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Abstract. Ecological restoration is a leading strategy for reversing biodiversity losses and enhancing ter-
restrial carbon sequestration in degraded tropical forests. There have been few comprehensive assessments
of recovery following restoration in fragmented forest landscapes, and the efficacy of active versus passive
(i.e., natural regeneration) restoration remains unclear. We examined 11 indicators of forest structure, tree
diversity and composition (adult and sapling), and aboveground carbon storage in 25 pairs of actively
restored (AR; 7-15 yr after weed removal and mixed-native tree species planting) and naturally regenerat-
ing (NR) plots within degraded rainforest fragments, and in 17 less-disturbed benchmark (BM) rainforest
plots in the Western Ghats, India. We assessed the effects of active restoration on the 11 indicators and
tested the hypothesis that the effects of active restoration increase with isolation from contiguous and rela-
tively intact rainforests. Active restoration significantly increased canopy cover, adult tree and sapling den-
sity, adult and sapling species density (overall and late-successional), compositional similarity to
benchmarks, and aboveground carbon storage, which recovered 14-82% toward BM targets relative to NR
baselines. By contrast, tree height-diameter ratios and the proportion of native saplings did not recover
consistently in actively restored forests. The effects of active restoration on canopy cover, species density
(adult), late-successional species density (adult and sapling), and species composition, but not carbon stor-
age, increased with isolation across the fragmented landscape. Our findings show that active restoration
can promote recovery of forest structure, composition, and carbon storage within 7-15 yr of restoration in
degraded tropical rainforest fragments, although the benefits of active over passive restoration across frag-
mented landscapes would depend on indicator type and may increase with site isolation. These findings
on early stages of recovery suggest that active restoration in ubiquitous fragmented landscapes of the trop-
ics could complement passive restoration of degraded forests in less fragmented landscapes, and protection
of intact forests, as a key strategy for conserving biodiversity and mitigating climate change.
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INTRODUCTION Bonan 2008). With ongoing losses amounting to
nearly 8 million hectares on average per year

Tropical forests harbor over 50% of global bio- (Achard et al. 2014), an increasing majority of
diversity and constitute among the largest terres- remaining tropical forests exist as degraded frag-
trial reservoirs of carbon (Pimm et al. 1995, ments in human-dominated landscapes (Lewis
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et al. 2015, Taubert et al. 2018). Restoration offers
a potential solution for reversing biodiversity
declines and enhancing terrestrial carbon seques-
tration in such degraded forests (Edwards et al.
2010) and has emerged as a leading strategy for
mitigating climate change (Griscom et al. 2017).

Ecological restoration encompasses a range of
active (more intensive) and passive (less inten-
sive) interventions aimed at alleviating barriers
to natural recovery in degraded forests (Chazdon
and Guariguata 2016). While active interventions
such as planting trees might be necessary for
restoring heavily degraded areas (e.g., aban-
doned mines), passive interventions such as
habitat protection may be as effective as active
restoration in areas that are less disturbed and
retain some capacity for spontaneous natural
regeneration (Crouzeilles et al. 2017, Meli et al.
2017). Previous research on restoration of
degraded forests, which has primarily focused
on recovery following selective logging, suggests
that these forests largely fall into the latter cate-
gory, wherein passive interventions such as pro-
tection from further logging and disturbance can
promote recovery of forest structure, diversity,
and carbon over time (Berry et al. 2010, Meli
et al. 2017).

In fragmented tropical forests, by contrast,
multiple abiotic and biotic factors act as barriers
to natural recovery and can result in the
persistence of species-poor and low-carbon
early-successional ecosystems (Tabarelli et al.
2008). For example, abiotic edge effects resulting
from increased light, wind, and desiccation favor
early- over late-successional species (Laurance
et al. 2006) and reduce canopy height (Osuri
et al. 2014, Rutishauser et al. 2016), leading to
losses of aboveground carbon storage potential
(Magnago et al. 2017). Biotic factors include
shifts in animal-mediated processes such as seed
dispersal; for example, large-seeded, but not
small-seeded, tree species decline in isolated
fragments because seed dispersers for the former
are more susceptible to fragmentation than of the
latter (Cramer et al. 2007). Resultant shifts in spe-
cies composition can reduce carbon storage in
fragments, because small-seeded species tend to
have smaller adult sizes than large-seeded spe-
cies (Osuri and Sankaran 2016). Increased
competition from disturbance-adapted native
(Magnago et al. 2017) and invasive (Joshi et al.
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2009) species may further constrain the recovery
of late-successional tree communities and carbon
storage in fragments. Collectively, these lines of
evidence suggest that ecological restoration of
degraded tropical forest fragments would
require active interventions such as controlling
invasive plants and planting native tree species,
and that such interventions may be particularly
important in isolated fragments that are less
likely to recover naturally. However, while previ-
ous studies in fragmented tropical forests have
examined survival patterns of planted saplings
(Alvarez-Aquino et al. 2004, Raman et al. 2009),
research into recovery of forest structure, compo-
sition, and functions, and the performance of
active versus passive interventions remains
limited.

This study examines the effects of ecological
restoration on 11 indicators of forest structure,
diversity and species composition of adult and
juvenile (sapling) trees, and aboveground carbon
storage in degraded tropical rainforest remnants
along a gradient of isolation from large and rela-
tively intact rainforests in the Anamalai Hills,
part of the Western Ghats biodiversity hotspot of
peninsular India. Since the year 2000, a number
of degraded rainforest remnants in this land-
scape have been ecologically restored using
weed removal and mixed-native species plant-
ings (Raman et al. 2009). We assess the effects of
active restoration by comparing passively
restored (spontaneous natural regeneration) and
actively restored (weed removal and mixed spe-
cies planting) plot pairs established in these rem-
nants. We also assess the extent of recovery of
different indicators in actively restored forests by
making comparisons to relatively intact bench-
mark rainforests. Our study evaluates three
specific hypotheses. First, that active restoration
promotes greater recovery of canopy cover, tree
density, tree height—diameter ratio, tree diversity,
native tree regeneration, and aboveground car-
bon storage than spontaneous natural regenera-
tion in degraded tropical rainforest fragments.
Second, that restoration effects will vary across
indicators (Meli et al. 2017), with active restora-
tion having stronger positive effects on indicators
directly manipulated by the restoration interven-
tion (e.g., tree density) than on indicators associ-
ated with but not directly manipulated during
restoration (e.g., tree height-diameter ratio;
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diversity of mnaturally recruiting saplings).
Finally, we test the hypothesis that the effects of
active restoration are greater in more ecologically
isolated locations, such as in fragments at greater
distances from contiguous and relatively undis-
turbed forests.

METHODS

Study area

The study was conducted on the Valparai Pla-
teau (10°15'-10°22'N, 76°52'-76°59'E), a 22,000-
ha human-modified landscape in the Anamalai
Hills of the Western Ghats biodiversity hotspot
(Fig. 1). Annual rainfall across the plateau (eleva-
tion 700-1500 m above mean sea level) averages
c. 2800 mm, around 70% of which falls during
the south-west monsoon between June and
September (Rathod and Aruchamy 2010). The
natural vegetation of the area is mid-elevation
tropical wet evergreen rainforest, with Cullenia
exarillata, Mesua ferrea, and Palaquium ellipticum,
comprising the dominant and characteristic tree
species (Pascal 1988, Pascal et al. 2004).
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The rainforests of the Valparai Plateau were
extensively deforested between the 1890s and the
1940s for establishing commercial tea, eucalyp-
tus, and shade coffee and cardamom plantations
(Mudappa and Raman 2007). At present, rain-
forests on the plateau are restricted to ~45 forest
remnants (1-300 ha in area) mostly on private
lands owned by tea and/or coffee plantation
companies, or abutting wildlife reserves that sur-
round and extend beyond the plateau. The sur-
rounding wildlife reserves, namely Anamalai
Tiger Reserve in Tamil Nadu (95,800 ha), and
Parambikulam Tiger Reserve (63,400 ha) and
Vazhachal Reserved Forest in Kerala (41,395 ha),
retain over 30,000 ha of contiguous and rela-
tively undisturbed rainforests alongside other
vegetation types (Osuri et al. 2017).

The rainforest remnants of the Valparai Pla-
teau are former primary forests that have been
degraded by the impacts of forest fragmentation,
and by resource extraction—mainly selective fell-
ing for timber by plantation companies in the
past, and firewood collection by local people
(Mudappa and Raman 2007, Raman et al. 2009).
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Fig. 1. Map of Valparai Plateau and surrounding areas in the Western Ghats Mountains of India showing for-
est cover and non-forest areas (white). The general locations of the restoration and benchmark sites sampled in

this study are marked.
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These remnants also sustain natural regeneration
of shade-tolerant non-native plantation species
such as Coffea canephora, C. arabica, and Maesopsis
eminii that invade from abandoned plantations
within the remnants, and from active shade cof-
fee plantations in the surrounding landscape
(Muthuramkumar et al. 2006, Joshi et al. 2009).
Disturbance-adapted non-native shrubs such as
Lantana camara and Chromolaena odorata are also
prolific in some areas (Joshi et al. 2015). Despite
the degradation, these remnants nevertheless
retain significant conservation value for a range
of plant and animal species (Muthuramkumar
et al. 2006, Raman 2006, Sridhar et al. 2008,
Wordley et al. 2017, Harikrishnan et al. 2018).

Ecological restoration

Three major plantation companies in the Val-
parai landscape have participated in biodiversity
conservation and ecological restoration projects
in rainforest remnants on their lands since the
year 2000 (Raman et al. 2009). To date, the com-
panies have extended protection to over 1075 ha
of forest biodiversity plots across 35 rainforest
remnants and taken steps to prevent tree felling,
hunting, and fuelwood extraction, that is, passive
restoration, in these areas (Mudappa and Raman
2007). Around 100 ha of degraded forests within
these protected remnants has been taken up for
active restoration since 2000 by removing weeds
and planting a diverse mix of nursery-raised
native tree saplings. Planting in the 7- to
15-yr-old restored areas surveyed in this study
comprised on average 1099 saplings/ha (1 SE =
154 saplings/ha) and 106 species/ha (1 SE =
15 species/ha; Appendix S1: Table S1).

Sampling design and site selection

Our study focused on 25 pairs of actively
restored (AR; 7-15 yr since restoration) and pas-
sively restored or naturally regenerating (NR)
sites within biodiversity plots across 11 rainforest
fragments and remnants. Individual AR sites
were approximately 1.0 ha in area, on average.
NR sites were selected in a manner that maximized
spatial proximity and similarity to respective AR
sites in terms of topography, physiognomy, dis-
tance to edge, vegetation, and levels of degrada-
tion at the time of restoration. AR-NR site pairs
were selected using photographs of the sites pre-
restoration (Appendix S1: Fig. S1), and experiences
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of DM, TRSR, and field assistants who led the
restoration efforts across all the 2002-2010
restoration sites. We also sampled vegetation at
17 locations across six areas of relatively intact
benchmark (BM) rainforests, two located within
the interior of a well-protected 70-ha fragment,
and the remaining 15 within contiguous rain-
forests of the surrounding State-protected wild-
life reserves at locations where elevation, climate,
and natural vegetation type were similar to the
restoration sites (Muthuramkumar et al. 2006).

We estimated isolation of our AR-NR pairs as
the distance to the nearest edge of relatively large
and undisturbed rainforests (hereafter, distance
to contiguous forest) located within the Ana-
malai Tiger Reserve and adjoining nature
reserves. We did not consider other forest rem-
nants in the fragmented landscape in estimating
this index of isolation as these forests may be
heavily degraded (Muthuramkumar et al. 2006)
and thus might not act as seed sources for the
restoration sites. Our index of site isolation was
strongly and negatively correlated with remnant
patch size (Spearman correlation R, = —0.70;
P <0.001), indicating that remnants close to
the nature reserve are larger than more isolated
ones.

Vegetation sampling

Square vegetation plots of 20 m side (0.04 ha)
were placed in each AR (N = 25), NR (N = 25),
and BM (N =17) location. All trees > 10 cm
girth at breast height (gbh) were identified, and
measurements of gbh and height were taken
using a tape measure and laser range
finder, respectively. Naturally recruited saplings
(>10 cm height and < 10 cm gbh) were sampled
using 5 x 5 m square sub-plots located at the
center of the tree plots in 15 older (>10 yr) AR
plots, 15 corresponding NR plots, and 15 bench-
mark forest plots. Tree species were identified
using botanical and field keys (Gamble and Fis-
cher 1935, Pascal and Ramesh 1997), and based
on the authors’ familiarity with the flora, and col-
lections made during an earlier botanical study
in the area (Muthuramkumar et al. 2006).

We assessed plot-level percent canopy cover
from the center of each plot visually (all plots)
and using a spherical canopy densiometer (in 15
AR, NR, and BM plots each). For the former
method, an observer looking up from ground
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level at the plot center visually estimated the
fraction of their view covered by canopy vegeta-
tion, versus open to sky, over a ~10 m radius. For
the latter method, a spherical crown densiometer
(Forestry Suppliers) was used to take four
canopy cover readings (in each cardinal direc-
tion) that were averaged for a single plot-level
estimate. Visual and densiometer-based esti-
mates were highly correlated (Pearson correla-
tion Rp=0.84, P <0.001), and the former
variable was used in all subsequent analyses of
percentage canopy cover, as data were available
for all plots.

Aboveground carbon storage

Aboveground biomass of individual trees
(AGB.g;) was estimated using the following allo-
metric equation developed by Chave et al
(2014):

AGBey = 0.0673 x (pD*H)*”"*
where p is species wood density (g/cm’), D is tree
diameter at breast height (dbh, in cm), and H is
tree height (m).

Aboveground biomass at the plot level was
calculated as the summation of AGB.; across all
trees within each plot, and aboveground carbon
storage was assumed to constitute 47.1% of
aboveground biomass following Thomas and
Martin (2012). Wood density data were obtained
from the Global Wood Density Database (Chave
et al. 2009, Zanne et al. 2009), and from data col-
lected by AMO and colleagues in the Western
Ghats (Osuri et al. 2014, Ratnam et al. 2019).
Genus-level average wood densities were used in
the absence of species-level estimates (Chave
et al. 2006), and trees lacking genus-level wood
density estimates were assigned a value of
0.54 g/cm®, which corresponds to the commu-
nity-weighted average of species with known
wood densities across plots in this study. Overall,
53% of species and 61% individuals in the study
had species-level wood density data, while data
at the genus level were available for 89% of all
species and individuals.

Analysis

A total of 11 indicators were assessed as
response variables. These include (1) five indica-
tors of forest structure: canopy cover (%), adult
and sapling tree density (trees/plot), and adult

ECOSPHERE *%* www.esajournals.org

OSURI ET AL.

tree log-height (m) to log-diameter (cm) ratio; (2)
six indicators of tree diversity and community
composition: adult and sapling species density
and late-successional species density (species/
plot), the percentage of sapling density compris-
ing native species (%), adult compositional simi-
larity (Bray-Curtis) to less-disturbed rainforests
(%), and (3) aboveground carbon storage
(Mg/ha). Species’ habitat affinity classifications
(late-successional vs. early-successional vs. intro-
duced) were obtained from publications describ-
ing the tree flora of the study region and/or the
Western Ghats, collated by Osuri et al. (2017).
We estimated tree height-diameter ratios (tree
HD) and aboveground carbon storage at the level
of individual trees and aggregated these as aver-
ages and totals, respectively, at the plot level.

We examined the effects of active restoration
(AR vs. NR) on the 11 indicators and asked
whether restoration effects vary with distance
from contiguous forests, using generalized linear
mixed effects models (GLMMs). Eleven GLMMs
were run with each indicator as response vari-
able and restoration strategy (NR or AR), dis-
tance to contiguous forest, and a two-way
interaction between restoration strategy and dis-
tance, included as fixed effect predictor variables.
Plot-pair name was included as a random effect
grouping term, specifying the pairing of AR and
NR plots. Consistent with the statistical distribu-
tions of response variables, models for tree den-
sity and species density were specified to the
Poisson family (counts), canopy cover, and
native sapling fraction to the Binomial family
(proportions), and others were specified to the
Gaussian family of models (log-transformation
applied to aboveground carbon storage).
Restoration strategy and distance to contiguous
forest were inferred as having consistent effects
on a given ecological indicator if the model inter-
cept and slope, respectively, had 95% confidence
interval ranges that did not intersect zero (Naka-
gawa and Cuthill 2007). Similarly, the effects of
active restoration were inferred as increasing or
decreasing with distance to contiguous forests if
the two-way interaction term had positive or
negative 95% CI ranges, respectively.

We translated active restoration effects on the
different indicators in terms of percent recovery,
with respective NR forests providing the baseline
(0%), and BM forests representing 100% recovery.

September 2019 %* Volume 10(9) ** Article e02860



Percentage recovery of each indicator was
calculated as 100 x (AR-NR)/(BM-NR), where
the numerator corresponds to the average
effect & 95% CI of active restoration on that indi-
cator, estimated using the GLMMs described
above, and the denominator corresponds to the
average difference between BM and NR plots
estimated using generalized linear models. Posi-
tive values of this metric reflect recovery toward
benchmark levels under active restoration, while
neutral and negative values reflect no recovery
and divergence from benchmarks, respectively,
relative to NR baselines.

As the most isolated sites in our study (Injipara
and Stanmore) were among the earliest to be
restored, and planted with relatively high densities
of saplings, the distance to contiguous forest
covariate was collinear with age (Rp = 0.66;
P <0.01) and planted sapling density (Rp = 0.52;
P <0.01). To disentangle distance effects from
those of age and planting density, we additionally
ran the GLMMs after excluding data from the two
sites (4 AR-NR plot pairs), which effectively
removed the collinearity (P > 0.6). Only models
having qualitatively similar outcomes between the
overall and subset datasets were interpreted for
restoration strategy-distance effects. All data man-
agement, statistical analyses, and graphics were
prepared using the R statistical and computing
environment (R Core Team 2017).

REsuLTs

We recorded 3146 trees belonging to 150 spe-
cies across all our plots, including 1116 trees and

(a)
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97 species in benchmark (BM) forests, 1289 trees
and 99 species in actively restored (AR) sites, and
741 trees and 79 species in naturally regenerating
(NR) sites (Fig. 2a). A total of 3084 individuals
and 111 species of saplings were reported in the
regeneration plots, with 1467, 1081, and 536 indi-
viduals and 81, 62, and 37 species encountered in
BM, AR, and NR plots, respectively (Fig. 2b).

Effects of active restoration and recovery relative
to benchmarks

Median (and average) canopy cover, tree den-
sity, species density of adults and saplings, sap-
ling native fraction, compositional similarity to
benchmark forests, tree height-diameter ratios,
and aboveground carbon stocks were lowest in
passively restored sites, intermediate in actively
restored sites, and highest in benchmark forests
(Table 1).

Active restoration had positive and consistent
(i.e., positive 95% CI range) effects, indicating
significant recovery of canopy cover (82%), adult
tree density (69%), species density (49%), late-
successional species density (42%), and composi-
tional similarity to benchmark forests (14%),
relative to difference between benchmark and
passively restored sites (BM — NR; Fig. 3).
Sapling density, species density, and late-
successional species density also recovered con-
sistently by 51%, 52%, and 34%, respectively,
while aboveground carbon storage recovered
47% in actively restored forests (Fig. 3, Table 1).
By contrast, tree height—diameter ratios and the
percentage of native saplings were not consis-
tently related to active restoration (i.e., 95% CI

(b)

e

BM

Fig. 2. The number of species of trees (a) and saplings (b) recorded in actively restored (AR), naturally regener-
ating (NR), and benchmark (BM) rainforest plots in the Western Ghats, India.
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Table 1. The medians, averages, and 95% confidence intervals of 11 ecological indicators across plots in naturally
regenerating, actively restored, and benchmark rainforests in the Western Ghats, India.

Naturally regenerating Actively restored Benchmark
Ecological indicator Median Mean CI Median Mean CI Median Mean CI
Canopy cover (%) 20.0 278 17.0-38.6  65.0 58  50.9-65.1 75.0 75.0  70.0-80.0
Tree density (no. trees/plot)
Overall 29.0 29.6 222-371 490 51.6 40.1-623  65.0 65.6  58.1-73.2
Small trees (3-15 cm dbh) 24.0 247 17.6-31.8 410 415 31.3-51.8  53.0 534  46.1-60.6

Medium-sized trees (15-40 cm dbh) 5.0 3.6 2448 7.0 8.4 6.5-10.3 8.0 7.6 5.3-9.9
Large trees (>40 cm dbh) 1.0 14 0.6-4.8 1.0 1.6 1.0-2.3 5.0 47 3.7-57
Tree height-diameter ratio (log-log) 0.90 0.88 0.83-094 093 093  0.89-0.96 1.08 1.05  1.00-1.10
Tree species density (no. species/plot) 8.0 8.6  6.3-10.8 14.0 140 11.8-16.2 24.0 244 218274
Late-successional tree species density 1.0 2.5 1.3-3.7 4.0 4.8 3.5-6.0 17.0 182  159-204
(no. species/plot)
Compositional similarity 6.0 7.1 4894 10.7 9.6 8.0-11.2 25.3 248  23.7-25.9
to benchmark (%)
Sapling density (no. saplings/plot) 26.0 35.7 20.9-50.6 54.0 721 447994 720 97.8  69.5-126.1
Sapling native fraction (%) 78.6 768 65.7-88.0  86.7 79.8 67.0-926 1000 912  83.9-98.6
Sapling tree species density 5.0 6.5 4.0-9.1 13.0 13.3  10.8-15.8 21.0 202 16.7-23.7
(no. species/plot)
Sapling late-successional tree 1.0 1.5 03-26 4.0 43 3.1-5.6 18.0 159  12.9-18.8
species richness (no. species/plot)
Aboveground carbon storage 21.0 490 193-78.6 89.8 1439 4442433 261.1 287.6 215.1-360.1

(Mg/ha)

range includes zero; Fig. 3; see Appendix Sl:
Table S2 for GLMM parameter estimates).

Restoration effects in relation to distance from
contiguous forest

The interactive effects of restoration type and
distance from contiguous forests varied across
different indicators. The interaction between
restoration type and distance was consistently
positive (i.e., positive 95% CI range) for canopy
cover, adult species density, adult late-succes-
sional species density, and compositional similar-
ity to benchmarks, and for sapling late-
successional species density (Fig. 4, Table 2). For
each of the above indicators, recovery in actively
restored forests, relative to passively restored
baselines, was greater in more isolated fragments
than in those closer to or abutting continuous for-
ests. The exclusion of four plot pairs to reduce
collinearity between distance, age, and planting
strategy did not alter the above pattern (Table 2).
The interactive effects of restoration type and dis-
tance on tree height-diameter ratio and overall
sapling species density were also positive, on
average, but less consistent (Table 2). By contrast,
the restoration—distance interaction did not have
significant effects on aboveground carbon
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storage, adult tree and sapling density, and pro-
portion of mnative saplings (Table 2). See
Appendix S1: Table S2 for a summary of the
restoration type-distance parameter estimates
based on the overall and trimmed datasets.

DiscussioN

Our study from the Western Ghats shows that
active restoration can promote varying levels of
recovery of forest structure, composition, and
carbon storage in degraded tropical rainforest
fragments. Actively restored (weeds/invasive
removal + mixed-native species planting) plots
in our study had greater tree diversity, higher
densities of late-successional species among
adults and saplings, and stored more carbon,
than comparable passively restored (naturally
regenerating) plots 7-15 yr after restoration. Our
results suggest that active restoration could miti-
gate some of the effects of unfavorable abiotic
conditions, competition from invasive or weed
species, and reductions in seed dispersal, which
are known to constrain natural recovery of late-
successional tree species in fragmented tropical
forest landscapes (Laurance et al. 2002, Tabarelli
et al. 2008). Active restoration might therefore
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Fig. 3. Percentage of recovery in actively restored forests (AR-NR)/(BM-NR) across different ecological indica-

tors. Bars represent average recovery, with dark and light coloring representing the presence or absence of consis-
tent recovery in AR relative to NR based on 95% Cls, respectively.

generate larger conservation and climate change
mitigation gains relative to passive restoration in
fragmented tropical forests, compared to
degraded forests in less fragmented landscapes
(e.g., selectively logged or secondary forests),
which are known to recover naturally over time
without active interventions (Letcher and Chaz-
don 2009, Martin et al. 2013, Meli et al. 2017).
Our findings highlight that the nature of
restoration targets, and degree of isolation in
fragmented landscapes, can alter the balance of
(recognized) benefits to costs of active versus
passive restoration. First, our results suggest that
while active restoration could drive consistent
recovery of indicators directly related to specific
interventions, the recovery of indicators not
directly related to the interventions may be
weaker and more variable. For example, planting
native trees in AR plots had a strong direct effect
on tree density (69% recovery toward BM tar-
gets), but indirect effects on indicators that might
be influenced by changes in tree density and
diversity, such as height-diameter ratios (Osuri
et al. 2014) and regeneration of late-successional
species (Wills et al. 2017), were weaker and more
variable. Estimates of recovery in restored for-
ests, and of the efficacy of active versus passive
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restoration interventions, can therefore vary
markedly depending on what types of indicators
are prioritized in assessments of restoration suc-
cess.

Second, patterns of spatial variation in the ben-
efits of active restoration over natural regenera-
tion are likely to differ by indicator type across
fragmented landscapes. In our study, adult and
sapling densities of late-successional species
decreased with isolation in naturally regenerat-
ing forest plots, possibly as a result of seed dis-
persal limitation (Cramer et al. 2007, Osuri et al.
2017), but either did not vary or increased with
isolation in actively restored forest plots. This
result suggests that actively restoring degraded
forests in isolated sites, combined with securing
natural regeneration in areas closer to intact for-
ests, could prove an effective strategy for
restoring late-successional tree species and com-
munities in landscapes of forest fragments. By
contrast, the absence of a relationship between
the effects of active restoration on carbon storage
and isolation suggests that active restoration
could provide benefits for climate change mitiga-
tion in isolated and in well-connected fragments,
at least over the relatively short timeframes (e.g.,
10-15 yr) targeted by major climate change
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Fig. 4. Canopy cover (a), adult species density (b), late-successional (LS) species density (c), compositional sim-
ilarity to benchmark rainforests (d), and LS sapling species density (e) in relation to geographical distance from
contiguous rainforests across AR and NR plots. Lines represent fitted generalized linear models which included
a two-way interaction between restoration strategy (AR vs NR) and distance. GLMM slopes were statistically dif-

ferent between AR and NR for all five responses.

policies (United Nations 2015). Collectively, these
findings underscore the importance of consider-
ing multiple components of recovery (Gatica-
Saavedra et al. 2017), and accounting for spatial
heterogeneity in natural regeneration (Molin
et al. 2018), in prioritizing active and passive
interventions within restoration strategies for
degraded forests.

While increases in the magnitude of active
restoration effects with distance from contiguous
forests are consistent with our hypothesis, higher
absolute values of some indicators in AR plots in
more isolated sites (e.g., late-successional sapling
density: Fig. 4e) were unexpected. These patterns
remained qualitatively unchanged even after
accounting for covariation between isolation,
age, and planting density among our study sites
(Table 2) and point to the possible influence of
other factors affecting tree and sapling densities
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that vary along the isolation gradient, such as
potentially higher levels of herbivory close to
contiguous forests (Benitez-Malvido 1998).
Although our restoration sites are comparable
in age (7-15 yr) to the majority of empirical stud-
ies on the effects of ecological restoration (Wortley
et al. 2013, Meli et al. 2017), they are young rela-
tive to the timescales of tropical forest succession
and recovery, which typically span decades to cen-
turies (Chazdon 2003, Mart-Spiotta et al. 2007).
Compared to degraded forests in less fragmented
landscapes that may attain mature forest levels of
tree diversity and carbon storage over 20-30 yr of
natural recovery (Letcher and Chazdon 2009),
restored fragmented forests in our study appear
on a trajectory of relatively low and/or slow recov-
ery (species richness, 49%; carbon storage, 47%).
Longer-term recovery in the restored areas may be
facilitated by the sealing of fragment edges by
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