots for biodiversity (Maletha et al., 2020; Forest Survey of India, 
2021; Maletha et al., 2022). Despite its global significance, the biodiversity 
of the Himalayan region is inadequately studied with a considerable 
portion of research published in low-impact-factor journals and is data 
and information deficient (Rana et al., 2021). This is primarily due to the 
heterogeneous landscapes together with accessibility challenges along 
wide altitudinal gradients. The lack of knowledge hampers our ability to 
understand the patterns of plant diversity and composition along 
altitudinal gradients and under different dominant overstory 
compositions in the temperate region of Himachal Pradesh-India.

In the temperate Himalayan region, the majority of plant diversity is 
in the understory layer (Roberts and Gilliam, 2003; Whigham, 2004). The 
understory layer mainly consist of herbs and shrubs together with a 
mixture of seedlings and saplings of canopy trees and other non-vascular 
plants (Roberts and Gilliam, 2003; Bartels and Chen, 2013; Kumar et al., 
2017a). Understorey vegetation accounts for more than 80% of vascular 
species in temperate forests (Gilliam, 2007), in contrast to tropical forests, 
which generally have 14–40 percent of all forest vascular species (Costa 
et al., 2005). They represent the vital stratum of forest ecosystem and play 
a crucial role in the functioning of forest ecosystems (Augusto et al., 2003; 
Hart and Chen, 2006; Gilliam, 2007; Barbier et al., 2008; Cardinale et al., 
2012; Kumar et al., 2018). While understory vegetation in temperate 
forests may not contribute significantly to biomass compared to trees, 
their contribution in terms of regulating ecosystem processes, both in 
short term by affecting tree seedling regeneration and in long term by 
driving soil bio-geochemical cycles, are way more than their biomass 
(Hart and Chen, 2006; Barbier et al., 2008; Haq et al., 2024). However, the 
distribution pattern of understory vegetation in the temperate Himalayan 
region largely remains understudied and is one of least explored areas 
compared to the trees. Moreover, few studies have explicitly assessed the 
distribution patterns of understory vegetation abundance, diversity and 
composition in relation to forest compositional types along the altitudinal 
gradient in the Himalayan region. Therefore, understanding the 
distribution pattern of understory vegetation can be a major aspect in the 
biodiversity studies in Himalayan region.

The diversity in composition of plant communities and their 
distribution patterns in forest ecosystems are primarily influenced by 

factors such as the altitudinal gradient, distinct forest types, species 
composition, topographical, geographical and climatic variations etc 
(Grytnes and Beaman, 2006; McCain, 2007; Dar and Sundarapandian, 
2016; Bhat et al., 2020; Bisht et al., 2022; Wani et al., 2022; Rawat et al., 
2023; Sekar et al., 2023). However, altitude, among others, is considered 
to be  the most important factor affecting the species distribution, 
structure and composition of the forest vegetation in the mountainous 
region (Wang et al., 2007; Sinha et al., 2018; Maletha et al., 2022). As 
altitude itself represents a complex combination of factors influencing 
solar radiation, water, and nutrient distribution, resulting in climatic, 
edaphic, and disturbance variations that significantly affect plant 
community structure and composition in mountainous temperate 
ecosystems (Körner, 2007; McVicar and Korner, 2013; Ping et al., 2013; 
Dar and Sundarapandian, 2016; Xu et al., 2017; Rawal et al., 2018). 
These ecosystems provide large altitudinal gradient and variations in 
the characteristics of vegetation with altitude effectively characterize 
the vegetation in a simple yet powerful way (Baniya et  al., 2010). 
Although, various studies have attempted to understand the pattern of 
species diversity and richness along the altitudinal gradient in the 
temperate Himalayan region, but there is still no consensus on a 
universal pattern of plant diversity (Liang et al., 2020). Some studies 
have reported a mid-elevation peak (Chawla et al., 2008; Acharya et al., 
2011; Rawat et al., 2021; Liang et al., 2023), while others have reported 
a monotonic decrease with elevation (Sharma et al., 2009a; Yang et al., 
2014; Zhang et al., 2016; Geberhiwot et al., 2019). However, very few 
studies have exclusively focused on the patterns of understory 
vegetation abundance, species diversity, and composition along the 
altitudinal gradient in the temperate Himalayan Region. As a result, 
data on the abundance, diversity and composition of understory 
vegetation in the temperate Himalayan region remains scarce. 
Furthermore, much of the research on plant diversity in the Himalayan 
region dates back to the 19th century (Rana et al., 2021), creating a 
knowledge gap about the dynamics of the Himalayan region which is 
extremely susceptible to climatic and anthropogenic disturbances 
(Sinha et al., 2018). Therefore, there is an urgent need for new research 
and exploration of Himalayan biodiversity along the altitudinal 
gradient to restore the ecological balance and sustainable development 
in Himalayan ecosystems.

In the forest ecosystems, the interaction between the dominant 
overstory tree and understory plants plays a critical role in driving the 
community composition and structure in the understory vegetation 
(Bartels and Chen, 2013; Kumar et al., 2017b). The distribution and 
composition of plant communities are strongly influenced by competitive 
and facilitative effect from the overstory trees (Gracia et al., 2007; Barbier 
et al., 2008; Cavard et al., 2011; Zhang et al., 2016; Kumar et al., 2018). 
The structure and composition of overstory tree, i.e., the uppermost layer 
of foliage in a forest canopy can control the understory vegetation species 
diversity and composition by modifying the availability of resources such 
as light, water, and soil nutrients, and by competing with both above and 
below ground resources (Pelt and Franklin, 2000; Van Oijen et al., 2005; 
Kumar et al., 2017b). The interception of solar radiation by the overstory 
trees is a major factor affecting the understory vegetation (Hardwick 
et al., 2015; Tonteri et al., 2016), depending upon the overstory tree 
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species properties, such as spatial arrangement of leaves, leaf area index, 
and varies considerably among different forest types (Ishii et al., 2013; 
Tinya and Ódor, 2016; Tonteri et al., 2016). On the contrary, understory 
vegetation inhabiting the tree canopy may benefit from increased organic 
matter due to litter fall production, enhanced moisture levels, and 
reduced air and soil temperatures by the overstory trees (Nilsson and 
Wardle, 2005; Valladares et al., 2016; Kumar et al., 2020).

In the temperate Himalayan region, the overstory species 
composition of various broadleaved and coniferous trees transition 
along the altitudinal gradient where broadleaved stands transition from 
Quercus leucotricophora at lower elevations to Quercus semecarpifolia 
at higher elevations, coniferous from Cedrus deodara at lower 
elevations to Picea samithaina and Abies pindrow at higher elevations, 
with mixedwood co-dominated by oaks and coniferous species along 
the elevation gradients (Thakur et al., 2024). Therefore, distinct plant 
communities can be found under the stands dominated by broadleaved 
and coniferous species at distinct elevation zones as a result of different 
resource conditions in the understory layers (Hart and Chen, 2008; 
Kumar et al., 2017b). For example, broadleaf canopies support nutrient-
demanding and shade-intolerant vascular plants due to the high 
resource availability, such as light and soil nutrients, for the understory 
plants (Bartels and Chen, 2013). In contrast, coniferous trees facilitate 
the growth and establishment of shade-tolerant species due to lower 
light availability and a recalcitrant litter layer (Hart and Chen, 2008; 
Chavez and Macdonald, 2010). Mixedwood stands, on the other hand, 
create heterogeneous resource conditions (both spatially and 
temporally) in the understory which can support more diverse 
understory plant communities than the pure forests (Hart and Chen, 
2006; Barbier et al., 2008; Chavez and Macdonald, 2010). However, few 
studies have explicitly assessed the distribution patterns of plant 
diversity in relation to forest compositional types along the altitudinal 
gradient in the temperate Himalayan region. The purpose of this study 
is to examine the cumulative effect of the altitudinal gradient and 
dominant overstory types on the abundance, species diversity and 
composition of understory plant communities in the temperate region 
of Himachal Pradesh. We specifically address the following questions: 
(1) how does the abundance; diversity and composition of vascular 
plants vary along the wide altitudinal gradient in the temperate 
Himalayan region? (2) Do the elevation related changes in abundance, 
diversity and composition of understory plants differ among the 
dominant forest composition types? Given the known effect of 
altitudinal gradients and overstory composition types on understory 
diversity and composition, we  hypothesize that the understory 
vegetation abundance and diversity will follow a hump-shaped 
relationship along the altitudinal gradients which will increase linearly 
from lower to middle altitudes and decreased thereafter as a result of 
optimal growth conditions for the growth and establishment of 
vascular plants (Zhang et al., 2016; Liang et al., 2020). Additionally, the 
intermediate location of this zone, serving as a transition between 
lower and higher elevations, supports the presence of additional species 
with distinct niche preferences (Scheiner et al., 2011; Zhang et al., 2016; 
Das et al., 2020). Furthermore, we also hypothesized that independent 
of altitudinal gradients; the stands dominated by mixedwood species 
(both broadleaved and conifers) would support the higher understory 
vegetation abundance and diversity as compared to pure stands 
because of heterogeneous conditions for growth and development of 
diverse plant communities in the understory (Hart and Chen, 2006; 
Barbier et al., 2008; Cavard et al., 2011).

2 Methods

2.1 Study area

The study area covered Solan and Shimla districts of Himachal 
Pradesh-India extended along the wide altitudinal range from 1,500–
3,500 m above mean sea level (amsl), lying between 30°90′74′′N to 
31°24′12′′N latitude and 77°12′61′′E to 77°50′19′′E longitude, and 
have distinct elevational zones that were further divided into 
broadleaved, mixedwood and coniferous forest composition types 
(Supplementary Figure S1). The study location experiences temperate 
climatic conditions characterized by distinct seasonal variations. 
Summers (April to mid-June) are generally warm and dry, while the 
rainy season (mid-June to mid-September) is slightly warm and 
humid. Winters (October to March) are harsh, with freezing 
temperatures and frequent snowfalls. March and April are generally 
sunny, but snowfall can still occur in elevated areas. The temperature 
starts rising rapidly in late May or early June. April to June is relatively 
dry months, with occasional severe hail and thunderstorms. The 
monsoon season can also extend from the end of August to the middle 
of September, bringing the majority of the area’s rainfall. October and 
November are mostly dry but cold, with the possibility of snowfall in 
higher elevations from October onwards. The frost, particularly at 
higher altitudes, is also common throughout from November to 
February; however, the intensity and duration of the conditions vary 
with the altitude.1

2.2 Stand and site selection

In the present study, a factorial experiment was conducted focusing 
on two primary factors: altitude and overstory composition types, each 
with fixed levels. To ensure comprehensive sampling, a stratified random 
sampling technique was employed. This approach allowed selection of 
stands across a broad range of altitudes and diverse overstory 
compositions. Specifically, stands were sampled at four altitudinal ranges, 
ranging from 1,500 to 3,500 meters above mean sea level, with 
increments of 500 meters in elevation steps. The overstory composition 
was selected from relatively pure coniferous stands, both broadleaf and 
conifer mixtures, and pure broadleaf stands on the basis of dominant tree 
species in each stand on the similar sites. Pure stands were defined as 
those with an overstory composed of more than 65% broadleaf and 
coniferous species by stand basal area. Mixedwood stands were defined 
as those where neither broadleaf nor conifer tree species comprised more 
than 65% of the composition by stem density or stand basal area (Kumar 
et al., 2017b). As broadleaf and coniferous species transition along the 
altitudinal gradient in temperate Himalayan region, broadleaved stands 
dominated by pure oaks species (transitioning along the altitude from 
Quercus leucotricophora to Quercus semecarpifolia), coniferous stands 
ranging from Cedrus deodara at lower elevations to Picea samithaina and 
Abies pindrow at higher elevations, and mixedwood stands co-dominated 
by oaks and coniferous species were selected. Each altitudinal range and 
overstory type combinations were replicated minimum of three times 
resulting in a total of 36 sampled plots. The selected stands were spatially 

1 www.weathershimla.nic.in

https://doi.org/10.3389/ffgc.2024.1420855
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
http://www.weathershimla.nic.in


Sangry et al. 10.3389/ffgc.2024.1420855

Frontiers in Forests and Global Change 04 frontiersin.org

interspersed across large area in order to minimize spatial autocorrelation. 
The selected stand was >1 ha in area and visually homogeneous in 
structure and composition. To minimize the effects of edaphic variability, 
selected stands were located on the flat or mid-slope positions.

2.3 Field data collection

The field survey was conducted during peak vegetation cover 
period (May–August), 2022. In each forest stand, a 400m2 circular plot 
(radius = 11.28 m) located at least 100 m from the forest edges, was 
established, within which all sampling was done. Overstory and 
understory were classified based on their crown position in a stand 
utilizing the classification method proposed by Avery and Burkhart 
(2002). Within the plot, all live trees with diameters at breast height 
(DBH, 1.3 m above the root collar) ≥ 5 cm were tallied by species and 
their DBH were measured and recorded. DBH measurements were 
used to calculate the basal areas of sampled tree species.

The understory plants survey including both shrub and herb or 
ground layer plants were carried out during the peak vegetation cover 
period from July to August in 2022. Vegetation in the shrub layer and 
ground layer were surveyed by visually estimating the percentage of 
coverage within circular plots by using the method described by 
Mueller-Dombois and Ellenberg (1974). The shrub layer was defined 
as any species, including tree saplings of height between 1.3 and 4.0 m 
(Kumar et al., 2017b); as such, species found in the shrub layer could 
also be present in the ground layer. All the plant species <1.3 m in the 
height including small tree saplings, dwarf shrub and shrubs and 
herbaceous vascular plants (gramminoids, herbs/forbs and ferns) were 
sampled as a part of herb or ground layer (Su et al., 2021). The shrub 
layer was sampled separately because of large spatial requirements in 
sampling. The shrub layer species was sampled by visually estimating 
the percent cover of each species with four sub-plots of size 5 m × 5 m 
(25 m2) plots (Kumar et al., 2017b). These sub-plots were located at 
random distance from the plot center. The ground layer vegetation 
was sampled by visually estimating the percent cover of all vascular 
plant species within 10 randomly located 1 m × 1 m sub-plots. The 
quadrates were established by random throws from the plot center at 
random distances and directions. Every effort was made to identify all 
the vascular plants to the species level, and unidentified plant species 
were identified with the help of expert at the High-Altitude Regional 
Center-Solan of the Botanical Survey of India.2 Species-specific 
sub-plot level percent cover data were averaged to represent the 
sample stand. We  used species richness and Shannon Index as a 
measure of plant diversity because each species contributes uniquely 
to ecosystem functions according to the singular hypothesis 
(Naeem, 2002).

2.4 Data analysis

Total species abundance (percent cover) was calculated by summing 
the percent covers of all understory species within each plot, including 
those present in both the shrub and herb or ground layers. The species 

2 https://bsi.gov.in/regional%20centres/en?rcu=229

richness was calculated as the total number of unique species recorded 
in each sub-plot and Shannon’s index was calculated by utilizing the 
percent cover proportions of the constituent species within each sample 
plot. These calculations were performed separately for all data pooled 
(total), the shrub and the herb layers. Since different ecological 
processes may regulate abundance and species diversity (Grace, 1999), 
we analyzed separate models for understory cover and species diversity. 
In order to determine the effects of altitudinal gradient and dominant 
overstory composition type on total, shrub and herb layer abundance, 
diversity indices, following general linear model was used:

 ( )ijk i j i j k ijY A C A Cµ= + + + × + ε

Where, Yijk is the understory plant species cover, richness, or 
Shannon Index (separately analyzed by total, shrub and herb layers), 
μ is the overall mean, Ai is the altitudinal gradient (i = 1, 2, 3, 4), Cj is 
the dominant overstory composition types (j = 1, 2, 3), ɛk(ij) is sampling 
error among replicates within altitude and overstory combination 
type. The assumption of normality was assessed by Shapiro–Wilk test 
and the homogeneity of variance with Bartlett’s test. To mitigate the 
violation to the normality assumption and to improve coefficient 
estimates, we bootstrapped the fitted coefficients of linear models by 
using “ggplot2” (Wickham, 2009). We  bootstrapped the 95% 
confidence intervals and considered estimates to be  significantly 
different if their confidence intervals did not overlap others’ means by 
using the boot package in R (Canty and Ripley, 2017).

We used Permutation multivariate analysis of variance 
(perMANOVA) to examine the effect of altitudinal gradient and 
overstory composition types on the understory species composition. 
PerMANOVA is a nonparametric, multivariate method that uses 
permutation techniques to test for compositional differences between 
more than one variable (Anderson, 2005; Warton et al., 2012). To 
summarize variation in understory species composition, we  used 
NMDS (non-metric multidimensional scaling) which is a robust 
ordination technique well suited for community data, because it 
preserves the rank order of dissimilarities among samples and avoids 
assumptions of normality and homogeneity of variance (Kruskal, 
1964; McCune and Grace, 2002). All calculations were performed in 
the R statistical program using the adonis function in the “vegan” 
package (Oksanen et  al., 2020). All the statistical analyses were 
performed in R statistical software (R Development Core Team, 2023).

3 Results

3.1 Understory vegetation abundance

A total of 99 understory species were recorded in the 36 sampled 
plots, which included 37 species in shrub layer and 62 species in the herb 
layer. Some species, present in the shrub layer were also present in the 
herb layer. Total abundance (percent cover) of understory vegetation and 
its components showed significant variation along the altitude and 
dominant overstory types along with the significant interaction between 
the two factors (Table 1). Altitude was found to be the primary factor 
influencing both the abundance and species diversity of understory 
vegetation. Total understory vegetation abundance, consisting of shrub 
and herb species, increased linearly from altitude A1 (1500-2000m) to 
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altitude A2 (2000-2500m), peaked at altitude A2 and decreased thereafter 
at altitude A3 (2500-3000m) and altitude A4 (3000-3500m) (Figure 1). 
Among different overstory composition types, broadleaved stands had 
significantly higher total understory abundance at altitude A1 (1500-
2000m) and altitude A2 (2000-2500m). Mixedwood stands, on the other 
hand had higher total understory abundance at altitude A3 (2500-3000m) 
and altitude A4 (3000-3500m). In contrast, coniferous stands consistently 
had the lowest total understory vegetation abundance across all altitudes 
(Table  1; Figure  1). The shrub abundance also followed the similar 
pattern to total understory abundance along the altitudinal gradient and 
dominant overstory composition types (Table 1; Figure 1). The shrub 
abundance showed an increase from altitude A1 (1500-2000m) to 
altitude A2 (2000-2500m), peaked at altitude A2 and declined thereafter 
at altitude A3 (2500-3000m) and altitude A4 (3000-3500m). Among the 
different overstory composition types, shrub abundance was maximum 
under the broadleaved stands at altitude A1 (1500-2000m) and altitude 
A2 (2000-2500m). However, at altitude A3 (2500-3000m) and altitude A4 
(3000-3500m), shrub abundance was highest under mixedwood stands, 
followed by broadleaved and coniferous stands (Figure 1). The influence 
of altitudinal gradient and dominant overstory types on herb abundance 
mirrored the patterns observed for total and shrub abundance (Table 1; 
Figure 1). Herb abundance gradually increased from A1 (1500-2000m) 
to A2 (2000-2500m), peaked at A2, and then declined at A3 (2500-3000m) 
and A4 (3000-3500m), and broadleaved stands had higher herb 
abundance at altitude A1 (1500-2000m) to A2 (2000-2500m), while at 
altitude A3 (2500-3000m) and altitude A4 (3000-3500m), mixedwood 
showed higher herb abundance. However, coniferous stands consistently 
had the lowest herb abundance among the dominant overstory types 
along the altitudinal gradient (Figure 1).

3.2 Understory vegetation richness and 
diversity

The total understory vegetation richness exhibited the significant 
variation along the altitudinal gradient and dominant overstory types 

along with the significant interaction effects between the two factors 
(Table 1). Total understory vegetation richness increased linearly from 
altitude A1 (1500-2000m) to altitude A2 (2000-2500m), peaked at 
altitude A2 (2000-2500m) and decreased thereafter at altitude A3 (2500-
3000m) to altitude A4 (3000-3500m). Among distinct overstory 
composition types, mixedwood stands had the higher total understory 
vegetation richness as compared to broadleaved and coniferous stands 
across all altitudinal gradients (Figure  2). The shrub richness also 
displayed the similar pattern to that of total richness (Table 1; Figure 2), 
showed gradual increase from altitude A1 (1500-2000m) to altitude A2 
(2000-2500m), peaked and decreased thereafter at altitude A3 (2500-
3000m) and altitude A4 (3000-3500m). Among the different dominant 
overstory types, shrub richness was found to be  highest under 
mixedwood stands followed by broadleaved and coniferous stands 
(Figure 2). The herb species richness also followed the similar pattern 
to that of total and shrub richness along the altitudinal gradients and 
among different overstory composition types (Table 1; Figure 2).

The total Shannon index also exhibited significant variation 
along the altitudinal gradient and dominant overstory types, with a 
significant interaction between the two factors (Table 1). The total 
Shannon index for understory vegetation displayed a linearly 
increasing pattern from altitude A1 (1500-2000m) to A2 (2000-
2500m), peaking at A2, and then declining from altitude A3 (2500-
3000m) to A4 (3000-3500m). Mixedwood stands showed a 
significantly higher total Shannon index than broadleaved stands, 
while coniferous stands showed the lowest total Shannon index value 
(Figure  3). Similarly, the shrub Shannon index also increased 
linearly from altitude A1 (1500-2000m) to altitude A2 (2000-2500m), 
peaked and subsequently decreased from altitude A3 (2500-2500m) 
to altitude A4 (3000-3500m). The shrub Shannon index was 
significantly higher under mixedwood stands compared to 
broadleaved and coniferous stands (Figure 3). The herb Shannon 
index also exhibited the similar pattern along the altitudinal gradient 
to those of total and shrub Shannon index and was consistently 
higher under mixedwood stands followed by broadleaved and 
coniferous stands (Figure 3).

TABLE 1 Results of analysis of variance showing the effects of altitudinal gradients (A) and dominant overstory composition types (C) and their 
interactions (A  ×  C) on understory plants abundance, species richness and diversity, separately analyzed by total, shrub and herb layers.

Total Shrub Herb

Source df SS F p-value SS F p-value SS F p-value

Abundance

A 3 23876.1 392.79 <0.001 3804.9 202.84 <0.001 8703.5 300.42 <0.001

C 2 2890.3 71.32 <0.001 492.2 39.36 <0.001 998.8 51.71 <0.001

A × C 6 549.7 4.52 0.003 132.6 3.53 0.012 163.4 2.82 0.032

Richness

A 3 8645.0 434.06 <0.001 844.11 266.56 <0.001 4163.8 280.70 <0.001

C 2 714.9 53.84 <0.001 78.72 37.29 <0.001 323.2 32.68 <0.001

A × C 6 184.0 4.62 0.003 13.72 2.17 0.082 98.4 3.32 0.016

Shannon-index

A 3 8.00 422.44 <0.001 5.91 187.69 <0.001 9.79 320.77 <0.001

C 2 0.81 63.87 <0.001 0.55 26.43 <0.001 1.01 49.50 <0.001

A × C 6 0.07 1.88 0.126 0.05 0.73 0.628 0.16 2.64 0.041

Bold fonts indicates statistical significance (α = 0.05). The columns provide the degree of freedom (df), sum of squares (SS), F, and p values.
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3.3 Understory vegetation species 
composition

The results from PerMANOVA showed that the species 
composition of understory vegetation differed significantly along 
the altitudinal gradients and dominant overstory composition 
types (Table 2). Moreover, the effect of altitudinal gradient differed 
significantly with overstory composition types, as indicated by a 
significant interaction effect of altitudinal gradients and overstory 
composition types (Table  2). The NMDS ordination revealed 
distinct differentiation of understory species composition along 
altitudinal gradients (Figure  4). The understory vegetation 
communities were well-separated in the ordination space. Most 
notably, the understory vegetation communities at lower elevations 
showed distinct separation from those at higher elevations, while 
the understory vegetation communities at middle elevations 

exhibited intermediate vegetation characteristics to lower and 
higher elevations (Figure 4).

At altitude A1, the dominant species in the shrub layer were 
Sarcococca coriacea, Rubus ellipticus, Punica granatum, Berberis 
lycium, Murraya koenigii, Pyrus pashia, Duranta repens, Zanthoxylum 
armatum, Vitex negundo, Desmodium tiliaefolium; and in the herb 
layer were Cheilanthes bicolor, Jasminum officinale, Cystopteris fragilis, 
Cynodon dactylon, Adiantum caudatum, Rubus ellipticus (Table 3). 
However, the altitude A2, in the shrub layer was characterized by 
Sarcococca coriacea, Spiraea canescens, Murraya koenigii, Jasminum 
officinale; while in the herb layer was Dryopteris filix, Pteris vittata, 
Thelypteris arida, Asplenium dalhousieae, Selaginella Kraussiana, 
Jasminum officinale, Murraya koenigii, Dicanthium annulatum etc. 
(Table  3). At altitude A3, in the shrub layer Rosa moschata, 
Rhododendron arboretum, Sarcococca coriacea, Spiraea canescens were 
dominant and in the herb layer Pteris vittata, Oxalis corniculata, 

FIGURE 1

Understory plants total, shrub and herb layers cover (mean and 
bootstrapped 95% confident intervals) in relation to altitudinal 
gradients and overstory composition types. The difference between 
the altitudinal gradients or forest composition types is significant at 
α  =  0.05 if their confidence intervals do not overlap the other’s mean.

FIGURE 2

Understory plants total, shrub and herb layers species richness (mean 
and bootstrapped 95% confident intervals) in relation to altitudinal 
gradients and overstory composition types. The difference between 
the altitudinal gradients or forest composition types is significant at 
α  =  0.05 if their confidence intervals do not overlap the other’s mean.
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Asplenium dalhousieae, Thelypteris arida, Fragaria nubicola, Cynodon 
dactylon were the dominant species (Table 3). The altitude A4 was 
characterized by Sarcococca coriacea, Rubus ellipticus, Rhododendron 

arbreum, Berberis lycium in the shrub layer, whereas Selaginella 
Kraussiana, Adiantum caudatum, Pteris vittata, Dryopteris filix were 
most dominant in the herb layer (Table 3). Pertaining to the three 
distinct overstory composition types, no distinct grouping was found 
among the different overstory types as they were showing species 
composition common to broadleaf, mixedwood and coniferous 
stands. The broadleaf stands were characterized by Sarcococca 
coriacea, Rubus ellipticus, Berberis lycium, Rosa moschata and Pyrus 
pashia in the shrub layer, while Asplenium dalhousieae, Pteris vittata, 
Thelypteris arida, Andropogon munroi, Dicanthium annulatum were 
dominant species in the herb layer (Table  3). In the mixedwood 
forests, Sarcococca coriacea, Berberis lycium, Rubus ellipticus and 
Pyrus pashia were the most frequent species in the shrub layer, while 
Adiantum caudatum, Onychium japonicum, Athyrium filix-femina, 
Asplenium dalhousieae, Polystichum aculeatum, Cystopteris fragilis 
were in the herb layer (Table 3). Whereas, in the coniferous stands, 
the dominant species in the shrub layer were Rubus ellipticus, Pyrus 
pashia, Sarcococca coriacea, and Rosa moschata, while in the herb 
layer were Selaginella Kraussiana, Dryopteris filix, Adiantum 
caudatum, Thelypteris arida, Cystopteris fragilis, and Pteris vittata 
(Table 3).

4 Discussion

Our study provides a comprehensive assessment of the distribution 
patterns of understory vegetation abundance, plant diversity and species 
composition along the altitudinal gradient and in relation to forest 
compositional types in the temperate region of Himachal Pradesh-
India. The results demonstrated significant variations in understory 
vegetation abundance, diversity, and composition based on altitude and 
dominant overstory composition types. The total, shrub layer and herb 

FIGURE 3

Understory plants total, shrub and herb layers Shannon Index (mean 
and bootstrapped 95% confident intervals) in relation to altitudinal 
gradients and overstory composition types. The difference between 
the altitudinal gradients or forest composition types is significant at 
α  =  0.05 if their confidence intervals do not overlap the other’s mean.

TABLE 2 Results of permutation multivariate analysis of variance 
(perMANOVA) testing the effects of altitudinal gradients (A) and overstory 
compositions (C) and their interactions (A  ×  C) on understory species 
composition.

Source of 
variation

df SS F value Partial 
R2

Pr (>F)

A 3 3.43 13.71 0.51 0.001

C 2 0.53 3.17 0.08 0.003

A × C 6 0.82 1.63 0.12 0.016

Residual 24 2.00

Plots 35 6.78

Bold font indicate statistical significance (α = 0.05). The columns provide degree of freedom 
(df), sum of squares (SS), partial R2, and F and P values.

FIGURE 4

Two-dimensional non-metric multidimensional scaling ordination 
showing: the difference in understory plant communities along the 
altitudinal gradients and dominant overstory composition types. 
Altitudinal gradients are A1 (green), A2 (blue), A3 (red), A4 (black) and 
symbol shapes on legends differentiate dominant overstory types. 
Points nearest each other in ordination space have similar floristic 
assemblages, whereas those located farther apart are less similar. 
Vectors (arrows) indicate the significant (p  <  0.05) joints axis 
correlation with altitude and overstory, and length of the vector 
represents the strength of the correlation.
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TABLE 3 The relative frequency of understory plants including shrub and herb layers vegetation at each altitudinal gradient and overstory composition type in the studied area.

Name of species Altitudinal range Overstory type Total 
frequency

A1 A2 A3 A4 Bro. Mix. Con.

Shrub layer vegetation

Quercus leucotrichophora A.Camus 0.41 0.30 0.00 0.00 0.31 0.20 0.00 25

Quercus semicarpafolia Sm. 0.00 0.00 0.61 0.61 0.45 0.54 0.00 44

Celtis australis L. 0.38 0.25 0.00 0.00 0.31 0.16 0.00 23

Cedrus deodara (Roxb. ex D. Don) G. Don 0.58 0.39 0.00 0.00 0.00 0.33 0.37 34

Abies pindrow (Royle ex D. Don) Royle 0.00 0.00 0.00 0.52 0.00 0.16 0.22 19

Acer ablongum Wall.ex DC. 0.18 0.00 0.00 0.00 0.00 0.12 0.00 6

Aesculus indica (Wall. ex Cambess.) Hook. 0.27 0.00 0.00 0.00 0.08 0.12 0.00 10

Juglans regia L. 0.08 0.00 0.00 0.00 0.00 0.06 0.00 3

Rosa moschata Herrm. 0.69 0.72 0.88 0.02 0.60 0.50 0.60 82

Pyrus pashia Buch.-Ham.ex D. Don 0.83 0.86 0.83 0.00 0.58 0.62 0.68 91

Rhododendron arboretum Sm. 0.00 0.00 0.86 0.77 0.43 0.47 0.31 59

Sarcococca coriacea (Hook.) 0.91 0.88 0.86 0.83 0.97 0.95 0.64 128

Lantana camara L. 0.19 0.00 0.00 0.00 0.10 0.04 0.00 7

Nerium indicum L. 0.00 0.50 0.66 0.00 0.43 0.39 0.00 40

Desmodium tiliaefolium (L.) DC. 0.61 0.63 0.00 0.00 0.33 0.27 0.29 45

Opuntia dillenii (Kew Gawl.) Haw. 0.30 0.61 0.00 0.00 0.25 0.27 0.16 33

Vitex negundo L. 0.61 0.55 0.00 0.00 0.43 0.31 0.12 42

Adhatoda vasica Nees 0.54 0.36 0.00 0.00 0.35 0.18 0.10 31

Ricinus communis L. 0.00 0.67 0.00 0.00 0.33 0.33 0.00 24

Spiraea canescens D. Don 0.00 0.87 0.80 0.13 0.52 0.43 0.33 63

Euphorbia royleana Boiss. 0.36 0.00 0.00 0.00 0.10 0.10 0.06 13

Phyllanthus emblica L. 0.51 0.00 0.00 0.00 0.14 0.08 0.12 17

Berberis lycium Royle 0.87 0.52 0.72 0.66 0.66 0.83 0.52 96

Indigofera pulchella Roxb. 0.00 0.58 0.30 0.00 0.31 0.25 0.10 32

Rubus ellipticus Sm. 0.90 0.83 0.86 0.83 0.83 0.64 0.77 122

Wikstroemia canescens Maxim. 0.00 0.36 0.27 0.23 0.00 0.10 0.54 31

Duranta repens L. 0.81 0.47 0.00 0.00 0.31 0.41 0.18 44

Zannthoxylum armatum DC. 0.75 0.52 0.00 0.00 0.33 0.16 0.41 44

Datura stramonium L. 0.24 0.33 0.00 0.00 0.00 0.16 0.25 20

(Continued)
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TABLE 3 (Continued)

Name of species Altitudinal range Overstory type Total 
frequency

A1 A2 A3 A4 Bro. Mix. Con.

Daphne cannabina Wall. 0.00 0.00 0.80 0.69 0.45 0.35 0.31 54

Murraya koenigii (L.) Spreng. 0.84 0.80 0.00 0.00 0.43 0.43 0.31 58

Jasminum officinale L. 0.72 0.75 0.58 0.00 0.54 0.50 0.58 74

Achyranthes aspera L. 0.00 0.00 0.77 0.25 0.20 0.25 0.31 37

Punica granatum L. 0.90 0.58 0.00 0.00 0.37 0.29 0.39 51

Ziziphus mauritiana Lam. 0.00 0.78 0.00 0.00 0.18 0.20 0.18 28

Ilex dipyrena Wall. 0.00 0.61 0.63 0.00 0.41 0.47 0.00 43

Arundinaria falcata (Nees) Keng f. 0.00 0.25 0.44 0.00 0.00 0.22 0.31 26

Ground layer vegetation

Quercus leucotrichophora A.Camus 0.35 0.22 0.00 0.00 0.29 0.14 0.00 52

Quercus semicarpafolia Sm. 0.00 0.00 0.31 0.18 0.19 0.18 0.00 45

Cedrus deodara (Roxb. ex D. Don) G. Don 0.24 0.17 0.00 0.00 0.00 0.13 0.18 38

Utrica dioica L. 0.51 0.53 0.45 0.00 0.55 0.30 0.25 129

Berberis lycium Royle 0.54 0.48 0.00 0.00 0.31 0.26 0.19 93

Berberis aristata DC. 0.00 0.00 0.44 0.23 0.20 0.23 0.06 58

Rubus ellipticus Sm. 0.55 0.46 0.46 0.05 0.46 0.27 0.33 139

Rosa moschata Herrm. 0.11 0.37 0.28 0.00 0.12 0.24 0.21 70

Sarcococca coriacea (Hook.) 0.51 0.44 0.45 0.00 0.43 0.37 0.23 125

Zannthoxylum armatum DC. 0.30 0.33 0.00 0.00 0.00 0.30 0.16 57

Lantana camara L. 0.30 0.00 0.00 0.00 0.12 0.10 0.03 31

Nerium indicum L. 0.00 0.51 0.18 0.00 0.26 0.17 0.08 63

Murraya koenigii (L.) Spreng. 0.53 0.54 0.00 0.00 0.32 0.27 0.20 97

Wikstroemia canescens Maxim. 0.00 0.07 0.00 0.00 0.00 0.00 0.05 7

Indigofera pulchella Roxb. 0.00 0.36 0.00 0.00 0.00 0.15 0.11 33

Agave Americana L. 0.00 0.00 0.00 0.35 0.10 0.10 0.05 32

Jasminum officinale L. 0.63 0.56 0.00 0.00 0.37 0.29 0.23 108

Cannabis sativa L. 0.46 0.41 0.00 0.00 0.22 0.25 0.19 80

Chenopodium album L. 0.48 0.35 0.00 0.00 0.24 0.29 0.10 76

Viola canescens Wall. 0.43 0.38 0.00 0.00 0.00 0.29 0.32 74

Senna tora (L.) Roxb. 0.06 0.00 0.00 0.00 0.05 0.00 0.00 6

(Continued)
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TABLE 3 (Continued)

Name of species Altitudinal range Overstory type Total 
frequency

A1 A2 A3 A4 Bro. Mix. Con.

Datura stramonium L. 0.48 0.26 0.00 0.00 0.13 0.32 0.10 68

Duranta repens L. 0.51 0.00 0.00 0.00 0.10 0.15 0.13 46

Woodfordia fruticosa (L.) Kurz 0.33 0.48 0.00 0.00 0.15 0.32 0.14 74

Ziziphus mauritiana Lam. 0.34 0.18 0.00 0.00 0.10 0.17 0.13 49

Ilex dipyrena Wall. 0.00 0.34 0.43 0.00 0.30 0.15 0.11 70

Cymbopogon martini (Roxb.) Will. Watson 0.42 0.00 0.00 0.00 0.00 0.17 0.14 38

Asparagus racemosus Willd. 0.40 0.51 0.00 0.00 0.19 0.22 0.18 82

Andropogon munroi L. 0.41 0.40 0.23 0.31 0.54 0.37 0.15 122

Artemisia vulgaris L. 0.26 0.15 0.00 0.00 0.00 0.21 0.10 38

Cynodon dactylon (L.) Pers. 0.62 0.37 0.50 0.22 0.40 0.63 0.25 155

Paspalum notatum Flüggé 0.30 0.31 0.00 0.00 0.25 0.16 0.02 55

Dicanthium annulatum (Forssk.) Stapf 0.18 0.51 0.22 0.26 0.52 0.26 0.10 107

Agrostis canina L. 0.20 0.36 0.00 0.00 0.17 0.20 0.05 51

Fragaria nubicola (Lindl. ex Hook.f.) Lacaita 0.31 0.43 0.50 0.00 0.37 0.35 0.20 113

Oxalis corniculata L. 0.42 0.35 0.54 0.00 0.35 0.32 0.31 120

Oplismenus compositus (L.) P. Beauv. 0.34 0.14 0.42 0.00 0.25 0.26 0.15 82

Microstegium vimineum (Trin.) A.Camus 0.13 0.14 0.05 0.00 0.15 0.05 0.04 30

Carissa carandus L. 0.35 0.48 0.43 0.00 0.45 0.35 0.20 120

Arisaema wallichii Hook.f. 0.05 0.06 0.00 0.00 0.00 0.02 0.06 11

Ageratum conyzoides L. 0.28 0.12 0.00 0.00 0.21 0.04 0.07 38

Cirsium vulgare (Savi) Ten. 0.14 0.25 0.04 0.22 0.20 0.26 0.06 64

Anthriscus sylvestris (L.) Hoffm. 0.25 0.27 0.00 0.03 0.20 0.05 0.12 51

Polygonum chinensis (L.) H.Gross 0.00 0.00 0.00 0.30 0.05 0.10 0.05 27

Centella asiatica (L.) Urb. 0.42 0.21 0.00 0.00 0.32 0.15 0.00 57

Thalictrum foliolosum DC. 0.41 0.00 0.00 0.00 0.17 0.08 0.05 37

Galium aparine L. 0.41 0.00 0.00 0.00 0.15 0.00 0.16 39

Achyranthes aspera L. 0.07 0.32 0.04 0.00 0.16 0.05 0.10 40

Skimmia japonica Thunb. 0.00 0.31 0.00 0.00 0.17 0.00 0.05 28

Carduus edelbergii Rech.f. 0.00 0.43 0.00 0.00 0.16 0.05 0.10 39

Arundinaria falcata (Nees) Keng f. 0.23 0.16 0.00 0.01 0.19 0.10 0.01 37

(Continued)
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layer abundance and species diversity followed a hump shaped 
relationship along the altitudinal gradients which increased linearly 
from altitude A1 to A2, and decreased thereafter from altitude A3 to 
altitude A4 and were found to be highest at middle altitudes. These 
findings are consistent with the other studies in the Himalayan region 
along the elevation gradients (Grytnes and Vetaas, 2002; Grytnes and 
Beaman, 2006; Singh et al., 2007; Chawla et al., 2008; Sharma et al., 
2009b; Acharya et al., 2011; Dar and Sundarapandian, 2016; Manish and 
Pandit, 2018; Sharma et al., 2019; Bhat et al., 2020; Rawat et al., 2021; 
Liang et al., 2023). However, the total number of species recorded in the 
present study is higher compared to those reported by other studies in 
the Western Himalayas (Sherman et al., 2008; Singh and Gupta, 2009; 
Gairola et al., 2012). The highest abundance and species diversity at the 
mid-altitude are likely the results of optimal climatic conditions, 
including temperature, rainfall, solar radiation, and humidity, favoring 
the growth and establishment of most vascular plants (Grytnes and 
Vetaas, 2002; Bhattarai and Vetaas, 2003; Zhang et al., 2016; Liang et al., 
2020; Rawat et al., 2023). Although environmental factors were not 
explored in the present study, Liang et al. (2020) found that climatic 
factors, specifically temperature and precipitation, played a predominant 
role compared to other factors in shaping the richness of vascular plants 
along elevational gradients. Specifically, regions characterized by warm 
and wet climates generally support higher species diversity (Weins and 
Donoghue, 2004; Weins and Graham, 2005; Liang et  al., 2020), 
highlighting the critical influence of climatic factors on species diversity 
along elevation gradients. Notably, both herbaceous and woody plants 
exhibited similar responses to these climatic conditions across elevation 
gradients. Furthermore, the water-energy dynamic hypothesis, 
proposed by Liang et al. (2020), suggests that the combined effects of 
energy (temperature) and water availability play a crucial role in shaping 
the diversity patterns of vascular plants along elevation gradients as 
water availability supports organismal activities, while energy regulates 
water states. This hypothesis provides additional insights into 
understanding the primary drivers shaping vascular plant richness 
along elevational gradients. Moreover, variations in environmental 
conditions along the altitudinal gradients significantly influence soil 
characteristics such as organic matter content, pH, and soil moisture, 
which in turn affect soil nutrient availability and have likely favored the 
growth and establishment of both herbaceous and woody plants in the 
understory (Decker and Boerner 2003; Kewlani et al., 2021). In addition 
to this, the higher abundance and species diversity at middle altitude 
can also be attributed to its intermediate location, forming a transition 
zone between low and higher elevations. This intermediate position 
increases immigration from both directions and enhances 
environmental heterogeneity, leading to additional species with distinct 
niche preferences (Grytnes and Vetaas, 2002; Singh et al., 2007; Scheiner 
et al., 2011; Zhang et al., 2016; Das et al., 2020).

However, the decrease in understory vegetation abundance and 
species diversity at higher altitudes can be  attributed to the harsh 
environmental conditions, rugged topography, prolonged winter snow 
cover, and reduced growing season (Gómez-Díaz et al., 2017; Negi 
et al., 2018; Kewlani et al., 2021). These factors might support the 
dominance of site-specific endemic species that can potentially employ 
various strategies to overcome nutrient limitations and access necessary 
nutrients for growth under extreme environmental conditions, thereby 
forming species ‘fundamental niches’ (Lang et al., 2011; Graham et al., 
2014; Wang et al., 2014; Coelho et al., 2018). Additionally, the slow rate 
of organic matter decomposition in harsh environmental conditions T
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may have resulted in the accumulation of humus in the soil. This 
accumulation can limit soil production and reduce the absorption of 
nutrients by many herbaceous and woody plants (Prescott et al., 2000; 
Sanchez-Gonzalez and Lopez-Mata, 2005). On the other hand, lower 
understory vegetation abundance and species diversity at lower 
altitudes can be as a result of higher anthropogenic disturbances such 
as overgrazing, deforestation, trampling and camping etc. (Zhang et al., 
2016; Rawal et al., 2018), which reduced species richness (Koh et al., 
2006; Paudel and Sipos, 2014) at lower elevations.

The study also observed higher total, shrub and herb layer 
abundance under broadleaved stands at lower elevations compared 
to mixedwood and coniferous stands. The higher total, shrub, and 
herb layer cover under broadleaved stands could be attributed to 
higher light availability and the positive effect of broadleaf litter on 
soil quality, as broadleaf litter decomposes quickly and providing rich 
nutrients and higher pH (Hart and Chen, 2006; Chytrý et al., 2010; 
Bartels and Chen, 2013; Augusto et al., 2015; Kumar et al., 2017b), 
supporting specific species dominance in the ecosystem (Sundriyal 
and Sharma, 1996). Notably, the broadleaved stands in our study at 
lower elevations had a dense cover of tall shrubs such as, Sarcococca 
coriacea, Murraya koenigii, Zanthoxylum armatum, and invasive 
species Lantana camara as compared to mixedwood and conifer 
stands as these species flourish well in the warm and humid climatic 
conditions under broadleaved stands. Additionally, higher 
anthropogenic activities, such as deforestation and selective lopping 
of oak trees for fodder at lower elevations (Paudel and Sasaki, 2020; 
Joshi et al., 2021), might have led to canopy gaps, allowing greater 
light penetration to the forest floor, which in turn have facilitated the 
growth of tall shrubs and establishment of invasive species in the 
understory (Duncan et  al., 1998; Arellano-Cataldo and Smith-
Ramίrez, 2016).

However, higher total, shrub and herb layer abundance at higher 
elevations along with the higher species diversity along wide 
altitudinal gradients in the mixedwood stands could be attributed to 
the fact that mixedwood stands are characterized by greater resource 
heterogeneity in the understory (Messier et al., 1998; Hart and Chen, 
2006; Barbier et  al., 2008; Cavard et  al., 2011) which allows for 
growth, development and facilitation of both herbaceous and woody 
vegetation (Kumar et al., 2017b). Furthermore, mixedwood stands 
are functionally and compositionally intermediate between conifer 
and broadleaved stands and have intermediate light penetration to 
the understory layer, thus facilitating the co-existence of both shade 
tolerant and intolerant plant species (Messier et al., 1998; Hart and 
Chen, 2006; Barbier et al., 2008; Cavard et al., 2011; Chavez and 
Macdonald, 2012; Mestre et al., 2017; Zhang et al., 2017). However, 
the lowest total abundance and species diversity in the shrub and 
herb layers under coniferous stands can be attributed to the negative 
effect of acidic and recalcitrant litter of conifers and the inability of 
the vascular species to tolerate low light and nutrient poor conditions 
under conifer canopies (Barbier et al., 2008; Hart and Chen, 2008; 
Chavez and Macdonald, 2010).

5 Conclusion

Our study demonstrated that the abundance (percent cover) and 
species diversity of understory vegetation differed along the 

altitudinal gradient and dominant overstory composition types. The 
hump shaped pattern along the altitudinal gradient appeared to 
be the most dominant pattern of understory vegetation abundance 
and species diversity and thus call for more conservation concern 
toward the middle elevation zones in the temperate Himalayan 
region. The species composition of understory vegetation also 
differed along the altitudinal gradients and dominant overstory 
composition types as well as with their interactions. Moreover, 
distinct understory vegetation communities were found at lower 
elevations than those at higher elevations, and middle elevations 
exhibited intermediate vegetation. The study also highlighted the 
importance of dominant overstory composition types in driving the 
abundance, species diversity and composition of understory 
vegetation in the Temperate Himalayan region. The higher resource 
conditions associated with broadleaved stands coupled with increased 
disturbance intensity, supported greater herbaceous abundance and 
growth of tall shrubs at lower elevations, while the heterogeneous 
resource conditions induced by the mixedwood stands have 
supported the higher understory species diversity and abundance at 
higher elevations. Therefore, management interventions should aim 
at maintaining diverse range of overstory composition types for 
conserving biodiversity and their ecological functions in the 
temperate Himalayan region. While the mechanisms proposed in this 
study provide a sufficient explanation for the understory vegetation 
pattern, further verification is required to understand how these 
hypothesized mechanisms, particularly climatic and edaphic factors, 
shape the abundance, diversity, and composition of understory 
vegetation in the temperate Himalayan region. Looking forward, 
future studies should investigate the mechanisms driving understory 
vegetation community patterns along altitudinal gradients and assess 
the influence of climate change on plant diversity patterns and their 
ecological functions in the temperate Himalayan region.
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