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Abstract: Sal (Shorea robusta) forests, a dominant forest type in Nepal, experience different disturbance
intensities depending on management regimes. This study compares the impact of disturbance on
Nepalese Sal forests, which are managed on three major management regimes: protected area, state-
managed forest, and buffer zone community forest. Using a systematic sampling approach, we
sampled 20 plots, each covering 500 square meters, and nested plots within each main plot to measure
pole and regeneration for each management regime. We recorded forest characteristics including
tree species, counts, diameter, height, crown cover, and disturbance indicators. We compared
forest attributes such as diversity indices, species richness, and stand structure by management
regime using analysis of variance and regression analysis. The forest management regimes were
classified into three disturbance levels based on disturbance factor bundles, and the buffer zone
community forest was found to have the highest disturbance while the protected forest had the
lowest disturbance. Species richness, diversity, evenness, abundance, density and basal area were
higher, but regeneration was lower in protected area and state-managed forest compared to the buffer
zone community forests. This suggests positive impacts of moderate disturbance on regeneration.
The management plan should prioritize the minimization of excessive disturbance to balance forest
conservation and provide forest resources to local users.
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1. Introduction

Forest disturbances are events that change the structure and composition of the forest
ecosystems, their functions, and resources availability in the ecosystems [1]. Disturbances,
both natural and anthropogenic in origin, vary in frequency and intensity in a changing
ecosystem [2]. They are ecosystem processes that help to maintain the supply of ecosystem
services and conservation of plant and wildlife populations [3]. In particular, they play an
important role in maintaining plant diversity, influencing stand structure, and impacting
regeneration of forest ecosystems [1,4–6]. Furthermore, they regulate forest dynamics and
tree diversity at the local and regional scale [7,8].

Structure, composition, and function are the three important attributes of forest ecosys-
tems [9]. Forest disturbance has a strong influence on plant structure and animal communi-
ties in many natural ecosystems [10,11]. The ecological characteristics of a forest largely
depend on sites, species diversity, and regeneration status of different species [12]. As
the frequency and intensity of disturbances increase, plant diversity and other associated
vegetation attributes decrease [4,13]. Changes in structural attributes of forests have often
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been attributed to disturbance gradients [8] involving mostly a single factor that is limited
in extent, e.g., selective logging [7,14,15]. Similarly, it has also been argued that species
richness and diversity are invariably affected by frequent and fluctuating disturbances of
low-intensity e.g., grazing and browsing, firewood and fodder extraction suggesting the
importance of combined effect of multiple low-intensity factors [1,5,13].

Disturbance can have positive and negative impacts on forest by altering the environ-
mental condition [4]. Disturbance has a positive influence on diversity, as an intermediate
level of disturbance increases forest diversity [15,16]. However, too much disturbance leads
to the loss of late successional species, whereas too little leads to the exclusion of species
adapted to colonize ecosystems immediately after disturbance [16]. Furthermore, Connell
(1978) [17] noticed in tropical rain forests that the higher tree diversity occurs either at
intermediate stage after large disturbances or with smaller disturbances that are neither
frequent nor infrequent. In addition, an intermediate disturbance supports community
co-existence [16,18].

In Nepal, large-scale catastrophic natural disturbances due to hurricanes or tornadoes
do not occur, but disturbances due to flooding, river scouring, or landslides are common.
The major portion of energy comes directly from forests in the country, with forest-based
woody biomass consisting of 70% of total energy consumption [19]. Most of the Nepalese
forests turned to open access after the nationalization of all forests in 1957, resulting in
higher deforestation rates on the national level [20]. With more than two-thirds of the
population living in rural areas, high dependence of rural people on forest resources leads
to an anthropogenic disturbance, such as tree harvesting, fire, grazing and non-timber
forest product collection. In addition, bush cutting, sapling cutting, lopping and forest
fire are also common. Although forest disturbance is the highest in the Churia region,
the disturbance due to tree cutting and lopping is a major concern in Terai forest [21].
Historically, forest area covered almost 75% of the Terai region in central and western
Nepal [22,23]. With the establishment of democracy and the eradication of malaria in
the 1950s, the government launched the resettlement program in the lower belt of Nepal,
which therefore triggered the deforestation and forest degradation in this region. The forest
area in the region is continuously decreasing, with an annual deforestation rate of 0.44%
between 2001 and 2010 [24].

Sal (Shorea robusta) is one of the most important tree species with economic and
cultural importance in the country [25]. The species is used for multiple purposes including
timber, wood for tools and furniture, carvings for historical, religious and architectural
structures, utensils, firewood, plates, bowls, gum, green manure, medicines, resin, and
fodder. Thus, Sal forests are subjected to extensive logging, grazing, and logging. The
higher population growth has resulted in heavy pressure on the forest resources of the
region as livelihoods and economic well-being are closely linked to forest resources [24].
Illicit felling of commercially valuable trees such as Sal and the trans-boundary timber
trade are major problems in the Terai region [26]. In addition, the length of monsoon, total
rainfall, seasonal flooding and soil conditions have been considered as factors that are
modifying vegetation composition and succession in these forests [27]. Sal forests are one
of the most disturbed forest types in the whole South Asia region [15].

Given the immense pressure from decade-long frequent and fluctuating anthropogenic
disturbances and the high conservation value as wildlife habitat and biological corridor
in Terai [23], the Sal forests need immediate management attentions. They are managed
in different regimes, depending on management objectives and location of forests with
respective to distance from human inhabitants. These forests are commonly managed as
protected forests, participatory managed forests (such as community forests, buffer zone
community forests, leasehold forests, and collaborative forests), and state-managed forests.
While the major aim of the protected forests is biodiversity conservation, participatory
managed forests are focused on supplying forest products for local demand. The state-
managed forests are managed by government, under the Department of Forests, to protect
forests from illegal logging and harvesting. Similar to participatory forests, they are also
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susceptible to human disturbances due to lower restrictions for public use and lack of
strict protection. The level of disturbances also varies in these management regimes
due to differences in access and rights to use resources. For example, selective felling,
which can lead to serious forest degradation, is mostly practiced in community-based and
government-owned Sal forests [28].

As Sal forests experience continuous disturbances, understanding of their impacts on
diversity, stand structure, and regeneration establishment is essential. A limited number
of studies has been published to examine the impact of interactive disturbances on stand
dynamics and regeneration of these forests in Nepal [13,15]. Furthermore, there is a
study gap to elucidate how the forest attributes can be maintained under the disturbances.
In particular, it is important to understand and compare the level of disturbance in the
three major management regimes and effect of disturbance on forest attributes because
identifying the disturbance effects help formulating management plans to balance forest
protection along with providing forest products need of the local people. Therefore,
the main objective of this study was to assess the disturbance level in three different
forest management regimes and compare the effect of disturbance in tree species diversity,
composition, and regeneration in Nepalese Sal forests. The specific objectives were to
elucidate the forest management regimes and level of disturbance for each regime, assess
status of species diversity, species richness, and stand structure in each management regime,
and assess effect of regeneration due to disturbance in each management regime.

2. Materials and Methods
2.1. Study Area

The study area included three forest management regimes, selected as representative
regimes of the region, in seasonally dry deciduous Sal forests located in the central lowland
of Nepal (Figure 1). The management regimes consisted of buffer zone community forest
(BZCF), state-managed forest (SMF), and protected area forest (PAF). The study area was
located between 27◦24′–27◦52′ N and 84◦51′–85◦16′ E and elevation ranges between 132–
146 m above the mean sea level for BZCF and SMF, and 300–320 m for PAF. The study area
belongs to the humid sub-tropical climatic zone and has four distinct seasons (i.e., summer,
autumn, winter and spring). The mean annual precipitation was above 1000 mm, with
precipitation mostly expected between June and September [29].

Among the management regimes, Radhakrishna BZCF was established in 2005 as
the flagship participatory forestry management program of the country. The BZCF has
an area of 621.56 ha and 7813 users [30]. The users have direct impact on forest resources
by means of grazing and fodder for animal husbandry, firewood for cooking, and using
leaves of Sal tree for making disposable plates for household and commercial purposes.
The management plan of the buffer zone user group allows up to 9600 cubic feet of timber,
which is lower than their actual demand of 12,000 cubic feet, which results in illegal
harvesting to fulfill their timber demand [30].

Similarly, land tenure is solely under the government without any public involvement
in SMF. As management of surroundings forest was handed over to the community and
collaborative forest management user groups, there was limited human pressure in SMF
from inhabitants living in nearby areas. Compared to the BZCF, this regime lacks active
management activities such as thinning, harvesting, bush cutting, planting, and fire man-
agement, but it is relatively protected due to regular patrolling by forest officials and less
human pressure [31]. However, illegal harvesting of tree, in particular, valuable species
such as Sal, and natural disturbances such as wind-thrown, stag-headed and pests, have
been reported. The PAF selected for this study was inside the Parsa National Park, which
is protected and managed by the Government of Nepal since 1984. As a strictly protected
area, it represents the management regime with the least disturbance. Overall, the selected
management regimes differ in many aspects, including rights to access, use of resources,
right to govern, sell product, and management objectives (Table 1) [31].
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Figure 1. Map of sampling plots in the forests managed under three different regimes in Nepal. Yellow, red, and blue dots
in the map represent sample plots for PAF, BZCF, and, respectively.

Table 1. Key differences in three forest management regimes selected for the study.

Characteristics
Management Regime

PAF SMF BZCF

Objective

Protection of range and
endangered wild animals and
plants and their habitat,
promotion of biodiversity and
ecotourism

Supply of forest products
including timber and
fuelwood at the national level

Fulfill the forest products’
needs of local communities
and maintain biodiversity

Rights to govern on forest use
and conservation Park administration

District and local level forest
officials under the
Department of Forest

BZCF users and protected
area authority collectively
make the decision

Rights to sell forest products Prohibited use of most of the
forest products Government of Nepal

There is restriction on sale of
forest products outside the
user group except to sell
non-timber forest products

Rights to manage forest

Officials under the
Department of National Parks
and Wildlife Conservation
and Nepal Army

District and local level forest
officials under the
Department of Forests

BZCF users group manage
and conserve the forest, but
the park officials also have
authority to involve in
conservation

Local communities’
participation in forest
management and
conservation

Low Low High
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Table 1. Cont.

Characteristics
Management Regime

PAF SMF BZCF

Timber harvesting

Almost nil except for habitat
management works and
construction of roads and
firelines

Planned forest harvesting is
minimal despite having a
forest management plan

Regular silvicultural
operation and harvesting as
provision in forest
management plan

Frequency and extend of
forest harvesting Close to nil Minimal

Depending on the resource
condition and user group
dynamics

2.2. Sampling and Inventory

The field survey was conducted in Summer 2018. The sampling areas representing
the three management regimes were selected using satellite images, google earth images,
and field observations. Before the inventory, the major disturbances, their frequency, and
intensity were outlined through consultation with local residents, key informants, user
group committee members, and park and forest management officials. In each management
regime, a total sampling area of 100 hectares was established. This sampling area was
further divided into a regular grid of 20 plots (i.e., 500 m2 area for each plot) (Figure 2).
Diameter at breast height (DBH) of trees>30 cm were measured in 12.61 m radius circular
plot. Number of stems for smaller trees and DBH of poles were measured in nested plot
design with the following characteristics: a radius of 5.65 m (100 m2 area) was used for
poles (DBH = 5–29.9 cm), a radius of 2.82 m (25 m2 area) for saplings (DBH = 1.3–4.99 cm),
and radius of 1.78 m (10 m2 area) for seedlings (DBH < 1.3 cm). Similarly, crown cover was
determined by estimating the area of ground covered by tree canopies using a spherical
densiometer for each plot. The densiometer was used to measure the horizontal projection
of the tree crowns covering the area of the plot. The crown cover was measured at five
points in a plot, i.e., four directions (north, south, east, and west) and at the center of the
plot. The number of stems per ha for Sal and other species were computed by DBH classes
with each class being 10 cm. The physical and chemical properties of the soil were also
evaluated. The soil samples were collected from three different spots (plots for trees, poles,
and regeneration) for each sample plot. The collected samples were subjected to drying
for a week and were dried at 105 ◦C and allowed to cool at room temperature. The cooled
samples were crushed and sieved; samples of 2 and 0.5 mm were collected in different bins.
The 2 mm samples were used to analyze pH, using potentiometric methods and the 0.5 mm
samples were used for measuring chemical properties such as nitrogen (N), potassium (K),
and phosphorus (P) using Kjeldhal distillation method, ammonium acetate method, and
Olsen’s method, respectively.
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Figure 2. (a) Schematic layout of nested plot design from sampling in 100 ha forest area for each management regime with
plot to plot distance of 218 m. (b) Schematic nested circular plot design with radius of 12.61 m for tree (R1), 5.65 m for pole
(R2), 2.82 m for sapling (R3), and 1.78 m for seedling (R4).

2.3. Assessment of Disturbances

Different disturbance indicators to represent past and present disturbance were
recorded in each plot. Since there is not a commonly accepted approach to estimate
disturbance intensity [30], we used visual inspection of the bark, stem and leaf, stump
freshness and color, termite mounds and cracks to categorize disturbance. Furthermore,
both common and fluctuating forest disturbances including wind-thrown, harvesting,
cutting, lopping, breakage, browsing, uprooting, bark scratching, damage associated with
crown openness, clearance of footpaths and cart trails, animal feces and soil disturbed
by several animal activities (e.g., wallowing, rooting, and digging etc.), and their severity
were observed and recorded. Potential disturbances from fire were not considered because
major fire incidents were not recently reported in the study area.

We followed different approaches to measure disturbance parameters: (a) crown
openness was recorded using a densiometer, (b) wildlife disturbances were recorded
by counting number of spots disturbed by wallowing, rooting, debarking or digging,
(c) presence of animal feces, and (d) footpaths and trails were measured using a linear tape.

2.4. Data Analysis
2.4.1. Disturbance Factor Estimation

Many studies ranked disturbance intensity subjectively [32–35] because there are no
universally agreed methods to estimate disturbance intensity [36]. To estimate disturbance
factors bundle, disturbance factor value was calculated first, and then relative impact factor
was assigned for each disturbance indicator (such as frequency of disturbed individual,
pest or climber, grazing or grass cutting area) for each management regime (Figure 3).
Using the protocol used in previous studies [1,13], disturbance factor value was based
on relative density and basal area of the damaged individuals (seedling, sapling, poles,
and trees). Therefore, the relative density of damaged individuals was a ratio of sum of
the density of damaged individuals and density of total individuals. Similarly, relative
basal area of damaged individuals was a ratio of sum of basal area of damaged individuals
and basal area of total individuals. The use of the formula for density or basal area was
based on data recorded in the field as density for pest/climber frequency and basal area
for stump felled area. For each disturbance indicator, the forest regime with the highest
value of relative density or basal area was assigned a relative impact factor one.
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Figure 3. Flowchart showing method of estimating relative disturbance in different forest regime.

For the other remaining two management regimes, the relative impact factor for
density was calculated as a ratio of relative density of damaged individuals and relative
density of damaged individuals in the forest with the highest density. Similarly, the relative
impact factor for basal area was calculated as a ratio of basal area of damaged individuals
and basal area of damaged individuals in the forest with the highest density. The relative
impact factor for all disturbance types in each forest type were accumulated to estimate
values of the disturbance bundles. Finally, forests were classified into three disturbance
levels: low, moderate, and high based on the values of disturbance bundles.

For plot level disturbance factors, the plot with the highest value of relative disturbance
among all the forests was assigned an impact factor of 1 for each disturbance indicator,
and proportional values to the other plots were identified in the process described above.
All elements of the present and past disturbances were weighed equally because of the
absence of studies on the comparative impacts of those disturbances. Plot level disturbance
bundles were also calculated by adding all relative disturbances indices associated with
the individual plots. One-way ANOVA was performed to observe the differences on the
plot level disturbances among the three disturbance levels.

2.4.2. Species Richness

Species richness was calculated to study the relationships between disturbance and
species diversity for management regimes and size classes. Furthermore, unique species,
i.e., species only found in a particular disturbance level and species with single individuals
for each level were estimated. Similarly, the overlapping species in different disturbance
levels were calculated.

2.4.3. Biodiversity Indices

We used four diversity indices per plot: Jaccard similarity index, Shannon–Wiener
index, Simpson index, and the Pielou’s evenness. The Jaccard similarity index [37] was
measured to find out the species overlapping, similarity, and contrarily dissimilarity
between different disturbance levels. Similarly, Shannon–Wiener diversity index [38]
was calculated to measure the species diversity and community composition in different
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disturbance levels. The species richness and evenness of the community increase when
this index increases.

The concentration of dominance is often used to quantify the biodiversity of a habitat.
It considers the number of species present and the abundance of each species. Simpson’s
index was used to measure the concentration of dominance (CD) using the proportion of all
individuals in the sample that belongs to a species [39]. The CD index is an indirect measure
of diversity and weighted toward the abundance of the most common species. Numeri-
cally, the values are between 0 and 1 with values near 0 corresponding to highly diverse
or heterogeneous community, and values near 1 correspond to the more homogeneous
community. Equitability or evenness index (E) refers to the degree of relative dominance
of each species. Shannon–Wiener’s diversity index of a disturbance level and number of
species found in the level is used to calculate the evenness index [40]. The value of e ranges
from 0 (not even) to 1 (completely even). Furthermore, diversity indices per plot were
subjected to one-way ANOVA in accordance with disturbance level. Similarly, Tukey’s
multiple comparison test was used to compare the mean difference at 5% of significance
level.

2.4.4. Species Dominance

Species dominance in each disturbance level was identified based on the importance
value index (IVI). The species having highest importance value was identified as dominant,
and that having the second highest importance value was defined as co-dominant species.
To calculate this index, the percentage values of the relative frequency, relative density and
relative dominance were summed up together and total value was designated as IVI of
the species. Following Mishra [41] and Curtis and McIntosh [42], the relative values of
frequency, density and basal area for each species in different size classes were used to
calculate the IVI in disturbance levels. The IVI for tree, pole, and sapling was the sum of
relative density, relative frequency, and relative basal area while IVI for seedling was the
sum of relative density and relative frequency.

The effect of disturbance on sapling and seedling of Sal were analyzed by examining
their densities per plot. We used vegan [43], and BiodiversityR [44] packages available in
R-statistical computing software [45].

3. Results
3.1. Physical and Chemical Properties of Soils

The soil pH was neutral to slightly basic (6.50–8.47). The soil nitrogen (N) varied
from 0.90% to 0.18% per kg, the phosphorus (P) ranged from 16.18 to 78.76 kg/ha, and
potassium (K) ranged from 150.70 to 288.60 kg/ha. There was significant difference in P (F
(2, 57) = 18.44, p < 0.001) and K (F (2, 57) = 44.54, p < 0.001) among different forest types
(Table 2). Furthermore, pairwise comparison with Tukey’s test revealed significant higher
P and K values in PAF compared to the other two forests (p < 0.05). The soil texture was
mostly sandy loam and sandy clay in PAF (15 plots) and BZCF (17 plots), but sandy clay
loam in SMF (8 plots).

Table 2. Chemical properties of soil in the study forests under different management regimes (mean
± SE). Mean values followed by the different letter are significantly different.

Chemical Properties
Management Regime

BZC SMF PAF

pH 7.43 ± 0.12 a 7.57 ± 0.15 a 7.64 ± 0.13 a

N (%) 0.131 ± 0.0052 a 0.131 ± 0.0069 a 0.148 ± 0.070 a

P (Kg/Ha) 37.92 ± 2.2 a 31.83 ± 2.69 a 56.17 ± 3.74 b

K (Kg/Ha) 176.94 ± 4 a 181.71 ± 3.41 a 240.49 ± 7.53 b
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3.2. Disturbance Factor (DF)

We quantified a total of 20 different types of relative disturbance indices based on
present and past disturbances in all three forests (Table 3). The highest sum of disturbance
indices was found in the BZCF, moderate values were observed in SMF, and lowest values
in PAF, suggesting the highest to lowest disturbance in these forest types, respectively.

Table 3. Relative impact factor for a bundle of disturbances and estimated disturbance factors for each management regime.

Disturbance Index
Management Regime

BZCF SMF PAF

Disturbed seedling frequency 1.00 0.43 0.07
Disturbed saplings frequency 1.00 0.36 0.06
Disturbed sapling BA 0.29 1.00 0.16
Lopping/Branch cutting frequency + 1.00 0.14 0.00
Lopping/Branch cutting BA + 1.00 0.08 0.00
Cutting/chopping/girdling/bark removal frequency + 1.00 0.40 0.81
Cutting/chopping/girdling/bark removal BA + 1.00 0.53 0.83
Pest/Climber frequency + 1.00 0.81 0.40
Pest/Climber BA + 1.00 0.89 0.30
Stagheaded frequency + 0.00 1.00 0.44
Stagheaded BA + 0.00 1.00 0.37
Crown open (%) 1.00 0.92 0.95
Distance from settlements (m) 1.00 0.21 0.19
Footpath area (m2) 1.00 0.00 0.00
Wild boar/bison wallowing/mouse mound (m2) 1.00 0.66 0.82
Grazing/Grass cutting (m2) 1.00 0.00 0.00
Stump felled (BA) 0.86 1.00 0.00
Stump Small frequency 1.00 0.78 0.00
W/L spots/termites (no.) 0.17 0.17 1.00
Wind-thrown frequency 0.00 0.37 1.00
Total 15.32 10.75 7.40

+ Indices only measured for pole and tree size classes.

We found a significant difference in plot level disturbance bundles among different
disturbance levels (p < 0.001). Furthermore, pairwise comparison with Tukey’s test revealed
a significantly higher disturbance level in BZCF, with mean relative disturbance bundle per
plot of 4.504 (±0.459), compared to other forest types (p < 0.05). Mean relative disturbance
bundle per plot was 3.09 (±0.313), and 2.27 (±0.384), respectively for SMF and PAF, but
the bundle between these two forest types was not significantly different.

3.3. Species Richness and Diversity

A total of 38 tree species were recorded representing 21 families in all three forest types.
With 33 species, the highest number was recorded in SMF, followed by 30 species in PAF
and 16 species in BZCF (Table 4). The highest species richness was observed in moderately
disturbed forest and lowest in highly disturbed forest. Thirteen species were found in all
forest types. Similarly, the common species shared by PAF and SMF was the highest while
the lowest species was shared by PAF and BZCF. The PAF and SMF represented more than
85% of species recorded in all disturbance levels. The Jaccard Index of similarity shows
highest similarity between PAF and SMF, but the lowest similarity between PAF and BZCF.
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Table 4. Species composition and similarity in three forest types along disturbance level.

Species Composition
Management Regime Jaccard Index

PAF SMF BZCF

Total Species 30 33 16 -
No. of unique species 4 5 1 -
No. of species with single individual 6 5 1 -
Common species in all forest types 13 -
Overlapping species between PAF and SMF 26 0.70
No. of overlapping species between PAF
and BZCF 13 0.39

No. of overlapping species between SMF
and BZCF 15 0.44

The SMF had the highest species count for tree, pole and seedling, and PAF had
the highest for the sapling (Table 5). In contrast, BZCF experienced the lowest species
count for all size classes in comparison to other disturbance levels. We found a significant
difference in mean species richness in plot level for tree among the disturbance levels (F
(2, 57) = 6.95, p < 0.001). Furthermore, pairwise comparison with Tukey’s test revealed
that SMF had significant higher species richness compared to PAF and BZCF (p < 0.05).
Similarly, mean species richness for pole was significantly different among the disturbance
level (F (2, 57) = 4.23, p = 0.019), and PAF had significant higher species richness than
BZCF (p < 0.05) for pole size class. We did not find a difference in species richness for
sapling, but there was significant difference in seedlings between the disturbance levels
(F (2, 57) = 4.86, p = 0.011). In particularly, SMF forest had a significantly higher richness
value of regeneration compared to BZCF (p < 0.05).

Table 5. Species diversity and composition from different diversity indices for each disturbance level (mean ± SE). Mean
values followed by a different letter are significantly different.

Management
Regime

Size
Class

Total
Species

Mean Species
Richness

Shannon-Weiner
Index

Simpson’s
Index

Evenness
Index Abundance

BZCF
Tree

11 2.3 ± 0.26 a 0.74 ± 0.11 a 0.44 ± 0.06 a 0.44 ± 0.05 a 3 ± 0.36 a

SMF 18 4 ± 0.40 b 1.24 ± 0.10 b 0.29 ± 0.02 a 0.50 ± 0.032 a 5.5 ± 0.58 b

PAF 13 2.6 ± 0.35 a 0.65 ± 0.12 a 0.63 ± 0.06 b 0.35 ± 0.052 a 5.9 ± 0.60 b

BZCF
Pole

6 1.6 ± 0.18 a 0.33 ± 0.072 a 0.74 ± 0.05 a 0.28 ± 0.06 a 4.9 ± 0.68 a

SMF 14 2.05 ± 0.28 ab 0.52 ± 0.11 ab 0.63 ± 0.06 a 0.33 ± 0.06 a 4.45 ± 0.79 a

PAF 13 2.8 ± 0.39 b 0.77 ± 0.15 b 0.58 ± 0.07 a 0.32 ± 0.05 a 5.15 ± 0.54 a

BZCF
Sapling

10 2.45 ± 0.23 a 0.71 ± 0.10 a 0.58 ± 0.06 a 0.41 ± 0.05 a 5.8 ± 0.71 a

SMF 12 2.45 ± 0.28 a 0.73 ± 0.10 a 0.46 ± 0.05 a 0.44 ± 0.05 a 5.9 ± 1.09 a

PAF 15 3.1 ± 0.33 a 0.82 ± 0.11 a 0.51 ± 0.06 a 0.34 ± 0.03 a 8.45 ± 0.73 a

BZCF
Seedling

8 2.8 ± 0.24 a 0.76 ± 0.08 a 0.55 ± 0.04 a 0.41 ± 0.04 a 22.25 ± 2.13 a

SMF 20 3.85 ± 0.26 b 0.95 ± 0.07 a 0.48 ± 0.03 a 0.41 ± 0.02 a 21.9 ± 1.48 a

PAF 17 3.6 ± 0.24 ab 0.88 ± 0.061 a 0.51 ± 0.03 a 0.41 ± 0.03 a 19.5 ± 1.69 a

Different biodiversity indices were estimated for plot level data. Shannon–Wiener
index (F (2, 57) = 7.90, p < 0.001), Simpson’ index of dominance (F (2, 57) = 10.17, p < 0.0001)
and abundance (F (2, 57) = 8.94, p < 0.001) were significantly different for tree size class
among the disturbance categories. Furthermore, pairwise comparison with Tukey’s test
revealed that SMF had a significantly higher Shannon–Wiener index value compared to PAF
and BZCF (p < 0.05), and higher concentration of dominance i.e., Simpson’ index in PAF
compared to SMF and BZCF (p < 0.05) and higher abundance in PAF compared to BZCF
(p < 0.05). Similarly, Shannon–Wiener index was significantly different for pole among
the disturbance categories (F (2, 57) = 3.74, p = 0.029) and PAF had a significantly higher
value compared to BZCF (p < 0.05). In general, Shannon’s diversity, Pielou’s evenness
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and abundance were higher in PAF and SMF within the plot level, but the abundance of
seedling was highest in BZCF. In contrast, Simpson’s index was lowest in SMF in all size
classes except for pole in PAF.

3.4. Stand Structure

Density of individual size class revealed that the PAF had the highest density for tree,
pole, and sapling, while highest seedling density was observed in BZCF (Table 6). Seedling
accounted for the highest percentage of stem density across all management regimes.
Similarly, the tree density was lowest followed by pole in all management regimes; with
less than 1% and 3% tree and pole density of total density, respectively. The percentage
of sapling was highest in PAF and about the same in BZCF and SMF. Total basal area per
ha was higher in PAF for pole and sapling compared to other two disturbance categories.
Overall, PAF had the highest BA of all size classes and BZCF had the lowest. The BA of
tree size in PAF and SMF were almost double than in the BZCF. The maximum diameter
of trees in PAF and SMF did not exceed 95 cm, whereas it exceeded 100 cm in BZCF. The
abundance of trees in higher diameter class increased with decreasing disturbance level.

Table 6. Estimated tree density (trees/ha) and basal area (m2/ha) by size class across the management
regimes. Mean (±SE) values followed by a different letter for aggregate value for all size classes are
significantly different.

Stand Structure
Size Class at

DBH (cm)

Disturbance Levels

BZCF SMF PAF

Density

>30 60 110 118
10–29.9 490 445 515
1.3–4.9 2320 2360 3380

<1.3 22,250 21,900 19,500

Aggregate 4013 ± 283.06 b 2915 ± 440.39 ab 2870 ± 270.84 a

Tree basal area
>30 13.61 24.69 23.14

10–29.9 10.25 12.1 13.35
1.3–4.9 2.13 2.26 2.98

Aggregate 39.47 ± 1.78 b 39.05 ± 3.20 b 25.49 ± 2.03 a

Tree density above 1.3 cm DBH, varied from 2870 to 4013 stems/ha and basal area
from 25.49 to 39.47 m2/ha among the management regimes (Table 5). Density was highest
in PAF forest and lowest in BZCF. We found that there was a significant difference in mean
density among management regimes (F (2, 57) = 3.61, p = 0.0332). Furthermore, pairwise
comparison with Tukey’s test revealed that the difference was limited only between PAF
and BZCF (p < 0.05). Similarly, we found that SMF forest had the highest BA for stems above
1.3 cm. There was also a significant difference in mean basal area among management
regimes (F (2, 57) = 10.79, p = 0.0001). Furthermore, pairwise comparison with Tukey’s test
shows that PAF and SMF were significantly higher compared to BZCF (p < 0.05).

3.5. Dominance of the Species

Shorea robusta was the most dominant species across all disturbance regimes in all size
classes except the sapling class in the BZCF (Figure 4). Only the top three dominant species
on each class are reported in the figure. In tree size class, the second most dominant species
was Terminalia alata in the PAF and Dillenia pentagyna in SMF and BZCF, respectively. For
pole size, the second most dominant species was Lagerstroemia parviflora in PAF and BZCF,
but Dillenia pentagyna in SMF.
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Figure 4. Importance value indices (IVI) of the three most dominant species for tree, pole, sapling, and seedling for each
management regime.

For sapling, Mallotus philippensis was the most dominant species in BZCF followed by
Lagerstroemia parviflora and Shorea robust. Shorea robusta was the most dominant species in
PAF and SMF followed by Mallotus philippensis. For seedling, the second most dominant
species was Mallotus philippensis across all disturbance regimes. The IVI gives a total picture
of the social structure of species in a community and can be used to form an association of
dominant species [46]. Sal is dominant in all size classes, except in sapling of BZCF forest.
The extent of Sal dominance differed considerably among the forests. PAF had the highest
IVI of the Sal compared to other disturbance regimes in all but pole size classin BZCF.

3.6. Status of Regeneration

In the sapling class, we found a total of 15, 12 and 10 distinct species in PAF, SMF and
BZCF, respectively (Figure 5). Sal was the most dominant sapling species, which comprised
62.13% and 42.37% of sapling counts in PAF and SMF disturbance regimes, respectively.
Meanwhile, in BZCF regime, Sal contributed only 18.12% of total sapling counts. It can
be noticed that the highly disturbed regime was mostly inhabited by undesirable species.
Regeneration was examined separately. A total of 17, 20 and 8 species were recorded in
PAF, SMF, and BZCF, respectively. Sal was the most dominant regeneration species in all
disturbance regimes; it accounted for 66.92%, 60.50%, and 57.97% of all regeneration in
PAF, SMF, and BZCF, respectively.
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Figure 5. Counts of saplings (a) and seedlings (b) by species in each forest management regime.

3.7. Disturbance Bundles

We examined how disturbance impacts Sal ingrowth by calculating disturbance bundle
as a proxy index to estimate disturbance on each plot across all regimes. We found a
negative relation between Sal’s sapling density and disturbance bundle; with increasing
disturbance, we found less sapling counts (b0 = 1919.3, b1 = −216.7, R2 = 0.1098, adj.
R2 = 0.09446, p < 0.009). We also found negative relation between Sal’s regeneration
and disturbance; however, the relationship was not significant (b0 = 13503.9 b1 = −134.6,
R2 = 0.001457, adj. R2 = −0.01567, p = 0.7654). Sal had the highest sapling count compared
to all other species in PAF (62.13%) and SMF (42.37%) but was only third highest in BZCF
(18.12%). In contrast, Sal regeneration accounted for the highest in number compared to all
other species regeneration in PAF (66.92%), SMF (60.50%) and BZCF (57.97%).

4. Discussion

We examined three different forest management regimes, namely, PAF, SMF and
BZCF, and categorized them into three levels based on respective disturbance bundles.
These are most common forest management modalities in Nepal [47,48]. The difference
in disturbance levels was a result of variation in management modalities ranging from
complete exclusion of public use in PAF with zero anthropogenic disturbances, to moderate
level of use in SMF, and to intensively use by the local communities in BZCF. The PAF is
strictly restricted for public use, except for scientific study purpose, and the forests are
well protected with protection responsibilities enforced by Nepal Army [49], and they have
a mild level of disturbances from natural factors such as wildlife and wind. Due to the
restriction of use in the protected area, tremendous pressure from the neighboring village
is directed toward the nearest buffer zone community forests. Furthermore, BZCF also
provides extended habitat to the wildlife of nearby PAF. The moderate disturbance in SMF
may be the reflection of limited use of the resources (removal of dead trees only) by the
authorities and limited public pressure from the nearby villagers.

4.1. Soil Properties

In general, Sal forests prefer acidic soils [4,15,50], but the chemical properties of the
study area showed neutral to basic soils types. We found the highest value of N, P, and K
in the least disturbed forest, which is consistent with Sapkota et al. (2009) [15]. The soil pH,
and primary nutrients greatly influence the growth of Sal and other major associate species
in Sal forests [51]. The forests under this study were growing on the alluvial plain, which
consists of well-drained loamy soils belonging to Inceptisols and Alfisols [52].

4.2. Species Richness, Diversity, and Stand Structure

Our study showed that species richness and unique species were lowest in the highly
disturbed forest. Species richness was high in SMF followed by PAF while unique species
was highest in PAF followed by SMF. Reinhardt and Nagel (2017) [53] found that man-
agement practice had a significant impact on species richness, with lower species count
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observed in disturbed sites. Furthermore, human disturbances can result in fragmentation
of natural habitats, which leads to the dropping of species richness, and various factors can
cause loss of species among the disturbance level [54]. Sagar et al. (2003) [1] and Gautam
et al. (2016) [4] found a decrease in species number and unique species as disturbance
level increases in dry tropical forests and Siwalik hills of India, respectively. Past studies
concluded similar findings in Sal forests of Central Nepal, Western Nepal, Bangladesh,
Northern India, tropical semi-evergreen forests in north-east India, wet evergreen forest of
eastern India, and Myanmar [13,23,26,35,36,55,56]. These studies found fewer tree species
in highly disturbed Sal and other forests in comparison to moderate and least disturbed
forests. In contrast, Rabha (2014) [57] reported less species richness in undisturbed Sal
forests of northeast India and suggested that anthropogenic disturbances may favor arrival
and establishment of new species.

The BZCF is managed by local communities with minimal restrictions in resource use
(such as lopping, grazing, cutting, extraction of timbers), therefore, it has the highest level
of disturbance among three management regimes. The decrease in species richness and
presence of few unique species in higher disturbance regime may be due to overexploitation
of forest resources by human and grazing effect on regeneration. Sagar et al. (2003) [1]
concluded similar reasonings to explain lower species richness and unique species count
with increasing disturbance in tropical forest of India. Onaindia et al. (2004) [58] found
that grazing pressure often leads to the disappearance of some sensitive woody species
especially at the recruitment stage. Furthermore, the presence of large number of species
with only one individual in the mildly-disturbed Sal forests compared to other forests
might be due to recruitment limitations [13].

The results of diversity indices and abundance showed an uneven effect of disturbance
on different size classes. For instance, Shannon diversity and evenness were highest in
moderately disturbed forest with inverse trend due to increasing disturbance intensity in
bigger size classes. For tree size class, our finding is consistent with Gautam et al. (2016) [4],
but different from Peltzer et al. (2000) [59], who found an increasing trend in Shannon
diversity and evenness with increasing disturbance level. In contrast, we found the lowest
Simpsons index (concentration of dominance) in SMF for tree, sapling and seedling, but
lower index was found for pole size class in PAF, which is consistent with Gautam et al.
(2016) [4]. Our results suggested that the intense disturbance pushes overstory toward
homogeneity.

Similarly, the lowest evenness value at PAF suggests that the forests with lower
disturbance would lead to monodominance of the forests excluding the non-competitive
species, and highest evenness in SMF reflects the high diversity in a moderate disturbance
level. However, there was less evenness in pole size class at BZCF, which can eventually
lead to monodominance forests in the future. The higher abundance in tree, pole and
saplings layers in PAF may be due to management rules of the national park, while the
highest abundance of regeneration in BZCF may be due to suitability of conditions for
regeneration. Sagar et al. (2003) [1] also suggested similar types of findings, i.e., that
forests with lower disturbance would experience low exploitation, which results in higher
abundance. The diversity indices followed an inverse trend with respect to disturbance
level i.e., increasing diversity in bigger size classes in lower disturbance level, consistent
with findings of previous study [13].

The population structure of forests is often depicted from the diameter distribution of
trees [32,60], and the type of curves are used to interpret the vegetation characteristics [60].
In all three disturbance regimes, the population structure showed reverse J-shaped curves,
indicating healthy population structures [46,61]. The total stem density in tree, pole and
sapling size class was highest in least disturbed forest, with seedling was highest in highly
disturbed forest. Similar results were observed in unmanaged moist deciduous forests in
Siwalik Himalayas, India [4]. There was a gradual decrease in stem density with increasing
DBH, which is a typical characteristic of dry tropical forests [15,23]. In all disturbance
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regimes, sapling accounted for the highest in mildly disturbed forest regime, which is
consistent with the research findings from Nepalese Sal Forests [15,23].

The density of bigger size class trees was lower in highly disturbed forests. This
can be related to the management activities of BZCF, i.e., harvesting of timber every year
according to the management plan. The less density of size class in 40–50 cm DBH class
in moderately disturbed forests is mainly due to a concentration of illegal harvesting of
medium sized timbers by axe and easy transportation. Similar observations are report in
other Sal forests in Nepal [15].

The mean density of the stems above 1.3 cm DBH decreased significantly (p < 0.001)
along the increase of disturbance level, consistent with the findings of the study from
unmanaged moist deciduous forests in India [4], in other tropical forests [18] and in
China [5]. The protected area forests have restrictions in use of any tree products, while
BZCF is a participatory forest management model with continuous use and harvest of forest
products. Therefore, there was a significant reduction in density of diameter class above
1.3–10 cm in heavily disturbed forests. This may be due to protection and management
modalities of three forests ranging from strict protection to limited use and frequently
use. There was a significant difference in mean basal area of stems above 1.3 cm DBH
(p < 0.001) among the disturbance levels. Frequent removal of timber and poles from the
buffer zone community forest may be the main reason to have low basal area in comparison
to moderately used and highly protected forests.

4.3. Dominance of the Species

Sal was the dominant species in mildly disturbed forest, suggesting that the low level
of disturbance in forest ecosystem favors the classical monodominance theory of adaptation
of a competitive superior species against all others in certain environmental condition [62].
Furthermore, the dominance of Sal in BZCF in all size classes except sapling can be
explained by human disturbance, which may alter the course of forest succession by giving
advantage to some species or selectively removing others [36]. Such domination of a few
species in highly disturbed sites was also reported in past studies [13,35]. These phenomena
could be related to the ability of Sal to regenerate aggressively by suckers [63], which is
strongly related to the level of regeneration cutting, browsing and lopping. It has been
argued that disturbance increases light availability, which speeds up seedling recruitment
and establishment of Sal [28], largely due to its high light demanding nature [63]. We found
a high grazing pressure in BZCF compared to the other two management regimes. Grazing
was the major source of disturbance in smaller size classes. The dominance of Mallotus
philippensis in sapling stage in BZCF can be the result of overgrazing and high level of
disturbance.

The findings of this study revealed that the presence of opportunistic species such as
Mallotus Philippensis in forests are taking the advantage of canopy opening (disturbance)
and changing the environmental conditions from moist to mesic and further to xeric [64].
Similarly, the species that compete out all others is best adapted to those environmental
conditions [62]. The IVI value was higher in BZCF in pole size class compared to moderately
disturbed forest, confirming its ability to tolerate disturbance [13].

4.4. Status of Regeneration

A high Sal regeneration was recorded in BZCF forest, and the number declined sharply
in the sapling stage. Mallotus philippensis was the highest in number for sapling in BZCF
regime and second in SMF regime. This may be due to the disturbance and opportunistic
characteristics of the species [64]. There is a huge grazing pressure in the BZCF category,
which eventually leads to the deprivation of plant and soil resources [65] and the loss
of species richness, while favoring the abundance of unpalatable species [4,66] such as
Mallotus philippensis. Although regeneration of Mallotus philippensis may be impacted by
grazing, browsing and/or resource competition, the species is still dominant because of its
higher reproductively capacity through sprout [4].
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Impact of disturbance on Sal regeneration is well studied in Nepal [4,15,32,67,68].
For instance, Gautam et al. (2016) [2] observed a negative relation between disturbance
and regeneration (both seedling and sapling), while Sapkota et al. (2009) [15] argued that
the moderate disturbances favor the regeneration. Present regeneration in forests help to
predict future species composition [32]. A Sal tree can produce thousands of seedlings in a
good seed year, but only few seedlings can survive and establish. Therefore, we mainly
focused on Sal’s sapling. Our results related to regeneration could be attributed to the
management modalities and the disturbance level. There was a negative relationship with
disturbance level while observing the density in the size class of seedling and sapling of Sal
species. This result is consistent with the findings of Gautam et al. (2016) [4], but Sapkota
et al. (2009) [15] argued that moderate disturbances favor regeneration. Considering the
regeneration status of mild and moderate disturbed forest type, highly disturbed forest
can be possibly restored toward a Sal Forest if the disturbances can be minimized. This is
also important from economic perspective because revenue generated less-disturbed forest
in protected areas are less compared to actively managed community and state-managed
forests [69]. Therefore, special attention is needed while formulating and implementing a
management plan.

5. Conclusions

This study found that structure, composition, regeneration, and diversity varied
at different levels of disturbance, with higher values of forest attributes in mild and
moderately disturbed forests compared to heavily disturbed forests. This suggests that
a moderate level of disturbance can facilitate positive forest attributes more effectively
than higher disturbance. The stem density (dbh > 1.3 cm) of all age classes decreased as
the intensity of disturbance factors increased. There was also a significant difference in
the stem density within mild and heavily disturbed forests. However, regeneration was
favored in less disturbed forests.

With protected area forests providing a baseline of plant diversity in a natural state
due to no anthropogenic disturbances for decades, the findings of this study can provide
important information to managers about role of planned anthropogenic disturbance on Sal
management under state-managed and buffer zone community forests. As evidenced from
state-managed forest, moderate disturbance with limited access and use to the forest does
not negatively affect the forest attributes (hinder the overall stand structure, regeneration
establishment and species diversity) but may favor those attributes. Special attention
should be given to minimize disturbance, as heavy disturbance is found to be detrimental to
Sal regeneration and diversity of the forest. There is lack of weighing the disturbances and
finding life stages of trees in which it is more susceptible to disturbances. Extensive studies
focusing on such questions will help to provide important information for comprehensive
forest management and to understand ecological reactions to the level of disturbances in
Sal forests.
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