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Abstract Selective logging disrupts forests, chang-
ing their structure and species composition. Long-term
monitoring helps in identifying the factors influencing it
and aids in designing management plans. We conducted
a quantitative re-assessment of trees>30 cm girth at
breast height in four 1 ha plots in logged and two 1 ha
plots in adjacent unlogged compartments of Uppangala
forest continuum in the Western Ghats, India to compare
the structural and compositional changes after a decade
(2010-2021). Altogether, four species disappeared and
three species were newly recruited. Mean species rich-
ness and stem density of both the forest sites decreased.
Logged plots showed a slight increase in basal area
(2.5%) and biomass (5.1%), whereas unlogged plots
showed a decline in basal area (3.92%) and biomass
(2.9%). As compared to unlogged plots, all the demo-
graphic rates were higher for logged forest sites. Across
the six individual plots, the growth rates varied sig-
nificantly owing to wood density and forest strata cat-
egories. Non-metric multidimensional scaling (NMDS)

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10661-022-10706-4.

V. K. Wilson - N. Parthasarathy
Department of Ecology and Environmental Sciences,
Pondicherry University, Puducherry, India 605014

V. K. Wilson - N. Ayyappan (><))

Department of Ecology, French Institute of Pondicherry,
St. Louis Street, Puducherry, India 605001

e-mail: ayyappan.n@ifpindia.org

identified three groups with significant difference in spe-
cies composition, where logged and unlogged plots have
a distinct composition except for one plot. Although
species richness and stem diversity remained stable, the
species composition is different 37 years after logging,
and the impacts of logging are still evident in the forest.
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Introduction

The healthy functioning of natural ecosystems depends
heavily on the intricate network of interactions between
biotic and abiotic elements found in tropical forests
(Flores & Staal, 2022). However, anthropogenic distur-
bances such as logging, land-use changes, and defor-
estation fragment tropical forests and exacerbate the
edge effect (Chazdon et al., 2009; Foley et al., 2005;
Landburg et al., 2021). These disturbances trigger the
positive feedback mechanism of degeneration, leading
to an increase in the frequency of natural disturbances
(Gibson & Sodhi, 2011). As a response to disturbances,
the community begins to alter the forest’s composition
to accommodate secondary forest species with the max-
imum and rapid rates of carbon acquisition (Poorter &
Bongers, 2006; Wright et al., 2005). Secondary tropi-
cal forests are expected to expand due to future distur-
bances and account for more than 50% of the world’s
tropical forest area (Rozendaal et al., 2019; Wang et al.,
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2017). The disturbed forests emerge as a place for bio-
diversity conservation and play an active role in acquir-
ing above ground biomass (AGB) (Poorter et al., 2016;
Ribeiro et al., 2009). Given that selectively logged for-
ests preserve significant biodiversity, carbon, and tim-
ber stocks, it is crucial to investigate the potential of
these secondary forests and assess their recovery rate.
Academics, environmental organizations, stakeholders,
and legislators should pay closer attention to this “mid-
dle ground” between destruction and preservation (Putz
et al., 2012; Arroyo-Rodriguez et al., 2017).

In forest ecological research, the process and pace
of resilience of logged forests to the primary forest
are critical. After logging, the rate and direction of
forest succession are heavily influenced by the sever-
ity of the disturbance and the local ecological com-
position of the forest (Chazdon, 2003; Pickett et al.,
1987). Understanding important ecosystem processes,
such as growth, mortality, and recruitment rates,
which determine the structure and functioning of for-
ests, will aid in comprehending the sensitivity of tree
growth to temporal changes and predicting the recov-
ery period (Bin et al., 2012; Carrefio-Rocabado et al.,
2012; Winkler et al., 2015; Anderson-Teixeira et al.,
2022). Consequently, understanding them by long-
term monitoring of secondary forests is essential for
decreasing the significant speculative nature of the
future contributions of tropical forests to the global
carbon cycle (Arora et al., 2020).

Extensive research is conducted on the plant diversity
and species composition of either primary or secondary
forests (Roa-Fuentes et al., 2022). However, only a few
comparative studies and long-term assessments are con-
ducted in geographically similar regions of logged/dis-
turbed and adjacent primary forests (Blanc et al., 2009;
Chazdon et al., 2009, 2016; Jeyakumar et al., 2017).
The majority of comparative research concentrated
on drastic immediate changes caused by logging, with
only a few studies dealing with long-term consequences
(>35 years). This lack of spatiotemporally extensive
data on the potential of such forests over primary for-
ests for carbon sequestration makes it challenging to
understand the fate of the carbon pool. To fill the void,
ecologists have established a Tropical managed For-
ests Observatory network of permanent sample sites in
logged forests in three tropical regions (Dalmaso et al.,
2020; Sist et al., 2015; Tian et al., 2022).

However, comparable investigations of logged and
unlogged forests in the Indian tropical forest are limited
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and hence, the present study is of critical importance.
Our research area, Uppangala, was subjected to selec-
tive logging once between 1974 and 1983 (harvested
eight to thirteen dipterocarp trees per hectare) after
dividing the forest continuum into 28 ha compartments
(Pélissier et al., 1998). Pre-logging data is necessary
for estimating the recovery period and comparing the
impact; however, studies are undertaken without such
information by assuming that the composition of the
neighboring primary forest will have a similar composi-
tion (Rozendaal et al., 2019). Our study site lacks diver-
sity data prior to logging, but inventories were made in
the unlogged parts of the forest continuum to under-
stand the post-logging dynamics of the logged and
unlogged forest sites. After the immediate comparative
study, Pélissier et al. (Lc.) discovered that there was no
substantial difference in the dynamics of the two forest
types and, as a result, anticipated that the logged forest
would resemble the unlogged forest in 20 years.
Though most of the immediate short-term studies
provide the response of the forest to the logging, we
require better knowledge about the long-term impact
of the logging on the system and the recovery time.
Determining the recovery period will help to set the
rotation period for viable silvicultural practices in
comparable tropical forests. Neglecting to address
this issue may lead to unsustainable forest resource
extraction methods (Lindenmayer et al., 2000). After
27 years of logging, the initial census indicated the
presence of compositional changes in both taxonomic
and functional categories of the logged forest as a
residual effect of logging (Jeyakumar et al., 2017).
Therefore, the current study aims to document the
forest dynamics of those logged and unlogged for-
ests to understand the natural recovery process of the
logged forest 37 years after the logging operation.

Objectives

Here, we use a 10-year field study (2010-2021) to
compare a primary forest that has not been logged to
one that has been once selectively logged (between
1974 and 1983) to examine how selective timber har-
vesting affects the richness, population dynamics, and
community composition of tropical forests. The study’s
defined goal is to respond to the following queries:

(1) After 10 years, do logged and unlogged forests
show noticeable differences in species richness, bio-
mass stand structure, and composition?
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(2) What differences exist among forest systems
regarding demographic parameters?

Study site

The Uppangala long-term monitoring plots (12°32'47 N
latitude and 75°39'01E longitude) are situated, in the
foothills of the steep western slope of the central West-
ern Ghats, within the Pushpagiri Wildlife Sanctuary
in Karnataka, India (Fig. 1). Natural vegetation of the
lowland wet evergreen dipterocarp forest is identical to
the west coast tropical evergreen forest type (Champion
& Seth, 1968; Pascal, 1988). The annual average tem-
perature and precipitation in this area are 22 °C (Fick
& Hijmans, 2017) and around 5100 mm, respectively
(rainfall data collected from Uppangala village between
1993 and 2021). Seasonal distribution of precipitation
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is regulated by the southwest monsoon, which receives
90% of the annual rainfall from June to October. Rainfall
reaches its maximum from June to August (> 1000 mm)
and minimum from December to March (<100 mm).
The soil belongs to the category of acidic and mineral-
rich ferrallitic soil (Ferry, 1994; Loffeier, 1989).

Between 1974 and 1983, the forest was subdivided
into segments of 28 ha each, and 237 to 359 (8-13 ha™!
individuals) big dipterocarp trees such as Dipterocarpus
indicus and Vateria indica with a girth>180 cm were
removed (Loffeier, 1988). To reduce damage, logged
trees were pulled by elephants rather than by motorized
skidding. For ease of transportation, logging activities
were centered at lower elevations; however, preparations
were also developed to harvest from higher elevations.
In 1988, the Indian government restricted legal harvest-
ing, and the higher elevation remained unaffected.
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Fig. 1 Location of study plots with information on disturbance (logged plots (open square) and unlogged plots (closed square)) in

Uppangala, Karnataka, India
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Methodology

In 2010 November—2011 April, four 1-hectare plots
(LP1, LP2, LP3, and LP4) were established in logged
forests (LP) and two 1-hectare plots (UP1 and UP2)
in unlogged forests (UP) at elevations of 200-220 m,
250-270 m, 300-340 m, 380-420 m, 450-490 m,
and 530-570 m respectively of the single forest con-
tinuum of floristic series — Dipterocarpus indicus-
Kingiodendron pinnatifidum-Humboldtia brunonis
(Jeyakumar et al., 2017; Pascal, 1988). However, UP2
was established in 1990 as a permanent sample plot.
From the nearest human settlement, the individual
plots are separated by distances of 0.8, 2.5, 3.0, 4.5,
5.5, and 5.7 km. Each one hectare plot was divided
into 100 subplots of 10 mXx 10 m dimension. Within
each subplot, all trees with a girth of >30 cm at breast
height (GBH) were tagged, measured, and species
identified in 2010. The plots were re-inventoried from
March to June, 2021.

Data analysis

The species richness and density of individual plots
were compared between two censuses using a student
t-test. Individual tree above-ground biomass (AGB; Mg
ha™!) was calculated using the general allometric equa-
tion (Eq. 1) based on tree height-H (m), diameter-D
(cm), and species wood density-p (g cm™>) (Chave et al.,
2014):

)0976

AGB = 0.0673(pD°H D

Trees with buttresses or abnormalities at the point
of measurement were measured above such features.
The heights of trees in the re-inventory were calcu-
lated based on height-girth linear regression equa-
tions generated from the sampled trees in the initial
census. For each species, the wood density was deter-
mined from several databases (Chave et al., 2009;
Jeyakumar et al., 2017; Zanne et al., 2009).

The R package BIOMASS (version 2.1.8) was used to
compute aboveground biomass using the “compute AGB”
function and associated uncertainty in field measurement
and AGB estimation using the “AGBmonteCarlo” func-
tion (Réjou-Méchain et al., 2017). We investigated uncer-
tainty of AGB estimation after propagating errors such
as diameter measurement, wood density, tree height, and
allometric model as per Ré&ou-Méchain et al. (I.c.). The
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obtained mean AGB of these approaches was illustrated
in Supplementary Information (Fig. S1). We used Spear-
man’s rank correlation to check the relationship between
biomass gain, loss, and net change. Furthermore, distri-
bution pattern of density, basal area, and biomass across
the girth classes was examined using a chi-square test
between forest types and time periods. Demographic
rates were calculated using the CTFS R package (ver-
sion 1.00). The annual growth rate was computed (Eq. 2)
as the diameter change during the time interval and later
converted as girth change for the uniformity:

g = (dbh,-dbhy)/T 2)

where T is the time elapsed between the censuses, and
dbh,, and dbh, are the tree diameters measured during
the first and second censuses, respectively (Condit
et al., 2004). Stem gain and stem loss (recruitment and
mortality) were calculated as a percentage of stems
lost or gained per year in each forest type. Equation (3)
was used to compute the mortality rate (m):

m = [log (N) —log (S)|/T 3)

where N is the number of living trees at the first cen-
sus, S is the number of survivors at the second cen-
sus, and T is the time in years (Condit et al., 1995,
1999). Subsetting trees based on their initial girth and
species, mortality was determined for girth classes.

The pace at which new stems under 30 cm joined
the census was known as the recruitment rate (r), and
it was determined by the Eq. (4):

r=[log (N,) —log (S)|/T )

where N1 is the number of trees alive at the second cen-
sus, S is the number of trees that survived the first cen-
sus, and T is the time between the two censuses in years
(Condit et al., 1999). We compared demographic rates
with wood density categories and different forest strata.
Based on wood density, species were categorized into
low (0.5 gcm‘3), medium (>0.5<0.72 gcm‘3), and
high (>0.72 gem™) (as per Melo et al., 1990; Nogueira
et al., 2005). According to tree height, the vertical guild/
strata of the forest was categorized into four classes:
lower canopy (7-15 m tall), middle canopy (15-21 m
tall), upper canopy (21-37 m tall), and emergent
(>37 m tall) (Pascal, 1988). The Scheirer—Ray—Hare
test, a non-parametric variant of the two-way ANOVA,
was used to determine the changes in demographic rates
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between forest sites, functional categories (based on
wood density and strata), and their interaction (Scheirer
et al., 1976) followed by Dunn’s Kruskal-Wallis multi-
ple comparisons. The obtained p-values were corrected
using the Benjamini—-Hochberg approach.

To determine how the community composition
changed over time, we performed non-metric multidi-
mensional scaling (NMDS) analysis on the abundance
matrix of trees in 25 subplots (2020 m) within each
hectare. We used Bray—Curtis dissimilarity index by
employing R function “metaMDS” of the vegan pack-
age (version 2.6-2) (Oksanen et al., 2022; R Core
Team, 2022). Permutation-based analysis of similari-
ties (ANOSIM) was used to determine whether species
assemblages differed significantly among individual
plots using “anosim” function in the vegan package in
R 4.1.3 (Oksanen et al., 2022; R Core Team, 2022).

Results
Dynamics of tree species composition

Tree species richness of Uppangala forest did not
change significantly (p=0.34) 10 years after first
census. By the appearance of three additional tree
species new to the study site (Melicope lunu-ankenda,
Margaritaria indica, and Acrocarpus fraxinifolius)
and the disappearance of four species (Agrostistachys
borneensis, Grewia tiliifolia, Prunus ceylanica,
and Strychnos nux-vomica) which were represented
by only one individual, total species richness has
declined from 126 to 125 (Appendix 1). The initial
census reported 116 species from 39 families and 88
genera in LP and 68 species from 28 families and 56
genera in UP (Table 1). After 10 years, the number of
species in LP decreased by one due to the recruitment
of five additional species and the disappearance of
six other species from the sites. However, the species
richness increased by two in the UP due to the addi-
tion of three species and the disappearance of one.
Plot-level species richness varied in a range of 53-73
in 2010 and 51-74 species in 2021.

Changes in stem density, basal area, and biomass
After a decade, the Uppangala forest re-census recorded

3571 tree stems, a decrease of 4.51% from the previous
census (3740 stems) (Table 1). The mean stem density

decreased in both LP (—=2.9%) and UP (—7.3%) and
the decline was significant at the plot level (p=0.024).
Individual plot density changes in LP ranged from —41
to 3, but varied from—72 to—27 in UP. The girth size
class distribution of trees showed a typical reversed
J-shaped curve in both the forest sites, indicating a
healthy and growing forest (Fig. 2). Thirty-seven years
after the logging operation, though UP harbored higher
average density of Dipterocarpus indicus and two-
fold of Vateria indica compared to LP, density slightly
increased in LP and decreased in UP.

There was no significant difference in the distri-
bution of individuals across various tree size classes
between forest sites during the study period (p > 0.05).
There are more individuals in the lower size classes in
both LP and UP, and the numbers in the following size
categories decreased sharply after that. The shift to
the next class is what causes the decline in stems after
10 years, irrespective of the fact that recruitment in
the 30-60 girth class in LP was higher than mortality.
Additionally, changes in density were mostly ascribed
to the shift rather than mortality in the following size
groups as well. However, in UP, the initial decline is
ascribed to mortality, which is two times more than
the recruited stems. Additionally, the shift to the sub-
sequent class caused alterations in stem density.

Though the number of stems declined altogether,
the basal area increased slightly after a decade. Varia-
tion in number of trees and basal area was seen in both
LP and UP, but the variance was higher in LP than in
UP (Table 1). The general trend of size class distribu-
tion of basal area in both the forest types is similar and
not significantly different across time (p>0.05). The
lower girth classes reach high basal area owing to a
high density of trees, then gradually declined, except
for the large girth class. The final increase in the
higher girth class is due to the existence of large trees
despite of their number.

Overall biomass increased by 1.91% (55.48 Mg ha™")
over a 10-year period and it varied between the forest
sites (Table 1). In LP, the average biomass increased by
22.3 Mg ha~!in 10 years; however, in UP, it decreased
by 16.8 Mg ha~!. The distribution of biomass stock
among size classes varied significantly between forest
sites in 2010 and 2021 (x*=45.30, df=9, p=8.09E~",
¥*=38.68, df=9, p=1.32E"%). However, biomass stock
of various size classes did not vary significantly within
the sites (p>0.05). Between 30 and 300 cm gbh, the
average biomass acquisition of LP sites ranged from 22
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Fig. 2 Girth class distribution of mean tree density and basal area in a logged plots (LP) and b unlogged plots (UP) of Uppangala,

‘Western Ghats, India

to 49.39 Mg ha~! in 2010 and 22.65 to 52.93 Mg ha™!
in 2021. Whereas in UP, it ranged from 25.91 to
54.93 Mg ha™! in 2010 and 27.53 to 52.02 Mg ha™! in
2021. However, LP had a twofold increase and UP had
a fourfold increase in biomass in trees>300 cm gbh
(Fig. 3).

To ascertain which demographic process was most
influential, biomass gains and losses were tested for
association with biomass net changes (Table 2). The
Spearman’s rho showed a negative correlation between
biomass net changes and biomass loss (rho= —1,
p<0.05) and a positive correlation between biomass
net change and biomass gain (tho=0.94, p=0.004). In
LP, mortality and recruitment rate were similar, but in
UP, mortality rate was twice as high as the recruitment
rate. Therefore, the biomass loss by tree death could

not be compensated by recruitment (Table 2). This
paradox was due to the fact that recruited trees only
belonged to 30-60 gbh class, but dead trees belonged
to several size classes.

Community-wide demographic trends
Growth

At the community level, annual growth rate of LP
(0.392 mm gbh) was higher than UP (0.273 mm gbh)
10 years following the first census. In LP, the growth
rate increased consistently until 210 cm gbh, then
decreased, and finally exhibited a high growth rate in
the larger girth classes. UP depicted a unimodal rightly
skewed curve, which peaked in 210-240 cm gbh class

@ Springer
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Fig. 3 Aquisition of average biomass (Mg ha™!) by girth class in logged (LP) and unlogged (UP) of Uppangala forest

(Fig. 4). The higher and lower growth rates of the large
girth class in LP and UP, respectively, can be attributed
by the abundance of Lophopetalum wightianum and
Syzygium gardneri individuals.

Scheirer—Ray—Hare test revealed that growth rates
differed significantly between forest sites and func-
tional categories based on wood density and strata
(Table 3). Invariably, all the three wood density cat-
egories of the unlogged plots had an almost similar

growth rate (0.3 to 0.4 mm year‘l) (Fig. 5a). However,
in logged plots, it ranged from 0.4 to 1.0 mm year™!.
The logged plot which is adjacent to the unlogged
plots, LP4, showed a similar growth rate for those
categories. Growth rate of various strata of each plot
revealed a more or less similar pattern of significantly
different and increasing trend from the lower canopy
to emergent groups, except in two logged plots (LP2
and LP3) wherein the middle canopy showed a lower

Table 2 Tree recruitment and mortality in LP and UP plots, in Uppangala, Western Ghats, India (AGB, above ground biomass)

Plots Mortality Recruitment

Logged (LP) Number of Basal area AGB (Mg ha™) Number of Basal area AGB (Mg ha™)
stems (m?ha™) stems (m?ha™)

LP1 100 5.81 66.77 94 1.06 6.70

LP2 63 1.77 12.83 66 0.60 3.54

LP3 102 5.34 48.62 61 0.65 3.42

LP4 64 4.17 47.65 38 0.32 1.53

Mean (LP) 82.25 4.27 43.96 64.75 0.66 3.79

Unlogged (UP)

UP1 100 4.64 48.82 28 0.23 1.10

UP2 58 6.06 77.64 31 0.26 1.13

Mean (UP) 79 5.35 63.23 29.5 0.25 1.11

Total (all) 487 27.79 302.33 318 3.12 17.42
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value when compared to the lower canopy category
(Fig. 5b).

Mortality

A total of 487 trees have died during the 10-year
time interval. Mean trees died in LP and UP were
82 and 79 respectively and individual plots’ tree
mortality ranged from 63 to 102 in LP and 58-100
in UP (Table 2). In general, the annual mortality rate
reached an equivalent level 10 years after the moni-
toring in both LP (0.14%) and UP (0.12%). However,
death rates showed a notable variation among dif-
ferent size classes in different forest sites (Fig. 6).
Logged and unlogged forests showed a similar trend
in annual mortality rate until 120-150 gbh class.
Later in LP, after the peak in 150-180 cm gbh, mor-
tality rate constantly declined except for the 270-300
gbh class. However, in UP, all size classes exhibited
a comparable mortality rate, with the exception of
150-210 and 270-300 girth classes.

Across the study plots, the mean mortality rate of
species ranged 0.01-0.02 (Fig. 7a), except for LP2 and

LP3. A higher mortality rate of 0.03% was recorded
for LP2 and LP3 for low wood density. Also, LP2 reg-
istered a lower mortality rate for the medium and high
wood density categories (Fig. 7a). However, the statis-
tical analysis revealed that mortality rates did not dif-
fer significantly between forest sites and wood density
categories (Table 3). Among the strata categories, the
emergents and lower canopy of the logged forest alone
showed significant difference (post hoc Dunn test;
p=0.01). Mean mortality rate for all the vertical guild
categories fell under 0.03%year ™!, except for the lower
canopy species of plots LP2 and LP3 (Fig. 7b). One of
the logged plots, LP4, had a mortality rate comparable
to unlogged plots.

Recruitment

A total of 318 trees were recruited over 10 years. In
LP, annual recruitment rate was twice as high (0.129%
year™!) by recruiting a mean of 64.75 ha™! trees,
while UP had a rate of (0.067% year™') by recruiting
an average of 29.5 trees ha~!. The number of individ-
uals recruited in LP ranged from 38 to 94, whereas in

@ Springer
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Table 3 Differences in tree demography rates in the wood density, stratum categories and individual plots (and their interaction) by
Scheirer—Ray—Hare test statistics

Demographic rate n MS (otal Factor df SS H )4
Growth 3253 882105.2 Forest sites 1 82027113 92.99 0"
Wood density 2 31084888 35.23 0"
Forest sites: wood density 2 1285812 1.45 0.4824
Forest sites 1 74900564 84.91 0"
Strata 3 1.82E+08 206.88 0"
Forest sites: strata 3 7100659 8.05 0.0449"
Mortality 141 1668.5 Forest sites 1 182 0.1 0.7405
Wood density 2 5547 3.33 0.1886
Forest sites: wood density 2 1335 0.8 0.6693
Forest sites 1 426 0.25 0.6127
Strata 3 18641 11.2 0.0106"
Forest sites: strata 3 8754 5.26 0.1534
Recruitment 109 999.1 Forest sites 1 1129 1.13 0.2873
Wood density 2 5460 5.47 0.0647
Forest sites: wood density 2 500 0.5 0.7782
Forest sites 1 1626 1.63 0.2015
Strata 3 7978 8 0.046"
Forest sites: strata 3 2018 2.02 0.5674

The terms n, MS,,;, df, and SS refer to the number of observations, total mean squares, degrees of freedom, and sum of squares, respec-
tively. The ratio of MS,; to SS is used to calculate H statistic. At a=0.05, the p values in asterisks are considered statistically significant

UP, it was 28-31 only (Table 2). Among the plots, the low wood density species than the other wood den-
average recruitment rate of species exhibited a mixed sity categories (Fig. 8a). LP2 had higher recruitment
tendency, with LP1, LP3, and UP2 recruiting more of high wood density species. Plots LP4 and UP1
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showed a low recruitment rate for low wood density not differ significantly between forest sites and wood
species and it slightly increased as the value of wood density categories (Table 3). In the case of strata cat-
density categories increased. Recruitment rates did egories, post hoc Dunn test revealed a statistically
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significant difference in the recruitment rates of LP1
vs UP1 and LP2 vs UP1 (p=0.04). Across the struc-
tural categories, all the plots had recruitment rates
below 0.02%year™! except for LP1 and LP2, wherein
the upper canopy and emergent species showed
higher recruitment rates, but they did not differ sig-
nificantly (Fig. 8b).

Dynamics of community composition over a decade

The NMDS ordination found three slightly overlap-
ping groups with two dimensions, and the stress
(0.26) shows a weak coherence in the distribution of
species composition (Fig. 9). A compositional differ-
ence is evident in the ordination pattern along the ele-
vation from the right. LP1 is more isolated and differ-
ent from the other plots, whereas LP2 and LP3, which
are nearby plots, have a greater degree of similarity
in species composition than LP4. Unlogged plots
did not share compositional similarity with logged
plots except LP4. All the plots had slight variation
in the species composition after a decade. ANOSIM
revealed that tree species composition significantly
differed across all the individual plots (ANOSIM;
Global R=0.55, p<0.001).
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Discussion
Changes in species richness

Primary forests naturally exhibit species heterogene-
ity, and their assessments shed light on the ecologi-
cal integrity of forests (Frelich & Reich, 1995). The
two forest sites of Uppangala study area (i.e., logged
and unlogged) displayed considerable species over-
lap with numerous generalist species, which were not
unexpected given the tremendous species diversity of
tropical forests. The selective removal of dominant
emergent species such as Dipterocarpus indicus and
Vateria indica had an impact on the tree communi-
ties. Logging opened up the canopy, providing a
high-light habitat that is favorable for the growth and
regeneration of species that cannot tolerate shade. The
recruitment of more secondary succession/pioneer
species to the logged areas is the primary reason we
consistently found variations in species composition
between the two forest sites. The current study pro-
vides evidence that logged forests (51-74 ha™') have
higher species richness than their unlogged counter-
parts (52-55 ha™'), and this finding is in line with the
results of previous investigations from China, Congo
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Fig. 9 Non-metric multidimensional scaling (NMDS) ordina-
tion of species composition in individual plots of LP and UP
during the study years 2010 and 2021

and Borneo (Berry et al., 2010; Ding et al., 2012;
Maicher et al., 2021). Even in the initial census, car-
ried out 27 years after the logging activities, the num-
ber of species in Uppangala was high in logged plots.
The secondary forest specialist species, however, are
primarily responsible for this great richness. Even
though it has a higher species richness than the UP, it
will take time to return to its pre-logging state.
Logging often accompanied with a decline in the
number of species in the initial few years (Cannon
et al., 1998; Saiful & Latiff, 2014;). However, the tem-
poral monitoring showed the initial decline in species
richness followed by an increase to the pre-logging
level (Hu et al., 2018; King & Chapman, 1983; Smith
et al., 2005). Nevertheless, not all tropical secondary
forests recover at the same pace. Studies have shown
that even 31-48 years after the logging, the logged
forests partially regained their pre-logging richness
(Kartawinata et al., 1981; Chapman & Chapman,
2004; Garcia-Florez et al., 2017; Shima et al., 2018).
In contrast, studies have also shown heavily logged
forests regained their pre-logging level within 15 and
30 years (de Avila et al., 2015; Kariuki et al., 2006).

Dynamics of stem density, basal area, and biomass

A healthy tropical forest’s general tree size distribution
trend is a reverse J-shaped curve, representing a high
density in the smaller girth class. Size class distribution
helps to understand the disturbance pertaining to the
community and detect its regeneration pattern (Davis &
Johnson, 1987; Denslow, 1995; Hitimana et al., 2004;
Kigomo et al., 1990; Poorter et al., 1996). Selective har-
vesting has structural impacts that are still noticeable
decades after harvest (Hawthorne et al., 2012). Despite
this, both forest types follow the classical reverse
J-shaped distribution curve, indicating healthy popu-
lation, which is in line with studies conducted across
tropics (Hitimana et al., 2004; Parthasarathy, 1999).

Stem density

Logging exposes forest floor to intense light, which
helps to regenerate shade-intolerant pioneers (Silva
et al., 1995). This will eventually increase the number
of stems per unit area. However, the current study does
not support the generally held assumption that logged
forests are denser than unlogged forests (Ding et al.,
2012). Conversely, high density of trees observed in
the unlogged primary forest is also reported in yet other
studies (Dionisio et al., 2018; Hall et al., 2003; Lévesque
et al., 2011; Su et al., 2010). Even 37 years after the log-
ging operation, the predicted density rebound in logged
forests through recruitment that outpaces death over
time did not take place. Demographic factors played a
major part in this process: in LP, the effects of recruit-
ment and mortality balanced each other out, resulting in
a stem density that remained constant even after a dec-
ade. However, in UP, recruitment is considerably lesser
than mortality, resulting in decreased stem density.

Basal area

The logged forest nonetheless exhibited several second-
ary forest structural traits, such as low basal area and
above-ground biomass, compared to the unlogged forest.
Reports of understocking in logged forests from Jamaica
(Lévesque et al., 2011) support the current observation
from the Uppangala forest. The average basal area of the
unlogged forest (49.48 m? ha™!; Table 1) falls within the
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range anticipated for undisturbed, well-stocked tropi-
cal mixed forests (4555 m? ha™'; Daniel et al., 1979;
Alder & Synnott, 1992; Ding et al., 2012). In 2010, the
mean basal area of logged forests was only 76.82% of
unlogged forests; however, after 10 years, it increased
to 81.99%. This is attributed to the increase in basal
area of logged plots (1.32 m? ha™') and the decrease in
basal area of unlogged plots (1.61 m? ha™') driven by
the high mortality in UP that was not balanced by tree
recruitment.

Biomass

The results of uncertainty of above ground biomass
estimation indicate a more or less similar values
in each plot (Fig. S1). The least variation of 2%
was found in the plot LP3 to a maximum of 12%
in plots LP1 and UP2. Among the four approaches,
the model using the mix of directly measured and
estimated heights of trees predicted comparatively
lower AGB in the all the logged plots (except LP3),
while the same model predicted higher AGB for the
unlogged plots. This could be due to the fact that
logged plots had comparatively more short statured
trees than the unlogged plots (Jeyakumar et al.,
2017), which indicates indirectly the presence of
structural difference between the forest types.

In the present study, the average above-ground
biomass for LP and UP was 436-458 Mg ha™' and
578-561 Mg ha~!, respectively. When compared
with studies from Amazonia (298+51 Mg ha™'),
French Guiana (356 to 398 Mg ha_l), and Paracou
(388 to 443 Mg ha™!), biomass estimated from our
study is greater (Baker et al., 2004; Chave et al., 2008;
Rutishauser et al., 2010). However, the logged forest
plots had an average of 19% lower biomass than the
unlogged primary forest (Table 1). This is compara-
tively higher than the other tropical forests, where only
7.1-13.4% were reported with respect to the unlogged
forest (Medjibe et al., 2013). The biomass recovery
is reported to take 10—40 years (Ferreira & Prance,
1999; Lévesque et al., 2011). However, a study from
Africa shows even after more than 200 years, the sec-
ondary forest could recover only 57% of the pristine
forest biomass (Bauters et al., 2019). Nevertheless,
unlike other studies, the present study did not recover
the biomass even 37 years after logging. Given that
the trees in the logged forests suffered a decrease in
more number of high wood density trees than in the
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unlogged forest, and hence, it would require more time
to recuperate the biomass as found in Vietnam (Nam
et al., 2018).

However, when the logged forest increased in
mean biomass over 10 years, the unlogged forest lost
biomass. Though the mortality and recruitment rate
was similar in LP, the recruited trees could not com-
pensate for the biomass loss. Hence, the increase in
LP is attributed to the growth of the trees. While in
UP, the loss of biomass is ascribed to both the high
mortality rate in the large girth classes and the poor
recruitment rate, which was half that of the mortal-
ity rate (Fig. 6). A negative correlation between net
biomass change and biomass loss and a significant
positive correlation between biomass net change and
biomass gain were evident, unlike the French Guiana
results, which indicate a trend toward an association
with biomass loss and a complete lack of a correla-
tion with biomass gain (Rutishauser et al., 2010).

Dynamics of demographic rates
Growth rate

The present study reveals logged forests grow faster
than the unlogged forest (0.392 mm gbh for LP and
0.273 mm gbh for UP). This is in conformity with
other studies (de Avila et al., 2017; Pena-Claros et al.,
2008; Sist & Nguyen-Thé, 2002). Further investiga-
tion based on the functional groups (Fig. 5) determined
strata as the major contributor for significant differ-
ence in growth rates between forest sites (Table 3).
But the present growth rate is relatively low compared
to other tropical forests (0.2-1.11 cm dbh year™)
(Dionisio et al., 2018; Silva et al., 1995). A previous
study in the same forest reported a higher growth rate
(2.9 mm dbh for logged compartment and 2.1 mm dbh
for the unlogged compartment) (Pélissier et al., 1998).
This decrease in growth rate over time is in line with
reports from Amazon (Dionisio et al., 2018; Silva et al.,
1995). This is probably due to the closure of canopy
over some time, which might reduce the light penetra-
tion. Across the size class distribution of growth rate
(Fig. 4), LP showed faster growth than the UP except
in the 210-240 cm gbh category. It is expected to have
a higher growth rate in high girth classes in both for-
est types; however, the present study only found a high
growth rate in logged forests as in accordance with
research from the Amazon forest (Dionisio et al., 2018).
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Mortality

According to Pélissier et al. (1998) in the Uppangala
forest, 6 years after logging, there was a high mortal-
ity rate (0.9% year™') in both logged and unlogged for-
est types. In the present study, 37 years after logging,
the mortality rate decreased to 0.14% year™' in LP and
0.12% year™" in UP. This mortality rate is lesser than
the global mortality rate of 1.77+0.24% year™' for
tropical forests (Chave et al., 2008; Phillips & Gentry,
1994). However, this trend of decreasing mortality rate
over time is consistent with the studies from the East-
ern Amazonia (Dionisio et al.,, 2018; Silva et al.,
1995). The time taken to stabilize between logged
and unlogged was reported to vary from 4 to 11 years
(Jonkers, 1982; deGraaf, 1986; Sist & Nguyen-Thé,
2002). When the previous study by Pélissier et al.
(1998) reported a comparatively higher mortality rate
for the emergents and upper canopy species in logged
forests, presently, the trend changed to the lower can-
opy of logged plots and upper canopy of unlogged
forests. There was a general decrease in emergent and
canopy species abundance, with the UP experiencing a
higher loss of 9 to 35 trees. However, only in LP2 indi-
viduals of emergent and canopy trees have increased.
Possibly, the microenvironment may have provided
enough illumination for the growth of shade-intolerant
canopy plants, which, in turn, may be the reason for the
more number of tree deaths of the pioneer understory
species, Archidendron monadelphum.

Recruitment

Light is an important factor in plant growth of tropi-
cal forests, and its availability might change the natu-
ral dynamics of forest. The structure of the canopy is
altered by logging, and logging gaps receive signifi-
cantly higher light than the natural forest canopy (Inada
et al., 2017). It affects the recruitment rate and changes
the composition. The recruitment rate in the present
study is meager compared to other tropical forests
world over and the previous study from the same forest.
A comparative study from 28 tropical regions reported
a recruitment rate of 1.65+0.26% year™' for the trop-
ics (Phillips & Gentry, 1994). A previous analysis by
Pélissier et al. (1998), conducted 6 years after the log-
ging operation in the same forest, reported a recruit-
ment rate almost equal to it (1.68% in logged; 1.34%
in unlogged). However, the present study has a very

low recruitment rate (LP=0.12%; UP=0.06% year™')
which corroborates the results from Brazil, where the
recruitment rate decreased over time (de Avila et al.,
2017). As reported in other studies, logged forest has
a high recruitment rate compared to unlogged forests
(Sist & Nguyen-Thé, 2002).

Dynamics of community composition

Figuring out if the species composition of two distinct
forest types became increasingly similar over time and
whether the depiction of the ordination could explain
the tendency was one of the goals of this study. The
pace of species turnover and the habitat specialization
play major role in the species composition of plant
community (Tian et al., 2022). Logging-induced as
well as natural forest dynamics alter these processes.
The logged forest has more canopy openness and has
higher light availability (Palma et al., 2021). This high
light attracts more pioneer/secondary succession spe-
cies to the site, which are fast-growing. In the logged
plots, the present study revealed the occurence of pio-
neer/secondary succession species such Terminalia
paniculata, Aporosa lindleyana, Archidendron mona-
delphum, Otonephelium stipulaceum, Croton mala-
baricus, and Macaranga peltata and their presence
and abundance changed according to the elevation
(Pascal, 1988). This observation of the dominance of
pioneer species in logged forests is in accordance with
studies all over the tropics (Chazdon et al., 2010; de
Avila et al., 2017; Ganivet et al., 2020; Katovai et al.,
2016; Su et al., 2010).

Based on the results of an initial tree census, logging
was the primary determinant of species assemblage,
followed by elevation and spatial distance (Jeyakumar
et al., 2017). Hence, the coupled effect of logging and
elevation has created the microenvironment and shifted
the community composition, and NMDS ordination
results agreed to this distinct compositional difference
between logged and unlogged forests. A more disturbed
low elevation plot (LP1) has an isolated and dissimi-
lar species composition. However, the other two plots
in the logged forest, which are nearby, have a distinctly
shared composition. This makes the logged forest more
heterogeneous than the unlogged counterpart (Graefe
et al., 2020; Maicher et al., 2021). Studies from Borneo
corroborate that, despite steady species richness and
diversity, logged and unlogged forests have different
species compositions (Hayward et al., 2021).
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However, the unlogged forest plots share a distinct
and mutually exclusive species composition, which
differs from the logged forest except for LP4. After
a decade, though not directional, both logged and
unlogged plots show a slight variation from the first
census. Nevertheless, recovering species composi-
tion to the pre-logging level seems a long-term pro-
cess. Seeds of shade-tolerant species do not thrive in
disturbed and heavy light environmental conditions
(Norden et al., 2017). The similarity between the
logged and unlogged forests is contributed mainly by
the generalist species, which can spread over a wide
range of areas (Pitman et al., 2001). But, the primary
forest specialist species are the determinants of the
primary forest composition (Tian et al., 2022). Due
to the selective logging of the generalist species in
the logged forest sites, more secondary forest spe-
cialist species have occupied. This caused the altera-
tion of the species composition between logged and
unlogged forest sites.

Conclusion

Our study offers important information on the species
richness, structural attributes, biomass, demographic
rates, and community compositional changes in logged
and unlogged forests after 10 years in the tropical wet
evergreen dipterocarp forest, Uppangala, central West-
ern Ghats. A considerable shift in forest structure and
composition was observed, a decade after the initial
inventory. The logged forest displayed a higher spe-
cies richness relative to the unlogged forest. However,
due to resource extraction, logged forests have lower
stem density, basal area, and above-ground biomass
per hectare than unlogged forests. Nevertheless, basal
area and biomass increased after a decade in logged
forests, but decreased in the unlogged forest sites. We
found that variations in the demographic parameters
of trees, which varied based on tree size class, spe-
cies, and type of forest, all of which caused changes in
biomass. Although the death rate was similar in both
forest types, the difference in recruitment rate explains
the loss in biomass in the unlogged forest over the
research period.

In tropical lowland wetevergreen forests of Uppangala
censused after 10 years, both the logged and unlogged
forests exhibited a significantly different and mutually and
exclusive composition. However, restoration of species
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composition of the logged forest should not be the main
objective of restoration, especially in tropical forests with
significant carbon reserves. So, biomass recovery should
be incorporated into management plans since secondary
forests in tropical climates have enormous carbon storage
and sequestration potential.

This information may help in developing conser-
vation strategies and action plans for additional forest
areas with comparable characteristics. More thorough
and further long-term monitoring are needed to assess
the capacity for carbon sequestration in the present
state of climate change and human disturbances. A
10-year observation is insufficient while tracking a
long-term process. Results such as the increased spe-
cies richness in the logged plots are in line with other
studies. However, other results, such as lower stem
density in logged forests and declining biomass in the
unlogged forest, were unanticipated, and they could
be exclusive to the current location and could only be
uncovered through long-term study. Continual moni-
toring of permanent plots in tropical forests and simi-
lar forests that have been understudied would help
better understand the processes of forest dynamics,
implementation of bioresource extraction strategies,
and conservation of species.
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