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Summary

1. Developing restoration strategies that accelerate natural successional processes and are
resource-efficient is critical to facilitating tropical forest recovery across millions of hectares
of deforested lands in the tropics.

2. We compared tree recruitment after a decade in three restoration treatments (natural
regeneration, applied nucleation/island tree planting and plantation) and nearby reference for-
est in the premontane rain forest zone in southern Costa Rica. The study was replicated at 13
sites with a range of surrounding forest cover, enabling us to evaluate the relative influence of
local restoration treatments and landscape forest cover on tree recruitment.

3. Density of small-seeded (<5 mm), animal-dispersed recruits was lower in natural regenera-
tion than in applied nucleation, plantation or reference forest plots. Species richness, species
density and density of medium (5-10 mm)- and large (>10 mm)-seeded, animal-dispersed
recruits were greatest in reference forest, intermediate in applied nucleation and plantation
and lowest in natural regeneration plots.

4. Recruit composition differed substantially between reference forest and all restoration
treatments. In general, plantation recruit composition was more similar to reference forests
and natural regeneration least similar; however, there was high within-treatment variation.

5. Models suggested weak support for the effect of surrounding forest cover on tropical tree
recruit density and composition, as compared to restoration treatment and site conditions
(e.g. elevation), in this intermediate forest cover landscape.

6. Synthesis and applications. Applied nucleation appears to be a cost-effective strategy as com-
pared to plantation-style planting to accelerate tropical forest recovery regardless of the amount
of forest cover immediately adjacent to the site. However, even with active restoration interven-
tions, forest recovery is a multidecade process that proceeds at highly variable rates.

Key-words: animal-dispersed seeds, applied nucleation, forest recovery, island tree planting,
landscape forest cover, natural regeneration, seedling recruitment, succession, tree plantation,
tropical reforestation

Introduction

Secondary forests comprise >60% of forest area world-
wide and a growing portion of tropical landscapes
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(Chazdon 2014). Human interventions to direct succes-
sional trajectories of these recovering habitats provide an
ideal opportunity to experimentally test the effect of ini-
tial conditions on community assembly processes (Suding,
Gross & Houseman 2004; Chazdon 2008) and provide
guidance on how to allocate limited resources to manage
and restore forest ecosystems.

Some tropical forests recover with little intervention
when the impeding disturbance (e.g. grazing, fire) is
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removed and succession can proceed (Aide er al. 1996;
Guariguata et al. 1997; Letcher & Chazdon 2009). In areas
with extensive deforestation, however, a combination of
low seed dispersal, aggressive exotic vegetation, microcli-
matic extremes and/or soil degradation can slow or arrest
forest succession (Ashton et al. 2001; Holl 2012). The most
widespread strategy to overcome these barriers is to plant
trees (Lamb 2011; Holl 2012), but expansive tree planting
can create homogeneous habitat conditions (Holl et al.
2013) that lead to legacy effects on nutrient cycling and
vegetation composition (Cusack & Montagnini 2004;
Boley, Drew & Andrus 2009; Sansevero et al. 2011).

Less homogeneous planting strategies may overcome
barriers to recovery without redirecting the successional
trajectory (Zahawi & Augspurger 2006; Rey Benayas, Bul-
lock & Newton 2008). One such approach is applied
nucleation, where trees are planted in patches rather than
as a contiguous plantation (Corbin & Holl 2012). This
approach is based on nucleation theory (Yarranton &
Morrison 1974), a natural recovery process where pioneer
shrubs and trees establish patchily and facilitate recruit-
ment via enhanced seed dispersal and improved establish-
ment conditions; patches spread outward clonally and/or
by facilitating the colonization of later-successional spe-
cies. Applied nucleation has shown a great deal of pro-
mise as a restoration approach (Rey Benayas, Bullock &
Newton 2008; Corbin & Holl 2012), given that it simu-
lates a natural recovery pattern and reduces tree planting
costs, but it remains unclear how this strategy influences
successional trajectories. Whereas several studies show
that applied nucleation catalyses seed dispersal and seed-
ling recruitment over short time periods (e.g. Robinson &
Handel 2000; Zahawi & Augspurger 2006; Zahawi et al.
2013), its efficacy diminished over time in two longer-
term, temperate forest studies. Both Corbin et al. (2016)
and Rey Benayas ez al. (2015) found less spread of
planted tree nuclei than anticipated due to strong limita-
tion of animal-dispersed seeds and, in the latter study,
intensive seed predation and seedling herbivory. However,
it is not known whether restored plant communities will
be more or less similar to reference forests under applied
nucleation relative to alternative restoration strategies.

Successional trajectories are affected not only by
restoration strategy and local site conditions, but also by
proximity to propagule sources, such as old-growth for-
ests. Many past studies demonstrate the importance of
proximity or functional connectivity to remnant forest for
increased seed rain and tree recruitment in tropical forest
succession (Zanne & Chapman 2001; Kauano et al. 2014;
Crouzeilles & Curran 2016; de la Pena-Domene, Minor &
Howe 2016), but some show no such trend (e.g. Aide
et al. 1996; Zahawi et al. 2013; Rocha, Vieira & Simon
2016). At the same time, local factors, such as canopy
cover and understorey vegetation, strongly affect seed dis-
persal and seedling establishment and survival (Hooper,
Legendre & Condit 2005; Omeja et al. 2011; Holl 2012).
What rarely has been tested is how the relative influence

of local site interventions vs. surrounding landscape
changes over time during forest recovery, as most studies
have been conducted at one or a few sites and for a short
time period (reviewed in Chazdon 2008).

We use a decade-long tropical forest restoration experi-
ment to evaluate the relative importance of local restora-
tion treatment and surrounding forest cover on tree recruit
abundance, diversity and community composition in
restored sites relative to nearby reference forests. The study
specifically compares three restoration treatments (natural
regeneration, applied nucleation and tree plantations) repli-
cated at 13 sites with a range of surrounding forest cover.
Based on tree recruitment data from the first few years
(Zahawi et al. 2013), seed rain data collected 3 years prior
to this study (Reid, Holl & Zahawi 2015) and extensive past
literature on tropical forest recovery, we predicted that tree
recruit communities in applied nucleation and plantation
treatments would be more similar to reference forest than
in natural regeneration plots, largely due to greater recruit-
ment of species with large, animal-dispersed seeds. We also
hypothesized that recruitment composition would be more
similar to reference forest in sites with higher surrounding
forest cover, due to a more similar suite of seed dispersers
(Reid et al. 2014). This is the first study comparing multiple
tropical forest restoration strategies replicated at several
sites from the time of inception through the first decade.
We compare the relative effects of different restoration
approaches on forest recovery and their interactions with
landscape processes, which is critical to most efficiently
allocate the limited funds available to restore the immense
areas of degraded tropical lands (Chazdon et al. 2009; Aide
et al. 2013).

Materials and methods

STUDY REGION

This study was conducted at thirteen ~1-ha sites spread across an
~100-km? area between the Las Cruces Biological Station (LCBS;
8° 47" 7" N; 82° 57" 32" W) and Agua Buena (8° 44’ 42" N; 82°
56’ 53" W) in southern Costa Rica (see Fig. SI and Table S1,
Supporting Information). Sites are in the tropical premontane
rain forest zone (Holdridge et al. 1971), range in elevation from
1100 to 1430 m asl and receive mean annual rainfall of 3500—
4000 mm with a dry season from December to March. Mean
annual temperature is ~21 °C. All sites are separated by a mini-
mum of 700 m, and the surrounding landscape is a mosaic of
agricultural fields and pasture interspersed with remnant forest
patches. Tree cover surrounding the plots ranged from 0 to 85%
and 11 to 89% at 100- and 500-m buffers, respectively (see
Fig. S1 and Table S1).

All sites were farmed for >18 years and most were burned once
or twice after clearing, but not thereafter. Most sites had been
used for a mixture of cattle grazing and coffee farming and, at
the start of the study, were either dominated by one or a combi-
nation of three forage grasses, Axonopus scoparius (Fliggé)
Kuhlm., Pennisetum purpureum Schumach. and Urochloa brizan-
tha (Hochst. Ex. A. Rich.) R.D. Webster, or hosted a mixture of
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grasses, forbs and the fern Preridium arachnoideum (Kaulf.)
Maxon. Most sites are steeply sloped (15-35°). Soils are volcanic
in origin, mildly acidic (pH = 5-3 + 0-04; mean + SE), low in P
(Mehlich IIT: 3.9 + 0-4 mg kg ') and high in organic matter
(167 + 0-8%) (Holl & Zahawi 2014).

EXPERIMENTAL DESIGN

At each site, we established three 0-25-ha (50 x 50 m) plots, each
separated by a >5-m buffer. Each plot received one of three ran-
domized treatments: natural regeneration, applied nucleation or
plantation (see Fig. S2). Plantations were uniformly planted with
tree seedlings, whereas the applied nucleation treatment was planted
with six tree islands of three sizes: two each of 4 x 4, 8 x 8 and
12 x 12 m. Tree island sizes were randomly arranged within each
row and were separated by >8 m. Planting density was kept con-
stant (~2-8 m); 313 trees were planted in plantation, 86 in applied
nucleation and none in natural regeneration plots (Holl et al. 2011).
All plots (including natural regeneration) were cleared to ground
level by machete at ~3-month intervals for the first 2-5 years to
allow planted tree seedlings to grow above existing vegetation.

We planted seedlings (20-30 cm tall) of four tree species that
have high survival, rapid growth and extensive canopy develop-
ment (Nichols & Carpenter 2006; Calvo-Alvarado, Arias & Rich-
ter 2007). These included two natives, Terminalia amazonia (J.F.
Gmel.) Exell (Combretaceae) and Vochysia guatemalensis Donn.
Sm. (Vochysiaceae), and two naturalized softwoods, Erythrina
poeppigiana (Walp.) Skeels and Inga edulis Mart. (Fabaceae), that
are used widely in intercropping systems in Central America.

Five sites were established in 2004, five in 2005 and three in
2006. Because of high variability in tree growth rates, mean tree
height and cover development overlapped substantially among
planting years (see Table S1; Holl ef al. 2011; Holl & Zahawi
2014), so no temporal planting consideration was included in
analyses. At the time of this study (2015), most natural regenera-
tion plots had sparse canopy cover and dense grass cover
(Table S2 and Fig. S3), but a couple had more extensive cover of
trees and shrubs. In applied nucleation plots, canopy cover (mean
45-5% canopy >5 m tall based on overflights in 2013) was much
greater than the initial planted area (18%), but varied depending
on the amount of expansion of the planted tree nuclei. Most
plantations and all reference forests had dense canopy cover with
substantial bare ground.

DATA COLLECTION

In June-July 2015 (9-11 years after plot establishment), we sam-
pled tree seedlings (>0-2 and <l m tall) and saplings (=1 m tall
and <5 cm d.b.h.) in all restoration treatment and reference forest
plots at the six sites with a sufficient area of remnant forest
nearby that had not been logged or used for agriculture. We
focused on smaller recruit size classes, as they typically show the
strongest habitat filtering, change rapidly and can foreshadow
shifts in forest community composition. We identified saplings in
forty 2 x 4 m quadrats in each plot (320 m?> per plot) and
recorded seedlings in 1 x 2 m quadrats nested within the sapling
quadrats (80 m? total). Quadrats were distributed in four belt
transects of 10 m each in natural regeneration, plantation and
reference forest treatments with one randomly located in each of
the four quadrants of the plot (see Fig. S2). In the applied nucle-
ation treatment, quadrats were distributed along six belt transects
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aligned from the interior to outside the initial planted areas of
the three nuclei sizes, with six adjacent quadrats in small and
medium nuclei and seven in large nuclei. The 5-m edge at the
perimeter of the plot was not sampled.

DATA ANALYSIS

We initially conducted analyses on seedlings and saplings sepa-
rately, but results were similar so we present analyses of all recruits
combined, hereafter referred to as ‘recruits’. All analyses were car-
ried out using R v. 3.2.4. (www.r-project.org). Means + 1 standard
error are reported, unless otherwise specified.

We tested the relative influences of restoration treatments and
landscape forest cover on tree recruitment using linear mixed-
effects regression (Ime4; cran.r-project.org/web/packages/lme4).
Response variables included recruit density (individuals per m?),
species density (number of species per plot) and compositional
similarity to recruitment in the six reference forests. Recruit den-
sity was analysed separately for wind- and animal-dispersed spe-
cies in three seed size classes (<5, 5-10, >10 mm). We conducted
recruit density analyses with and without recruits of planted tree
species. As recommended by Anderson et al. (2011), composi-
tional similarity was quantified using three indices with different
characteristics: Morisita—Horn (abundance-based), Chao (abun-
dance-based and corrects for unseen species in diverse systems)
and Serenson (presence/absence). Results of all three were simi-
lar; we present the Morisita—Horn results in the main text since it
is the most robust to uneven sampling (Chao et al. 2006) and the
others in supplementary information. We removed one natural
regeneration plot from community similarity comparisons, as it
only had one recruit. Recruit and species densities were log-trans-
formed, and compositional similarities were arcsine-square-root-
transformed to meet model assumptions.

Lacking a priori knowledge about the scale of landscape
effects, we compared models using forest cover calculated within
13 concentric buffers around each plot (50-650 m; Fahrig 2013).
We calculated forest cover using a hand-digitized map (2-m reso-
lution) based on aerial photography from 2003 and 2005 (Men-
denhall et al. 2011), the time period when our experiment was
initiated. Forest cover included old-growth and regrowth forest
fragments, and trees growing in fence rows, gardens and tree
plantations. For each response variable, we chose the forest cover
buffer that minimized model deviance and then used AIC. scores
to compare a fully specified model to all nested models. In cases
where AIC. support was nearly equivalent (AAIC. <2), we
selected the simplest model.

All models used Gaussian error distribution and included a
random, intercept-varying site factor to account for our random-
ized block design. Model fit was assessed by plotting residuals,
and by calculating the proportion null model deviance explained
by the fitted model. Pairwise tests for treatment effects were per-
formed using simultaneous linear hypothesis testing (function glht
in R package multcomp), which uses a single-step method to
account for familywise error.

To visualize compositional differences between restoration
plots and reference forests, we used non-metric multidimensional
scaling (NMDS) with Morisita—Horn, Chao and Serenson dis-
tances to account for patterns based on abundance and presence/
absence (vegan v. 2.3-4; cran.r-project.org/web/packages/vegan).
We evaluated differences between the centroid and variances of
restoration treatments and reference forests using permutational
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analysis of variance (PERMANOVA) and dispersion (PERMDISP) tests
(Anderson & Walsh 2013). We tested for correlations between
geographic distances and dissimilarities in recruit composition
among sites with a Mantel test (vegan v. 2.3-4).

Results

OVERVIEW OF TREE RECRUITMENT

We recorded 6215 recruits belonging to 181 species and
56 families, 43% of which were seedlings and 57% were
saplings. In the restored sites, 0-8% of saplings and 8-9%
of seedlings were from planted species, primarily E. poep-
pigiana recruits (75%) that largely die within the first year
after establishment (K. D. Holl & R. A. Zahawi, unpub-
lished data), and 24% were of I. edulis; only two recruits
of T. amazonia and none of V. guatemalensis were
recorded. Across all restored plots, 87-9% of recruits had
seed adapted for animal dispersal, 10-2% for wind disper-
sal and 1-8% for explosive dispersal (all Croton tenuicau-
datus). In contrast, 96-9% of recruits in reference forests
were animal-dispersed, 2-0% gravity-dispersed, 0-4%
wind-dispersed and 0-4% explosively dispersed.

RESTORATION TREATMENT

We recorded 42 species in natural regeneration plots, 97
species in applied nucleation and 102 in plantations across
all 13 restoration sites, as well as 129 species in the six refer-
ence forest plots (Fig. 1a; see Table S3). Average species
density per plot was greatest in reference forests
(51-5 £ 7-6), intermediate in applied nucleation (20-8 +
2-8) and plantation (22-3 £+ 3-2) and lowest in natural
regeneration (8:5 + 1-4) (see Table S4). Recruits in natural
regeneration plots were composed of a small set of common
species, whereas some species in applied nucleation and
plantation plots and many species in the reference forest
were represented by a few individuals (Fig. 1b).

The density of small-seeded, animal-dispersed recruits
was lower in natural regeneration plots than in applied
nucleation, plantation or reference forest (Fig. 2a), and this
difference was much stronger when we removed one natural
regeneration plot with particularly high recruitment (50%
of small-seeded, animal-dispersed recruits recorded in all
natural regeneration plots). Density of small-seeded, ani-
mal-dispersed recruits did not differ among the other treat-
ments, although there was a trend towards higher density in
the applied nucleation treatment (Fig. 2a). Density of med-
ium- and large-seeded animal-dispersed recruits was signifi-
cantly greater in applied nucleation and plantation than in
natural regeneration plots, but the values were much lower
than in reference forests, particularly for large-seeded spe-
cies (Fig. 2b,c); the planted species 1. edulis comprised 30%
of large-seeded, animal-dispersed recruits in applied nucle-
ation plots and 15% in plantations. Wind-dispersed recruit
densities were low in all treatments, and over half of wind-
dispersed seedlings in all restoration treatments were from

1

(a) 140
120
100
80
60
40
20

Number of species

1 1 1 1 ]
0 100 200 300 400 500
Samples

—_—

o

~—

a

o

o
1

- =— = — Natural regeneration
= ====Applied nucleation
Plantation

— — Reference forest

Abundance
wo o
oo O
T T T

-
o
T

100 120

40 60 80
Rank

0 20

Fig. 1. (a) Species accumulation and (b) rank abundance curves
for tree recruits in four treatments. In (a), lines denote means
and shading denotes 95% confidence intervals. Samples are
recruit quadrats (n = 520 for natural regeneration, applied nucle-
ation and plantation treatments; n = 240 for reference forests).

E. poeppigiana, a planted species (Fig. 2d). Total density of
recruits was lowest in natural regeneration (0-4 £+ 0-1 m™—),
intermediate in applied nucleation (1-2 4+ 0-2) and planta-
tions (1-0 &+ 0-2) and highest in reference forest (1-8 £ 0-3),
although differences between reference forests, plantations
and applied nucleation were not significant given high
within-treatment variation (see Table S4).

Non-metric multidimensional scaling for three similarity
indices (Morisita—Horn, Chao and Serenson) resulted in
similar two-dimensional solutions (Fig. 3; see Fig. S4).
The two higher-elevation sites (AC and SP; see Table S1)
were separated from the rest of the sites on axis 1 due to
the presence of a few higher-elevation species rarely found
at the rest of the sites (e.g. Conostegia bigibbosa, Miconia
theizans). Axis 2 was driven by a gradient from wide-
spread, small-seeded species in the restored plots (e.g. var-
ious Melastomataceae, Psidium guajava,
costaricanum) to large, animal-dispersed species (e.g. Dry-
petes brownii, Guarea spp., Inga punctata) in the reference
plots. The most common species in restoration plots, and
natural regeneration plots in particular (40% of all
recruits), was Conostegia xalapensis. A few >5-mm ani-
mal-dispersed species (e.g. Allophylus psilospermus, Ocotea
puberula) were well represented in applied nucleation and
plantation plots, as well as reference forest, and hence
were located more centrally in the NMDS.

Viburnum
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(c) large (=10 mm) animal-dispersed tree recruits and (d) all
wind-dispersed recruits in natural regeneration (NR), applied
nucleation (AN), plantation (PL) and reference forest (RF).
Values are means + 1 SE (n = 13 plots for NR, AN and PL;
n =6 for RF). Letters indicate significant (a0 = 0-05) differences
in recruit density for specified guild using post hoc contrasts.

Permutational analysis of variance supported a distinc-
tive composition of seedlings and saplings in reference
forest compared to restoration plots (see Table S5). In
general, recruit composition similarity to reference forest
was higher in plantation and applied nucleation than in
natural regeneration plots; there was high within-treat-
ment variability, however, so of the restoration treat-
ments, regeneration

only plantation and natural
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Fig. 3. Morisita—Horn non-metric multidimensional scaling scores
for natural regeneration (NR), applied nucleation (AN) planta-
tion (PL) and reference forest (RF) plots (symbols) and species
(first three letters of generic and specific epithets) for two-dimen-
sional solution. Permutational analysis of variance supported a
distinctive composition of recruits in reference forest compared to
all restoration treatments (see Table S5). Centroids for each treat-
ment are indicated with red symbols (electronic version)/grey
symbols (print version). Species with >30 individuals are shown.
For full species names, see Table S3. [Colour figure can be viewed
at wileyonlinelibrary.com]

composition differed significantly for two of the three sim-
ilarity indices (see Table S5). The four treatments showed
similar levels of multivariate dispersion (PERMDISP) among
sites (see Table S5). Geographic distances among sites
were not correlated with any of the three dissimilarity
indices (Mantel test, R < 0-10, P > 0-35 in all cases).

LANDSCAPE ANALYSES

We found weak support for landscape forest cover effects on
tree recruitment. For species density and recruit density of all
three seed sizes of animal-dispersed species, the model with
only restoration treatment had more support (AAIC, > 2)
than models with landscape forest cover (see Table S6a—d).
The null model was the most parsimonious for wind-dispersed
species (see Table S6e). For the three measures of similarity to
reference forest, models including forest cover at 50 or 200 m
and restoration treatment had equal support to models with
treatment only, and the forest cover effect was generally
driven by one or two sites (see Table S6f—h).

Discussion

EFFICACY OF RESTORATION STRATEGIES

Tree recruit composition varied considerably across

restoration treatments after a decade of recovery.
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Community composition in the plantation treatment was
more similar to reference forest than in the natural regen-
eration treatment with intermediate values in applied
nucleation plots. Applied nucleation was as effective as
plantations in enhancing species richness, species density
and density of animal-dispersed tree recruits, despite the
much smaller number of trees planted. Whereas active
tree planting enhanced animal-dispersed seedling recruit-
ment, consistent with numerous studies (e.g. de la Pena-
Domene, Martinez-Garza & Howe 2013; Kauano et al.
2014; Shoo et al. 2016), tree recruit community composi-
tion in all restoration treatments was distinct from refer-
ence forest a decade into the recovery process. This result
is not surprising given that recent meta-analyses indicate
that full recovery of a range of measures in tropical for-
ests requires several decades to a century (Jones & Sch-
mitz 2009; Curran, Hellweg & Beck 2014; Crouzeilles
et al. 2016).

Differences in recruit composition among treatments
were driven by contrasting patterns in densities across the
three seed size classes of animal-dispersed recruits. Small-
seeded recruit density was significantly lower in natural
regeneration plots, but did not differ among applied
nucleation, plantations and reference forests. This finding
contrasts with seed rain data, which showed that small,
animal-dispersed tree seeds arrived at similar densities
across all treatments (Reid, Holl & Zahawi 2015). The
seed rain data suggest that these common, primarily pio-
neer, species are not strongly dispersal-limited after the
first few years of succession, as many are present as iso-
lated trees or along fence rows in this landscape and are
dispersed by common birds and bats (Lindell, Reid &
Cole 2013). Instead, the lower density of small-seeded
recruits in natural regeneration plots suggests recruitment
limitation, which is consistent with extensive literature
showing that small-seeded species are often light-demand-
ing (Dalling, Hubbell & Silvera 1998; Pearson et al. 2002)
and have lower germination and survival rates in areas
with dense grass and other ruderal vegetation (Holl 1999;
Hooper, Legendre & Condit 2005).

Both plantation and applied nucleation treatments
enhanced abundance and richness of medium- and large-
seeded recruits, which is consistent with seed rain patterns
(Reid, Holl & Zahawi 2015). There was a trend towards
greater density of medium-seeded recruits in plantation
than in applied nucleation plots; this pattern was likely
driven by differential recruitment limitation, resulting
from lower competition with grass and herbaceous species
in plantations, as well as possibly more tolerance to dense
shade (Dalling, Hubbell & Silvera 1998; Pearson et al.
2002). Nonetheless, recruit density of medium- and partic-
ularly large-seeded species was much lower in restored
plots than in reference forest. Many past studies highlight
the paucity of recruitment in restored sites of the diverse
suite of larger-seeded, typically later-successional, species
that dominate old-growth forest (e.g. de la Pena-Domene,
Martinez-Garza & Howe 2013; Shoo et al. 2016).

Planted trees can influence ecosystem trajectories by
altering nutrient cycling, which in turn affects the survival
and growth of recruiting species (Lawrence 2003; Nichols
& Carpenter 2006; Siddique er al. 2008) and can result in
planted trees self-recruiting (Sansevero et al. 2011).
Accordingly, we had anticipated a stronger recruitment
legacy effect in plantations compared to the other restora-
tion treatments, which was not the case. Recruit density
of planted species was similar in all restoration treat-
ments, likely due to the fact that the commonly recruiting
planted species (E. poeppigiana and I. edulis) are wide-
spread in the agricultural landscape, providing ample seed
sources near all our sites. We have recorded higher litter-
fall N inputs, but lower soil pH and K, in plantation plots
compared to other restoration treatments (Celentano
et al. 2011; Holl et al. 2013), which may affect tree recruit
survival and growth; it is impossible, however, to tease
out nutrient effects without manipulative experiments iso-
lating different factors.

SURROUNDING FOREST COVER

We anticipated that recruit density, particularly of med-
ium- and large-seeded species, and similarity of recruit
composition to reference forest would be positively corre-
lated with higher surrounding forest cover, as most stud-
ies show that tree recruitment in secondary tropical
forests is strongly dispersal-limited, and hence, the rate of
forest regeneration is positively correlated with the
amount of surrounding forest cover (e.g. Crk et al. 2009;
de Souza Leite et al. 2013; Kauano et al. 2014; Crou-
zeilles & Curran 2016). However, the lack of a strong for-
est cover effect is consistent with seed rain patterns in
these sites (Reid, Holl & Zahawi 2015) and some other
studies of tropical forest recovery (e.g. Aide et al. 1996;
Letcher & Chazdon 2009; Rocha, Vieira & Simon 2016).
There are a few plausible explanations for the weak sur-
rounding forest cover effect we observed at the 50-650 m
range. First, our study landscape features numerous iso-
lated trees, live fences and riparian corridors that facilitate
movement of dispersers between forest remnants that are
sources of tree seeds (Mendenhall ez al. 2011; Sekercioglu
et al. 2015; Zahawi, Duran & Kormann 2015). A second
possible explanation is that we, like many field and
remote sensing studies, evaluated the effect of overall for-
est cover, rather than presence of individual species
around each plot. We would be more likely to detect a
landscape effect if we mapped individual tree species (de
la Pena-Domene, Minor & Howe 2016), but this is
impractical at the community level given the large scale of
the study. Thirdly, we quantified the abundance and com-
position of small tree recruits, which, as discussed previ-
ously, may be more strongly establishment-limited by site
conditions than by sources of seeds in the surrounding
landscape. Fourthly, a decade may not be a sufficient time
interval to observe a surrounding forest cover effect, as
many remote sensing studies look at forest transitions
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over multiple decades. We anticipate a stronger forest
cover effect over time, as the density of medium- and
large-seeded recruits increases.

Finally, it may be a question of scale. Whereas we did
not detect forest cover effects at radii of 50-650 m around
individual sites, our results are consistent with work in
fragmented forests in Brazil suggesting that active restora-
tion efforts should be most effective in facilitating forest
recovery in landscapes (hundreds to thousands of hec-
tares) with intermediate (~30%) levels of forest cover
(Tambosi et al. 2014). Forest cover across our entire
study area is 28% (Zahawi, Duran & Kormann 2015)
consistent with this prediction. Likewise, studies in others
regions support the prediction that natural regeneration
occurs more rapidly in landscapes with higher forest cover
(Letcher & Chazdon 2009; Crouzeilles & Curran 2016;
Rocha, Vieira & Simon 2016) than in large areas nearly
devoid of trees (Blackham, Webb & Corlett 2014).

VARIATION IN RECOVERY ACROSS SITES

Our results underscore the importance of replicating
restoration studies and collecting long-term data at multi-
ple sites from the outset of succession to capture the full
range of recovery outcomes and enable robust ecological
conclusions and management recommendations. We
observed high variability in recruitment rates within the
same treatment at different sites. This variability is consis-
tent with previous studies highlighting the stochastic nat-
ure of tropical forest recovery (Norden et al. 2015). Many
studies on tropical forest community assembly have fewer
than five replicates (e.g. Holl 1999; Zahawi & Augspurger
2006; Dent, DeWalt & Denslow 2013), yet results from
one or two sites can be strongly affected by differences in
prior land-use (Holl & Zahawi 2014) or site conditions
(e.g. elevation, soil type). Moreover, many studies rely on
chronosequences, which have limited utility in predicting
successional trajectories within individual sites (Chazdon
et al. 2007; Feldpausch et al. 2007). Chronosequence stud-
ies often equate a certain degree of canopy cover with site
age, thereby biasing towards sites where recovery is more
rapid. Moreover, in our experience, sites where tree
recruitment is limited, and hence appear as failures, are
more likely to be recleared (Zahawi, Reid & Holl 2014),
which further favours the selection of ‘successful’ recovery
sites for inclusion in chronosequence studies.

MANAGEMENT IMPLICATIONS

Our results suggest that applied nucleation is a promising
strategy for facilitating forest recovery, particularly in for-
mer agricultural lands in the tropics, where planted trees
enhance dispersal of many animal-dispersed species and
reduce competition with pasture grasses. In our case, we
planted 27% of the trees in applied nucleation plots as in
plantations, which resulted in a corresponding reduction
in planting and maintenance costs over the first few years.
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Although there are slightly more medium-seeded, animal-
dispersed tree species recruiting in plantation plots, the
overall effect in enhancing recruitment was similar using
applied nucleation and the more costly plantation restora-
tion approach.

Local site conditions and restoration strategy had a
much stronger effect on recovery than did surrounding
forest cover. This is promising, as it suggests that in land-
scapes with sources of seed dispersing fauna and vegeta-
tive propagules, active restoration efforts can help
facilitate the establishment of a diversity of species regard-
less of amount of forest cover immediately surrounding a
site (Tambosi et al. 2014).

Finally, our results demonstrate the slow and highly
unpredictable nature of tropical forest recovery in former
agricultural lands. Although tree planting served to acceler-
ate recovery, many large-seeded species have yet to colonize.
More will likely colonize over time, but including large-
seeded tree species in the mix of trees planted at the outset or
later as part of enrichment planting would facilitate their
establishment (Martinez-Garza & Howe 2003). Given the
slow recovery time for a full complement of species, these
results reiterate the importance of protecting old-growth
forest to conserve a region’s full complement of biodiversity.
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