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Canopy cover and ecological restoration increase
natural regeneration of rainforest trees in the Western

Ghats, India

Anand M. Osuri'? ®, Divya Mudappa! ©, Srinivasan Kasinathan! @, T. R. Shankar Raman'

Restoration of canopy cover through tree planting can assist in overcoming barriers to natural regeneration and catalyze recov-
ery of degraded tropical forests. India has made international pledges to restore millions of hectares of degraded forests by
2030, but lacks empirical research on regeneration under different types of planted and natural overstories to guide this mis-
sion. We conducted a field study (65 plots of 25 m?) to examine the influence of overstory type and canopy cover on naturally
regenerating tree seedlings across degraded rainforests (DRs), mixed-native species ecological restoration (ER) sites, monocul-
ture eucalypt plantations (MP), and mature ‘“benchmark’ rainforests (BR) in the Western Ghats mountains of peninsular
India. ER had higher native tree seedling densities and recovered community composition toward BR levels compared to
DR, while communities in MP shifted in the opposite direction. Densities of native late-successional species increased with can-
opy cover (particularly in ER), but greater canopy cover was also associated with increases in alien species, a few of which are
shade-tolerant. Further, in a nursery experiment comprising four rainforest species, seed germination and early survival
increased with shade, but did not vary across soils originating from DR, ER, and MP. Our findings show that while improving
canopy cover is important, doing so by planting diverse native species, and controlling invasive alien species, can benefit rain-
forest recovery in DR fragments. Conversely, planting non-native monocultures in degraded forests, which is a prevalent prac-
tice in India, could prove counterproductive for forest recovery in the long term.
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https://www.decadeonrestoration.org/). Nearly 300 Mha of
degraded lands have been pledged for reforestation by 2030 by
several tropical and subtropical countries, with substantial con-
tributions from India, China, and Brazil (Lewis et al. 2019).
India has committed to reforest 26 Mha of deforested and
degraded lands and capture an additional 2.5-3.0 billion tons
of CO,; equivalent by 2030 (MoEFCC 2021).

In India and elsewhere, reforestation mostly uses large-scale
tree plantations (commercial and noncommercial) characterized
by low diversity and non-native species (e.g. Eucalyptus spp.),
while reforestation through passive or active restoration of bio-
diverse natural forests is gaining recognition but practiced at

Implications for Practice

e Increasing overstory shade through mixed-native species
restoration can promote natural regeneration and recov-
ery in degraded tropical rainforest fragments.

e Planting monocultures in degraded forests can reduce nat-
ural regeneration and constrain recovery in the long term.

e Protection of mature forests is important and irreplace-
able, particularly for sustaining late-successional tree spe-
cies and communities.

Introduction

Tropical forest loss and degradation are the main drivers of the
global biodiversity crisis and constitute a significant anthropo-
genic source of carbon dioxide to the atmosphere (Pan
et al. 2011; Watson et al. 2018; Maxwell et al. 2019). Efforts to
reverse biodiversity declines and mitigate climate change through
large-scale reforestation of the tropics have gained global promi-
nence through agreements and missions such as the Bonn
Challenge and Paris Climate Accord (Lewis et al. 2019), and the
ongoing UN Decade on Ecosystem Restoration (2021-2030;
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Restoration and natural regeneration

considerably smaller scale (Lewis et al. 2019; Osuri et al. 2019).
Given the prominence of the global climate crisis, comparisons
between reforestation methods have focused on indicators of
carbon sequestration such as initial rates of carbon capture
(Bonner et al. 2013), carbon storage potential (Huang
et al. 2018; Osuri et al. 2020), and, in case of commercial plan-
tations, additional carbon gains derived from long-lived wood
products (Keith et al. 2014). Although the ability to foster
next-generation forests by facilitating natural regeneration under
reforested canopies is key for sustaining climate and biodiver-
sity benefits over longer periods (Wills et al. 2017), few studies
have compared natural regeneration under different reforesta-
tion methods, particularly in the south Asian tropics.

Tropical forest recovery on degraded lands is constrained by
various factors, including unfavorable abiotic conditions, com-
petition from grasses and invasive species, and disruption of
seed dispersal and other animal-plant mutualisms (Holl
et al. 2000; Elgar et al. 2014; Gunaratne et al. 2014). Ecological
restoration (ER) aims to overcome these barriers using a variety
of strategies. Passive or natural restoration focuses on mitigating
or managing external agents of degradation (e.g. livestock graz-
ing), while relying on natural succession to overcome recovery
barriers (Chazdon & Uriarte 2016; Atkinson & Bonser 2020).
This low-cost strategy is believed to hold great potential for
large-scale restoration, especially in sites subject to low initial
disturbance pressure and in close proximity to existing forests
(Chazdon & Guariguata 2016; Crouzeilles et al. 2017). Restora-
tion might also adopt “active” strategies to assist recovery or
reconstruct degraded ecosystems, using interventions such as
invasive species management and tree planting (Chazdon &
Guariguata 2016; Atkinson & Bonser 2020). Studies have
shown that an overstory of planted trees can contribute to over-
coming recovery barriers by shading out competitors, attracting
seed dispersers, and creating favorable microhabitats for regen-
eration and survival of native species (Ashton et al. 2014).

Previous studies have shown that both mixed-native species plan-
tations and monocultures of native or non-native species can facili-
tate natural regeneration to different levels (Harikrishnan et al. 2012;
Onyekwelu & Olabiwonnu 2016; Nerlekar et al. 2019; Trujillo-
Miranda et al. 2021; Wills et al. 2021). However, studies assessing
patterns and drivers of natural regeneration across different types
of tree plantations are rare (but see Farwig et al. 2009; Jayaward-
hane & Gunaratne 2020; Wills et al. 2021). If facilitation of natural
regeneration is primarily through abiotic changes due to increased
shade, then regeneration would be expected to increase with canopy
cover both within and across plantation types. If, instead, natural
regeneration depends on the identity and composition of planted
trees on the basis of, e.g. differences in soil nutrient inputs
(Boley et al. 2009; Celentano et al. 2011), allelopathic effects
(Reigosa et al. 2000), or visitation by seed dispersers (Parrotta 1995;
Mendes et al. 2021) and predators, then restoration type would be
expected to have a stronger influence on regeneration relative to shade
alone. Moreover, differences in overstory species can also drive vari-
ation in the composition of regenerating communities (Farwig
et al. 2009; Wills et al. 2017; Jayawardhane & Gunaratne 2020). For
example, if planted overstories of mixed-native species attract more
wildlife than monocultures (Yahya et al. 2017; Jayawardhane &

Gunaratne 2020), then higher colonization of the former by late-
successional animal-dispersed species would be expected, whereas
early-successional or abiotically dispersed species may show different
patterns.

Restoration using a mixture of native tree species is generally
associated with greater costs and implementation challenges com-
pared to monoculture plantations or passive restoration (Wills
et al. 2017), but understanding how these strategies differ in terms
of restoration success and natural forest regeneration is vital to
develop cost-effective restoration programs. Here, we used a field
study and nursery experiment to examine patterns and identify
potential drivers of natural regeneration under different overstory
types in a human-modified landscape in the Western Ghats moun-
tains, India. In the field study, we sampled seedlings in 65 plots
across degraded tropical rainforests left to recover naturally
(DR), degraded rainforests with mixed-native species restoration
(ER), monoculture eucalypt plantations (MPs), and relatively
intact tropical rainforests (benchmark rainforests [BR]). We tested
whether ER had more similar seedling density, diversity, and spe-
cies composition to BR, compared to MP or DR, and examined the
role of canopy cover in explaining natural regeneration across
plots. Further, we performed a nursery experiment to examine
how tree planting in degraded forests, through modifications of
shade cover and soil, can affect tree seed germination and early
seedling survival. The experiment assessed seed germination and
early survival of four rainforest species under low versus high
shade cover, in soils that originated from DR, ER, and MP.

Methods

Study Area

The study was conducted on the Valparai Plateau (10.250°—
10.367°N, 76.867°-76.983°E), situated within the Anamalai Hills
in the southern Western Ghats mountains of India. The area lies
within the Western Ghats and Sri Lanka Biodiversity Hotspot
(Kumar et al. 2004). The 22,000 ha Valparai Plateau ranges in ele-
vation from 700 to 1,500 m above sea level. Mean annual temper-
ature is 21.0°C (max: 26.3°C; min: 17.7°C), and the area receives
around 2,700 mm rainfall annually, over 75% of which falls dur-
ing the southwest monsoon from June to September (data from
weather stations in Iyerpadi and Murugalli—see Fig. 1A).

The predominant land covers of the plateau are tea and shade cof-
fee plantations, remnant natural forests and grasslands, and mono-
culture forestry plantations (Fig. 1A). Tea and coffee have been
cultivated in the region since the 1890s, and seven major private
companies own and operate the plantations at present. The compa-
nies also raise monocultures of non-native eucalypts (mainly, Euca-
byptus grandis) for supplying fuelwood to tea factories.

Natural forests of the area are classified as mid-elevation trop-
ical wet evergreen forests, and comprise Cullenia exarillata,
Mesua ferrea, and Palaquium ellipticum as the dominant and
characteristic tree species (Pascal 1988; Pascal et al. 2004).
These rainforests extend over a relatively large >30,000 ha
block along and beyond the edge of the plateau within Anamalai
Tiger Reserve, Parambikulam Tiger Reserve, and Vazhachal
Reserved Forest, and within around 45 forest fragments
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Figure 1. (A) Map of study area situated on the Valparai Plateau in the southern part of the Western Ghats mountain range (shaded gray in the inset). Major land
cover types and locations of seedling plots are shown.Map prepared using QGIS (QGIS Development Team 2020). Habitat photos of (B) a degraded rainforest,
(C) a (different) degraded rainforest 10 years after ecological restoration, (D) a monoculture eucalypt plantation, and (E) a mature benchmark rainforest.

(1-300 ha) on private lands interspersed among the tea and cof-
fee plantations on the plateau. The large rainforest block within
protected areas represents a reference or “benchmark” ecosys-
tem, while many of the fragments harbor primary forests
degraded by selective timber felling in the past, fuelwood
extraction, and invasion by various alien plant species (Raman
et al. 2009). Invasive plants include disturbance-adapted Lan-
tana camara L. (woody shrub), Chromolaena odorata (L.)
R.M.King & H.Rob (nonwoody shrub), and Mikania micrantha
Kunth (climber), and shade-tolerant woody trees such as Coffea
canephora Pierre ex A.Froehner, C. arabica L., and Maesopsis
eminii Engl. (Joshi et al. 2009, 2015).

ER of DRs on private lands was initiated in the study area in
2001 as part of a project working on biodiversity conservation
and sustainable land use. Over 1,000 ha of forest fragments have
been identified and protected (passive or natural restoration)
through partnerships with three major plantation companies.
Active ER has been attempted in around 100 ha of highly
degraded forest patches. Active restoration involved site prepara-
tion by removing invasive alien plants (mainly, L. camara,
C. odorata, and M. micrantha) and planting a diverse mix of
locally sourced and nursery-raised rainforest tree saplings
(60-80 species/ha), followed by monitoring and occasional site
maintenance to control invasive species and infill gaps (see
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Table 1. Sampling effort, forest patch area, distance to continuous forests, and percent canopy cover of plots sampled as part of the field study in the Western
Ghats, India. Values in parentheses represent ranges for patch area and distance to continuous forests.

Overstory Type Sites Sampled

Plots Sampled

Distance from
Continuous Forest (m)

Average % Canopy

Average Area (ha) Cover (£ 1 SE)

Degraded rainforest 7 17
Ecologically restored rainforest 5 14
Monoculture eucalypt plantation 6 15
Benchmark rainforest 4 21

62.1 (6.8-170.5) 2,416 (309-5,289) 79 +43
14.1 (2.9-41.3) 1,735 (251-3,054) 98 + 5.2
22.5(0.8-78.5) 483 (0-1,305) 87+ 48

>30,000 — 95+ 42

Mudappa & Raman 2007; Raman et al. 2009; Osuri et al. 2019,
for more information about the study area and restoration project).

Eucalypt plantations are typically harvested on an 8-10-year
cycle, with trees freshly planted or reemerging from coppiced stems
after each cycle. However, many plantations in the landscape
(including those sampled in this study) remained unharvested and
free of active management over substantially longer periods (based
on direct observations and conversations with managers), and are
therefore comparable to noncommercial plantations of the type used
widely for reforestation in India.

Field Sampling

Naturally regenerating tree seedlings were sampled in four
habitats—DR fragments, 10-15-year-old ER sites in degraded
fragments, MPs, and mature and relatively intact BRs
(Fig. 1B-E). MP plots were located within plantations that were
established between 1969 and 1977, and last harvested between
2002 and 2005. Seedling plots were sampled during February to
March 2018, February 2019, April 2020, and March 2021.

We identified and counted tree seedlings (10-50 cm height)
in 65 square plots of 5 x 5 m (0.0025 ha) representing DR
(n=17), ER (n=14), MP (n = 15), and BR (n = 19). Plots were
situated at least 50 m apart and distributed over seven, five, six,
and four fragments/sites in DR, ER, MP, and BR, respectively
(Table 1). Species were identified using botanical and field keys
(Gamble & Fischer 1935; Pascal & Ramesh 2007), herbarium
collections from previous botanical surveys in the study area
(Muthuramkumar et al. 2006), and based on familiarity with
seedling identification gained through work in a rainforest nurs-
ery linked to the ER program. Canopy cover (%) was estimated
at the center of each plot using a Spherical Crown Densiometer
(Forestry Suppliers, Jackson, MS, U.S.A.).

Species were classified according to habitat affinity and origin
as late-successional native, early-successional native, and (inva-
sive) alien species based on literature and previous assessments
(Osuri et al. 2017; http://www.biotik.org/). Information on seed
dispersal modes and seed sizes were recorded from published
sources (Ganesh & Davidar 2001; Osuri & Sankaran 2016; Osuri
etal. 2017), and direct observations and measurements in the field.

Germination Experiments

The germination experiment aimed to explore the influences of
shade and soil (origin) type on natural regeneration associated with
different plantation strategies in degraded forests. This ex situ

experiment conducted from June to October 2017 examined seed
germination and early survival of four native rainforest tree species
using a factorial design. Seeds were sown in soils originating from
three habitats—ER, MP, and DR—under two shade levels (low:
50% high: 75%; Fig. S1). Shade levels were meant to represent rel-
atively open canopies of degraded areas, and relatively closed can-
opies under planted understories, and were created in the nursery
using a 50% nursery shade net in a single layer (low shade cover)
and double layer (high shade cover), respectively (McLaren &
McDonald 2003). Topsoil (0-15 cm depth) was collected from
five sites each in ER, MP, and DR. A shovel was used over
1 m?* to dig up roughly 0.15 m® soil at one location per site. Col-
lected soils were pooled by habitat type, and passed through a
2.5 mm mesh sieve. Processed soils were distributed over
960 nursery polybags (22.6 cm x 6.5 cm; 320 per soil type) in five
blocks, with 192 polybags per block (32 bags x 3 soil types x 2
shade cover levels). The entire experimental set up was enclosed
in a chicken-mesh frame to exclude vertebrate seed predators.

Four tree species Knema attenuata (Wall. ex Hook.f. &
Thomson) Warb., Actinodaphne wightiana (Kuntze) Noltie,
Artocarpus heterophyllus Lam., and Elaeocarpus tuberculatus
Roxb. were used in the experiment. These species were selected
as they are widely distributed in the study area and were fruiting
at the start of the experiment. K. atfenuata is a late-successional
species restricted to wet-evergreen forests, and A. heterophyllus
and E. tuberculatus are late-successional species occurring in
evergreen and drier semi-evergreen forests, while A. wightiana
is an early-successional species in wet-evergreen forests in the
study area (Osuri et al. 2017; http://www.biotik.org/). Mature,
fallen, and undamaged fruits were collected from beneath the
canopies of five to seven fruiting individuals of each species,
1 or 2 days before initiation of the experiment, and pulp
removed with washing in water to extract the seeds. Each block
was sown with 48 seeds of each species (one seed per polybag),
divided equally among the three soil types and two shade cover
levels. As the experiment was conducted during the rainy sea-
son, additional watering was only carried out during gaps
between rainy days when soils appeared dry.

The experiment was monitored daily, and the status of each
seed was recorded under one of five classes: not germinated
(N), seed coat cracked (G), main shoot emerged (S), leaves
emerged (L), or dead (D). Monitoring of seed germination and
seedling emergence was stopped after 128 days once the status
of all seeds or seedlings had stabilized and no further transitions
were occurring. All seeds that attained a status of S or L by the
end of the experiment were considered to have germinated
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successfully. Past experience from the restoration nursery sug-
gests that none of the study species exhibit seed dormancy; we
therefore considered seeds that remained ungerminated at the
end of the experiment as dead, or unlikely to survive.

Statistical Analysis

Data were analyzed and outputs were prepared using the R sta-
tistical and programming environment (R Core Team 2020).

Plot Data. Previous studies have calculated species Impor-
tance Value Index (IVI) of seedlings as the sum of percent fre-
quency (% plots in which detected), percent relative
abundance, and percent dominance (based on height), with
values ranging from 0 to 300 (Vargas-Rodriguez et al. 2005).
As seedling heights were not recorded in our plots, we report a
modified IVI calculated as percent frequency plus percent rela-
tive abundance, with a potential range of 0-200 for each species
in each overstory type (Table S1).

We used generalized linear models (GLMs) on the plot data to
examine regeneration variables in relation to overstory type
(DR, ER, MP, and BR) and canopy cover (%). The response var-
iables included overall seedling density (seedlings/plot), overall
species density (seedling species/plot), late-successional seed-
ling and species density, early-successional seedling and species
density, alien seedling and species density, and species compo-
sition (% similarity to benchmark). Community similarity of
plots in DR, ER, and MP to benchmarks was estimated as the
Bray—Curtis pairwise similarity index (BC;):

K
Z ‘nik'”jk }
k=1

BCj=1-—"——
Nig + Ny

where ny and nj; are the number of individuals of species k in

plots i and j, and n;, and n;, are the total numbers of individuals

iniandj.

For DR, ER, and MP, we estimated the average pairwise similar-
ity of each plot to all BM plots, and for each benchmark plot, we
estimated average pairwise similarity to all other benchmark plots.
Using GLMs, we tested for differences in response variables
between the four overstory types, and examined whether variation
in responses is best explained by overstory type, canopy cover, or
both predictors combined. For each response, we ran four models
with different sets of predictors, namely, two single predictor
models (Response~Type; Response~Cover), one two-predictor
model without an interaction (Response~Type + Cover), and
one two-predictor model with a two-way interaction between over-
story type and canopy cover (Response~Type x Cover). We ran
GLMs with a Poisson error structure for species density responses,
GLMs with a negative binomial error structure for seedling density
responses (on account of data overdispersion), and beta regression
models for % similarity to benchmarks.

For each response, models were ranked in decreasing order of
relative likelihood, based on small-sample corrected Akaike
Information Criterion (AIC,), where lower AIC, scores indicate

greater model relative likelihood (Anderson & Burnham 2004).
The model with lowest AIC, and any other models within four
AIC. units of the lowest AIC, (i.e. AAIC, < 4) were identified
as the model(s) that best explained variation for each response.
Differences between overstory types were assessed based on
95% confidence intervals (CIs) of model intercepts and slopes,
wherein intercept or slope 95% Cls of a given overstory type not
overlapping with mean intercepts or slopes of another were
interpreted as consistent differences in intercepts or slopes, respec-
tively, between that pair of overstory types (Nakagawa &
Cuthill 2007).

Germination Experiments. We used data from the nursery
experiment to examine the effects of shade (low vs. high) and
soil origin (DR, ER, and MP) on seed germination at the end
of the 128-day experiment. Pooling data from 960 seeds across
the four species, we modeled germination (1 = germinated,
0 = not germinated) as a function of shade and soil origin (with-
out interaction) using a generalized linear mixed-effects model
(GLMM) with species ID, and experimental block, included as
random factors. The model was specified using a binomial distri-
bution with a logit link function. In addition, to explore variation
among species in response to soil and shade, we reran the
GLMMs for each species separately, with the experimental
block included as a random factor. GLMMs were fit using the
Ime4 package in R (Bates et al. 2015).

Results

Plot Data

We recorded 2,548 seedlings representing at least 96 species within
65 plots across the four overstory types. The early-successional
native species Clerodendrum infortunatum L. was among the three
most dominant species in DR, ER, and MP. While ER was domi-
nated by native early-successional species, and DR and MP were
dominated by both early-successional and alien species (e.g. Coffea
spp., L. camara, and Gliricidia sepium [Jacq.] Kunth), the seedling
layer of BR was dominated by native late-successional species. See
Table S1 for the complete species checklist and modified IVI scores
of species in each habitat.

Overall seedling densities were similar, on average, across
DR, ER, and BR, ranging from 40 to 53 seedlings per 25 m>
plot, while BR had the highest overall species density, followed
by ER, DR, and MP (Fig. 2). Late-successional seedling and
species densities were highest in BR and lowest in MP, with
ER and DR intermediate and statistically indistinguishable from
each other, and early-successional seedling and species densities
were highest in ER (Fig. 2). Alien seedling densities were high-
est, on average, in DR but also highly variable, with no statistical
differences between overstory types, while alien species densi-
ties were lowest in BR, and marginally higher in ER than DR,
or MP (Fig. 2). ER had greater community similarity to bench-
marks (5.33%; 1 SE = 0.79) than DR (3.44%; 1 SE = 0.58) or
MP (1.38%; 1 SE = 0.40), while, as expected, average commu-
nity similarity of benchmark plots to one another was highest at
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Figure 2. Overall, late-successional-growth, early-successional, and alien seedling densities (A) and species densities (B), in degraded rainforest, ecologically
restored rainforest, monoculture eucalypt plantations, and mature benchmark rainforest in the Western Ghats, India. Bars and error bars represent means

and =+ SE, respectively. Different characters (a, b, c, d) next to values correspond to statistical differences between overstory types based on interpretation of 95%
CIs from the GLMs (also see Tables S2 & S3).

Table 2. List of models that best explained (AAIC, < 4) variation in seedling density, species density, and community similarity to benchmark forests across
plots. The ranking of overstory types for each response (model intercepts), and relationships of the response variables to canopy cover (positive, negative, or neu-
tral model slopes) based on interpretation of GLM 95% Cls are reported.

Response Model AAIC. Model Intercept (Overstory Type) Model Slope (Relationship with Canopy Cover)
Seedling density (seedlings/plot)
Overall Type + Cover 0 BR, DR, ER > MP Positive
Late-successional Type + Cover 0 BR > DR, ER > MP Positive
Early-successional Type 0 ER > DR > BR, MP —
Type + Cover 22 ER > DR > BR, MP Neutral
Alien Cover 0 — Positive
Type + Cover 1.7 DR > ER, MP > BR Positive
Species density (species/plot)
Overall Type + Cover 0 BR > ER > DR > MP Positive
Late-successional Type + Cover 0 BR > DR, ER > MP Positive
Type x Cover 3.7 BR > DR, ER > MP Positive; ER > DR > BR, MP
Early-successional Type 0 ER > BR, DR > MP —
Type + Cover 0.4 ER > DR > BR > MP Neutral
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Table 2. Continued

Response Model AAIC. Model Intercept (Overstory Type) Model Slope (Relationship with Canopy Cover)
Alien Type 4 ER > DR, MP > BR —
Cover 0 — Positive
Type + Cover 0.6 ER > DR, MP > BR Positive
Community similarity to benchmark (%)
Overall Type 0 BR > ER > DR > MP —
Type + Cover 0.2 BR > ER > DR > MP Neutral

21.30% (1 SE = 1.23). Parameter estimates based on GLM
models are provided in Table S2.

Overstory type and canopy cover both played a role in
explaining variation in seedling and species densities, and spe-
cies composition, across plots. The GLMs and model sorting
based on AAIC, identified the two-predictor model with no

(A) (B)

100 1

90 1

80 1

% Germinated

701

60 1

50 1

Low High
Shade

% Germinated

interaction (Response~Type + Cover) as among the best at
explaining variation in all nine density and composition
responses (AAIC, < 2.2; Tables 2, S2, & S3). Models with over-
story type alone also performed relatively well at explaining var-
iation in early-successional seedling and species densities, and
seedling community similarity to benchmarks (Table 2). Overall

A. wightiana I I A. heterophyllus |
*
100 1 l I
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Figure 3. (A) Seed germination increased from low to high shade. (B) This pattern was stronger among late-successional species A. heterophyllus and K.
attenuata than the early-successional species A. wightiana. Germination did not differ across soils originating from degraded rainforest (DR), ecologically
restored rainforest (ER), and monoculture eucalypt plantations (MP), with the exception of K. atfenuata that had greater germination in DR soil. Bars represent
mean survival and error bars represent £95% CI. Asterisks represent consistent differences between treatments based on 95% Cls. See Table S4 for model

parameters and details.
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and late-successional seedling and species densities were positively
related to canopy cover across plots (Table 2). For density of late-
successional species, the relationship with canopy cover was more
positive in ER and DR than MP or BR, based on the two-predictor
with interaction model (Response~Type x Cover), which had
substantial empirical support (AAIC, = 3.7; Table 2). Alien seed-
ling and species density were best explained by models comprising
canopy cover alone (closely followed by models with Overstory
type and Overstory type + Canopy cover as predictors), and
increased with canopy cover (Tables 2 & S2). See Table S2 for
parameter estimates from all GLM models and Table S3 for
detailed summaries of the best-fit models.

Germination Experiment

Seed germination increased from 77% on average under low
shade to 86% under high shade (p < 0.01), with no differences
in survival across soils from DR, ER, and MP (Table S4;
Fig. 3). Seed germination of the early-successional species
A. wightiana did not increase with shade, while the late-succes-
sional species E. tuberculatus, showed a weak increase in
germination with shade (Table S4; Fig. 3). By contrast, the
late-successional species K. attenuata and A. heterophyllus
increased germination with shade (Table S4; Fig. 3). Seed ger-
mination was unrelated to soil origin in all species, with the
exception of K. attenuata having significantly higher germina-
tion in DR soil compared to ER and MP soils (Table S4; Fig. 3).

Discussion

Our study from a human-modified landscape in the Western
Ghats in India showed greater tree regeneration in mature rain-
forests and 10-15-year-old ecologically restored rainforests
compared to DRs left to recover naturally, and MPs. While
active ER increased densities of early-successional species and
shifted community composition toward that of mature rainfor-
ests, it was less effective in recovering late-successional species.
The latter remained substantially lower in restored plots com-
pared to mature forests, although substantially higher compared
to eucalypt plantations. Our findings suggest that the positive
effects of ER can extend to subsequent tree generations (Wills
etal. 2017), and highlight its role in sustaining rainforest revival
in human-modified landscapes, while reaffirming the impor-
tance and irreplaceability of existing mature forests for sustain-
ing rainforest tree communities (Jones et al. 2018; Sacco
et al. 2021).

In contrast to ER which promoted recovery, all indicators of
natural regeneration in this study were lower in MPs compared
to DRs. However, planting non-native monocultures in
degraded forests is widely practiced through reforestation and
carbon sequestration programs in India (Seidler & Bawa 2016).
While such reforestation strategies could offer short-term bene-
fits such as rapid carbon accrual by certain monocultures
(Bonner et al. 2013), our results reiterate that leaving degraded
forests to recover naturally, or restoring them with mixed-native
species, can sustain multiple benefits (biodiversity, carbon

capture) over longer periods (Chazdon & Guariguata 2016;
Osuri et al. 2020).

Our findings support the hypothesis that increasing canopy
cover can facilitate rainforest recovery by creating favorable
microhabitats for tree regeneration (Holl et al. 2000; Ashton
et al. 2014). Canopy cover contributed to explaining patterns
of seedling density, diversity, and composition across plots,
and was positively associated with regeneration of late-
successional species, but not early-successional species. This
is corroborated by the nursery experiment, which showed a pos-
itive influence of shade on seed germination and early survival,
particularly for two late-successional species. Interestingly, seed
germination in soil originating from eucalypt plantations was no
lower than that in soils from degraded or restored forests, sug-
gesting that allelopathic effects associated with eucalypts that
could potentially affect seed and seedling performance (Zhang
et al. 2010) are not a major constraint on regeneration in our
study. This is consistent with previous research from the study
area showing high native seedling and sapling survival under
eucalypt overstories (Raman et al. 2009). Collectively, these
findings suggest that factors other than germination and survival
account for differences in regeneration between overstory types.
By providing shade, both mixed-native species restoration and
eucalypt plantations can foster germination and survival of rain-
forest trees, although the former provides better canopy cover
and regeneration.

In addition to altering microhabitats to favor seed germination
and survival, overstory trees can influence animal-mediated pro-
cesses such as seed dispersal and predation that shape natural
regeneration in tropical forests (Terborgh et al. 2008; Paine
et al. 2016). Overstories that attract frugivores can increase seed
dispersal into sites (Sansevero et al. 2011; Viani et al. 2015;
Osuri et al. 2017), while small mammals, particularly rodents,
can increase seed predation risk in degraded areas (Mendes
et al. 2016; Gopal et al. 2021). When controlled for canopy
cover, we found greater regeneration under native tree over-
stories than eucalypt monocultures, and that regeneration of
late-successional species increased with canopy cover at a
greater rate across native overstory plots (restored or degraded)
than eucalypt plots. Moreover, we recorded just one native
large-seeded (length > 3 cm) animal-dispersed species regener-
ating in eucalypt plantations, as against two species in DR, six in
restored rainforest, and eight large-seeded species in mature
rainforest. Thus, although our study did not directly examine
animal-mediated processes, our findings suggest that such pro-
cesses support regeneration better under overstories comprising
mixed-native species than under eucalypt monocultures. Our
findings also suggest that while early-successional species dom-
inate regeneration in these relatively young restored forests, fur-
ther development of canopy cover, along with maturation and
fruiting of planted overstory trees, could promote rainforest suc-
cession over time.

Interestingly, just as regeneration of late-successional species
was positively associated with canopy cover across plots in our
study, so was regeneration of alien species. This is largely
because of two shade-tolerant and animal-dispersed alien
species—Coffea spp. and M. eminii—invading from shade-
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coffee plantations that abut some of the study sites (Joshi
et al. 2009, 2015). These two species accounted for the majority
of seedlings of alien species in degraded, restored, and mature
rainforest plots, in contrast to eucalypt monocultures that were
dominated by disturbance-adapted L. camara. Previous research
has shown a negative relationship between densities of invasive
Coffea and native seedling densities (Joshi et al. 2009), suggest-
ing that control of shade-tolerant alien species, along with addi-
tional planting of late-successional species, could play a role in
sustaining rainforest succession in restored forests.

Besides shade and overstory composition, factors potentially
influencing seedling communities but not examined explicitly in
our study include patch size, isolation, and history and manage-
ment practices of different habitats. The potential for natural
regeneration can decrease with increasing isolation from con-
tinuous forests (Molin et al. 2018), and this is evident from pre-
vious work on saplings in the study landscape (Osuri
et al. 2019). It is therefore likely that differences in seedling
density, diversity, and composition between eucalypt planta-
tions and degraded or restored forests are mitigated to an extent
by the closer proximity of eucalypt plantation plots to continu-
ous forests compared to plots in degraded or restored forests
(<500 m vs. >1,500 m).

Patch sizes of ER plots were comparable to Eucalyptus plan-
tations, but considerably smaller than DR patches in our dataset,
because smaller fragments tend to be more heavily degraded and
are therefore prioritized for restoration. This could partly explain
the proliferation of early-successional species and occurrence of
invasive aliens in restored plots, and the lack of consistent differ-
ences in regeneration of late-successional species between
restored and degraded plots, given that, when matched for patch
size, restored plots sustain greater densities of late-successional
saplings and adults than degraded forest plots (Osuri
et al. 2019). This also highlights that larger forest fragments,
too, should be considered for active restoration, particularly
ones that are spatially isolated, because large patch size alone
appears inadequate for facilitating recovery from degradation.

In terms of history and management, disturbance-adapted
invasive understory shrubs such as L. camara were removed ini-
tially and have remained suppressed under restored canopies,
but dominate the understories of degraded forests and eucalypt
plantations. These invasive aliens not only compete directly
with native species (Raman et al. 2009), but can also have indi-
rect negative impacts on tree regeneration by exacerbating other
disturbances, such as fire (Hiremath & Sundaram 2005). Thus,
while invasive shrub control is a consequential additional inter-
vention distinguishing restored forests from degraded forests
and plantations in this study, future research on the standalone
effects of invasive shrub control on regeneration under different
overstories holds promise for developing less expensive and
more widely applicable restoration strategies to complement
mixed-native species restoration.

Collectively, our findings suggest that while increasing can-
opy cover can promote rainforest recovery, canopies restored
using diverse native species are more effective at reviving natu-
ral regeneration than ones comprising non-native monocultures,
although neither achieve recovery to the level of mature

rainforests. They highlight, therefore, the potential benefits of
prioritizing restoration of native diversity and composition in
massive reforestation efforts pledged by India and other coun-
tries over the coming decade, complemented by steps to mitigate
further loss and degradation of existing mature forests. These
benefits include not just forest regeneration (this study), but also
biodiversity, carbon capture, and livelihoods, among others
(Bawa et al. 2021). Expanding restoration in India would, how-
ever, require substantial expansion of scientific knowledge,
technical expertise, and infrastructure (e.g. ethical seed sourcing
and establishment of native plant nurseries) for restoring appro-
priate species in appropriate areas, backed by policies tailored to
support ER. At the same time, policies promoting monoculture
or species-poor plantations (native or non-native) in degraded
forests need to be reexamined in light of negative impacts of this
practice on forest regeneration and recovery, as well as on liveli-
hoods and other ecological benefits (Seidler & Bawa 2016).
Such species could still play a role in restoration, however, such
as fast-growing commercial species planted in polycultures with
native species providing shade during initial stages of forest
recovery, and partially offsetting restoration costs (Brancalion
et al. 2020), or lands currently under monoculture plantations
offering conditions conducive to planting and restoration of
appropriate native species.
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