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Remnant Trees Affect Species Composition but Not
Structure of Tropical Second-Growth Forest
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Abstract

Remnant trees, spared from cutting when tropical forests are cleared for agriculture or grazing, act as nuclei of forest
regeneration following field abandonment. Previous studies on remnant trees were primarily conducted in active pasture or
old fields abandoned in the previous 2-3 years, and focused on structure and species richness of regenerating forest, but
not species composition. Our study is among the first to investigate the effects of remnant trees on neighborhood forest
structure, biodiversity, and species composition 20 years post-abandonment. We compared the woody vegetation around
individual remnant trees to nearby plots without remnant trees in the same second-growth forests (“control plots”). Forest
structure beneath remnant trees did not differ significantly from control plots. Species richness and species diversity were
significantly higher around remnant trees. The species composition around remnant trees differed significantly from control
plots and more closely resembled the species composition of nearby old-growth forest. The proportion of old-growth
specialists and generalists around remnant trees was significantly greater than in control plots. Although previous studies
show that remnant trees may initially accelerate secondary forest growth, we found no evidence that they locally affect
stem density, basal area, and seedling density at later stages of regrowth. Remnant trees do, however, have a clear effect on
the species diversity, composition, and ecological groups of the surrounding woody vegetation, even after 20 years of forest
regeneration. To accelerate the return of diversity and old-growth forest species into regrowing forest on abandoned land,
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landowners should be encouraged to retain remnant trees in agricultural or pastoral fields.
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Introduction

Second-growth tropical forests provide a new source of hope for
biodiversity conservation in an era of rapid destruction of old-
growth tropical forests [1,2,3]. Second-growth vegetation coloniz-
ing abandoned agricultural settings encounters many challenges,
including seed dispersal limitation, competition with grasses or
ferns, and harsh environmental conditions for establishment
[4,5,6]. Remnant trees—old-growth forest trees left standing on
anthropogenically modified land—can potentially accelerate forest
regeneration following pasture abandonment by facilitating seed
dispersal into the pasture. This facilitation by remnant trees can
occur by attracting frugivorous birds and bats, serving as seed
sources, and ameliorating abiotic conditions beneath their crowns
(ie. [7,8,9]). Remnant trees are ubiquitous across the tropics, and
have been shown to serve as “regeneration nuclei” for secondary
forest regrowth in many tropical regions [7,10,11]. Current
theories about how remnant trees function as regeneration nuclei
are largely based on studies conducted in active pasture or within a
few years after pasture abandonment ([12], but see [13]). Further,
most of these studies investigate effects of remnant trees on the
structure and species richness of regenerating forest, but do not
evaluate effects on composition of species (i.e. [14,15], but see
[13]).

During the initial stages of regeneration, remnant or isolated
pasture trees significantly impact regeneration through enhanced
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seed dispersal, seed germination, and seedling growth. Seeds are
deposited in greater numbers, with greater species richness, and
with a greater abundance of animal-dispersed species under
remnant trees than away from the edge of the crown [6,15,16].
Changes in levels of irradiance, air temperature, and soil moisture
beneath crowns of remnant trees may affect seed germination and
seedling growth, once seeds arrive [8]. Regenerating vegetation
has a higher density, greater basal area, and higher species
richness under remnant trees than in plots away from a remnant
tree [6,14,17]. Schlawin and Zahawi (2008) found that regener-
ation near remnant trees 20 years after pasture abandonment had
higher basal area, stem density, and species richness than areas
away from remnant trees [13]. Until now, this was the only study
to address the effects of remnant trees on surrounding vegetation a
few decades after forest regeneration, long after canopy closure
and stand initiation.

Our study is among the first to investigate effects of remnant
trees on the structure and composition of woody regeneration in
20-year old stands of second-growth forest. Studying the effects of
remnant trees in older second-growth forest allows us to make
inferences about the longer-term effects of remnant trees on
regrowth of the surrounding woody vegetation. Understanding the
effects of remnant trees on forest regrowth can also enhance
management by helping determine the benefits of sparing
individual trees when clearing forest. We compare forest
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regeneration in sample plots surrounding remnant trees to plots
lacking remnant trees within the same forest stand. For stems
=1 cm diameter at breast height (DBH) we compare measures of
forest structure between plot types. For stems =5 cm DBH we
compare measures of species diversity, species composition,
abundance of individuals by dispersal mode, and successional
specialist groups between plot types. We also compare the
composition of sample plots with similar sample areas in forest
monitoring plots in nearby second-growth (5-50 yr old) and old-
growth forests.

Methods

Ethics Statement

Our study took place on protected land owned by the nonprofit
organization Osa Conservation and the private nature reserve
Lapa Rios Ecolodge and Wildlife Reserve. We obtained permis-
sion from both organizations to access their land. Voucher
specimens were collected under collecting permit Resolucion
No. 069-2011-SINAC, Sistema Nacional de Areas de Conserva-
cion. Voucher specimens were archived with Reinaldo Aguilar on
the Osa Peninsula. Caryocar costaricense J.D. Sm. is protected under
CITES Appendix II. Cedrela odorata L. is protected under CITES
Appendix III. Data are available on Harvard Dataverse Network
(http://thedata.harvard.edu/dvn/dv/MESandor).

Site Description

We conducted our study in lowland tropical humid forest [18]
on the Osa Peninsula, Puntarenas, Costa Rica. The flora and
fauna of the Osa Peninsula are diverse with a high level of
endemism [19,20,21,22], yet few published studies have been
conducted there. The mean annual temperature on the Peninsula
is 24-28°C, and rainfall is 4.0-5.0 m/yr [23,24,25]. The wet
season is from May to November, with a peak in September and
October, and the dry season is January to April. The area receives
less than 10 mm of precipitation in a month during the dry season
with the exception of April [25]. Upper elevations are generally
cooler (by 3-4°C) and receive less rainfall (<1 m/yr difference)
than lowland areas [25].

Our study sites were in second-growth forests on land owned by
Osa Conservation (OC, 8.41°N, 83.34°W) and Lapa Rios
Ecolodge and Wildlife Reserve (LR, 8.39°N, 83.30°W) (Figure
S1). The OC study site is within a floodplain, with an elevational
range of 37-76 m above sea level. The LR study site consists of
rolling hills, with an elevational range of 233-283 m above sea
level. Soils are primarily ultisols at both sites [26,27].

The second-growth forest sites are former cattle pastures. At the
time of study, the second-growth forest was 20 years old (at LR) or
23 years old (at OC) with a historical pasture use of between 20
and 30 years (at LR) or about 20 years (at OC). We verified land
use history from conversations with Osa Conservation staff,
interviews with local landowners, and aerial photographs obtained
from the Instituto Geografico Nacional (San Jose, Costa Rica).
The forest at both sites has closed canopies (15-30 m high,
depending on site and forest patch). Areas surrounding the study
locations are primarily old growth or second-growth forest, with a
few large cleared tracts of pasture remaining to the west of the OC
site and to the south of the LR site (Figure S1).

Study Design

We conducted all surveys between May and July, 2011. We
located 10 remnant trees at least 50 m from the nearest old-growth
forest edge, with no other large (>75 cm DBH) trees within 30 m
of the remnant tree (Methods S1 in File S1, Figure S1). To confirm
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remnant tree status we matched GPS points of the remnant trees
to isolated trees in pasture observed in historical aerial photo-
graphs from the Instituto Geografico Nacional from 1976, 1980,
1992, and 1995. We also located 20 typical (control) trees in
nearby areas of second-growth forest lacking remnant trees. The
central trees of control plots were generally located 50-150 m
away from the remnant trees, had no trees >75 cm DBH within
30 m, and were >50 m away from the nearest old-growth forest
edge (Figure S1, Table S1 in File S1). Remnant trees were
generally considerably taller and larger than central trees in
control plots (Table S1 in File S1) and all other trees in the study.
Remnant trees represented species generally found in old-growth
forest and were distinct species from central trees in the control
plots, which comprised species commonly found in second-growth
forest (Table S1 in File S1). The 10 remnant trees represented 9
species and 8 families (Table S1 in File S1).

We placed four 5 m wide by 30 m long survey transects at 90-
degree angles to each other around the center tree (either a
remnant or a “control tree”). Each transect consisted of six 5> m by
5 m quadrats (total of 24 quadrats per plot). We identified all
measured stems =5 cm DBH to species or morphospecies in the
field, with the exception of understory trees in the genus Piper,
which were identified to genus (5.14% of all identified stems).
Reinaldo Aguilar, the regional botanical expert, collected and
identified voucher specimens for individuals we could not identify
in the field. We measured the DBH of all non-liana woody stems
=1 cm DBH in each transect, but we did not identify stems
=] cm and <5 cm DBH. We counted canopy and understory
trees with multiple stems as one individual. In a stratified
subsample of 16 remnant and control plots (6 remnant tree plots,
10 control plots), we counted all free-standing, woody seedlings
>30 cm in height and <l cm DBH in 1 m by 1 m square
quadrats at 2.5 m and 7.5 m from the central tree along each of
the four sampling transects.

Vegetation Structure and Diversity

We calculated tree density (=1 cm DBH), basal area (=1 cm
DBH), seedling density (<1 cm DBH), extrapolated species
richness (=5 cm DBH), species diversity (=5 cm DBH), and
species evenness (=5 cm DBH) for the regenerating vegetation in
cach remnant or control plot (all quadrats surveyed around a
central tree). We excluded any quadrats with geographic barriers
to regeneration, such as streams or trails, from all calculations and
analyses (=4 quadrats excluded within a single plot for a total
survey area of 500-600 m? per plot). To compare species richness
between remnant and control plots, we created species accumu-
lation curves using EstimateS (version 9), extrapolated to the
greatest number of individuals in a single plot [28,29]. We
estimated local species diversity per plot as Shannon exponential
diversity for stems =5 cm DBH, using EstimateS [28]. Because
some plots had fewer quadrats than others, we used Shannon
exponential diversity at the greatest common number of quadrats
for all plots. We calculated species evenness as Shannon evenness
(Shannon diversity divided by the natural log of richness) for all
stems =5 cm DBH.

Statistical Analyses

To assess whether or not the presence of a remnant tree affected
basal area, tree density, seedling density, species richness, species
diversity, or species evenness, we conducted two-way ANOVAs in
R, using presence or absence of a remnant tree and site (OC or
LR) as fixed effects (to correct for any site effects) [30]. We assessed
all pairwise similarities for species composition between remnant
and control plots [28,31] using the Chao-Jaccard abundance-
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based estimator of similarity [32]. We calculated similarity
between the second-growth woody vegetation in remnant and
control plots (=5 cm DBH) with woody vegetation in nearby old-
growth forests, using data from nearby forest survey plots (=5 cm
DBH) [27]. Because the nearby forest survey plots (0.5 ha) were
much larger than the remnant or control plots (300-600 m?), we
separated them into 10 discrete 500 m? subplots, each comprising
five 10 m® quadrats. These quadrats were arranged in a lincar
configuration, unlike the cross configuration of our remnant and
control plots. We calculated pairwise similarities using all of these
subplots and then averaged the results between a single remnant or
control plot and all the subplots.

To assess whether or not the presence of a remnant tree affected
pairwise similarity to old-growth forest, we conducted two-way
ANOVAs, using presence or absence of a remnant tree and site as
fixed effects. We performed a linear regression analysis on the
mean pairwise similarities between second-growth plots (remnant
and controls) and nearby old-growth forest to determine if
proximity to old-growth forest was correlated with pairwise
similarity. All remnant trees and central trees within control plots
were within 315 m of the edge of old-growth forest (Figure S1). We
used analysis of similarities (ANOSIM), to test whether or not the
differences in species composition between forest composition of
remnant plots and control plots were statistically significant [31].

Based on a multinomial statistical method for classifying habitat
specialists and generalists [33], we classified 278 tree species
=5 cm DBH within the nearby eleven 0.5 ha forest survey
chronosequence plots [27] ito old-growth specialists (“OG
Specialist”), second-growth specialists (“SG Specialist™), generalists
(“Generalist”), and too rare to classify (“Rare”). We conducted the
analysis using CLAM [34] with a p-level of 0.001 and a &-level of
0.667 (both highly conservative). We then applied these classifi-
cations to the species sampled in remnant and control plots. We
used an analysis of multinomial proportions with uninformative
priors to determine the proportion of each category of trees in
remnant and control plots using R20penBUGS in R [35,36,37].
We did not include Piper spp. in similarity or specialist classification
analyses because they were identified only to genus. We also
excluded morphospecies from the specialist classification analyses.

Dispersal Mechanisms

We determined dispersal vectors (wind, explosive, animal,
gravity) for all woody species recorded in the study from
information found in the primary literature. We used an analysis
of multinomial proportions with uninformative priors to compare
the proportion of each dispersal mechanism in remnant and
control plots using R20penBUGS in R [35,36,37].

Results

Local richness and diversity of the regenerating forest

We found a total of 171 species in the surveyed quadrats
representing 49 families, composed of 117 species representing 42
families in the 10 remnant tree plots (227 quadrats, cach 25 m”, all
stems =5 cm DBH) and 131 species representing 42 families in the
20 control plots (461 quadrats, each 25 m?% all stems =5 cm
DBH). Extrapolated species richness for all stems =5 cm DBH
was significantly greater in the remnant tree plots than in the
control plots by an average of 7 species (Table 1, Figure 1).
Remnant tree plots also showed significantly higher species
diversity for stems =5 cm DBH (measured by Shannon exponen-
tial diversity) than control plots (Table 1). Evenness did not differ
significantly between remnant and control plots for stems =5 cm
DBH (Table 1).
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Species composition

We found 73 species shared between remnant and control plots,
41 species only in remnant tree plots, and 56 species only in
control plots. Abundances of the top-ranked species in remnant
and control plots were similar, with neither displaying more
dominance than the other (Table S3 in File S1). A few species
showed a higher relative abundance (>2% difference) around
remnant trees than in control plots: Socratea exorrhiza (Mart.) H.
Wendl., Chimarrtus latifolia  Standl., Tetrathylacium macrophyllum
Poepp., Croton schiedeanus Schltdl., and Alchorea costaricensis Pax &
K. Hoftm. (Table S3 in File S1). In contrast, Apeiba tibourbou Aubl.,
Luehea seemannii Triana & Planch., Lacistema aggregatum (P.J. Bergius)
Rusby, Spondias mombin L., Cordia bicolor A. DC., Simaba cedron
Planch., and Casearia sylvestris Sw. showed a much higher
abundance (>2% difference) in control plots than around remnant
trees (Table S3 in File S1). Trees found in one type of plot
(remnant or control) but not in the other were generally at low
relative abundances in the plot type in which they were found
(<1% relative abundance). Three species were exceptions: Casearia
sylvestris Sw., Psychotria grandis Sw., and Palicourea guianensis Aubl.
were all found in control plots at relative abundances of >1% and
<2.3%. Species composition in remnant and control plots differed
significantly for all stems =5 cm DBH (ANOSIM; R=0.161,
p=0.021). Including Piper spp. in the analysis did not affect the
significance of this result (R =0.150, p =0.044).

Old-growth forest plots showed significantly higher composi-
tional pairwise similarity to remnant tree plots than to control plots
(Table 1). Pairwise similarity was not correlated with distance to
nearest old-growth forest (all plots: R?=0.053, p=0.220), even
when grouped by remnant or control plots (for control plots:
R%?=0.019, p=0.563; for remnant tree plots: R%=0.007,
p=0.822).

Generalists and Specialists

Most species in our survey were present in the chronosequence
survey. Ten OG Specialist species, 20 SG Specialist species, and
18 Generalist species were recorded in our sample plots (Table S4
in File S1). Thirty-eight of the 170 species found in our study were
not found in the chronosequence survey [27] and therefore were
not classified in the analysis; we classified these species as Rare
(Table S4 in File S1).

For stems =5 cm DBH, we observed significantly larger
proportions of OG Specialist and Generalist trees in remnant
tree plots than in control plots (by 10.4%4.4% and 6.726.3%,
respectively; Figure 2). We also observed a significantly larger
proportion of SG Specialist trees in control plots compared to
remnant tree plots (by 19.1+6.8%; Figure 2). Similar trends
emerged when we partitioned the data by site. None of the OG
Specialist or Generalist species found around remnant trees were
conspecifics. Only one remnant tree, Coccoloba tuerckheimii Donn.
Sm. had a conspecific tree (=5 cm DBH) in the surrounding
sampled quadrats. This species was classified as Rare.

To determine whether the significant differences in OG
Specialists and SG Specialists between remnant and control plots
were due to abundance, we reduced the =5 cm DBH abundance
data to incidence data. Control plots had a few SG Specialist
species that were not found around remnants (Miconia argentea (Sw.)
DC., Palicourea guianensis Aubl., Trichospermum galeotti (Turcz.)
Kosterm.), and the remnant tree plots had a few OG Specialist
species that were not found in control plots (Cheiloclinium cognatum
(Miers) A.C. Sm., Guarea kunthiana A. fuss., Gustavia brachycarpa
Pittier, Pseudolmedia spuria (Sw.) Griseb.). Despite these species
differences, we found no significant differences in the proportion of
species of OG Specialists or SG Specialists in remnant vs. control

January 2014 | Volume 9 | Issue 1 | e83284



Control Plots

50
|

30 40
1

Species

20
1

10

Effects of Remnant Trees on Second-Growth Forest

Remnant Plots

I T T T 1 I
0 20 40 60 80 0
Individuals

20 40 60 80
Individuals

Figure 1. Extrapolated species accumulation curves. Species accumulation curves for remnant and control plots, for all stems =5 cm DBH. All
species accumulation curves are extrapolated to 76 individuals, the greatest number of individuals found in one plot (min individuals in a plot =30,
mean =53.6). White dots indicate mean species richness for all remnant or control plots. The dashed line allows for comparison of remnant and

control plot means.
doi:10.1371/journal.pone.0083284.g001

plots, confirming that the presence of a remnant tree affected
abundance rather than incidence of these ecological groups.

Dispersal Mechanisms

Nearly 88% of the species (82.5% of individuals) found in the
plots were animal-dispersed, 10.3% of species (14.3% of individ-
uals) were wind-dispersed, and 1.7% of species (3.2% of
individuals) used other dispersal mechanisms such as explosion
and gravity. Percentage of animal-dispersed individuals within a
plot ranged from 51.5 to 100%. Percentage of wind-dispersed
individuals within a plot ranged from 0 to 39.2%. We found no
significant differences in the proportion of animal-dispersed
individuals or wind-dispersed individuals in remnant tree plots,
compared with the proportion in control plots.

Structure of the regenerating forest

Despite the striking differences in species composition, remnant
tree plots and control plots did not differ significantly in terms of
vegetation structure. Basal area of remnant and control plots did
not differ significantly for stems =1 cm DBH (Table 1). Seedling
(<1 cm DBH) density did not differ significantly between quadrats
in remnant and control plots (Table 1). The presence of a remnant
tree did not significantly affect the density of surrounding woody
vegetation for stems =1 cm DBH (Table 1).

Discussion

Our study is the first to demonstrate that remnant trees have a
lasting effect on the species composition of the surrounding
regenerating forest 20 years after land abandonment, while no
longer having a detectable effect on vegetation structure. The
presence of a remnant tree significantly affected all measures of

Table 1. Effect of remnant tree or site on species structure and diversity.

Presence of remnant tree Site

F p F P
Basal area =1 cm DBH 0.18 0.673 0.79 0.382
Seeding (>1 cm DBH) density 0.01 0.942 0.23 0.641
Density =1 cm DBH 2.74 0.110 11.06 0.003
Light 1.73 0.211 0.00 0.998
Extrapolated species richness =5 cm DBH 20.96 <<0.001 1.24 0.275
Species diversity =5 cm DBH 5.83 0.023 1.75 0.196
Species evenness =5 cm DBH 0.07 0.794 0.10 0.757
Pairwise similarity (trees to old-growth forest) 27.62 <<0.001 12.19 0.002

doi:10.1371/journal.pone.0083284.t001
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ANOVA results are shown for basal area, seedling density, tree density, light, species richness, species diversity, species evenness, and pairwise similarity to old-growth
forest (df =1 and residual df =28 for all). Results with significant p-values are shown in bold.
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species composition used in our study, with the exception of
species evenness (Table 1). We observed higher extrapolated
species richness and species diversity in second-growth forest plots
with remnant trees compared to plots in the same stand lacking
remnant trees (Table 1). Species richness and diversity results are
congruent with other studies of remnant trees, including that by
Schlawin and Zahawi (2008) in 23 year-old regenerating forest
[6,13,17]. Furthermore, 1solated remnant trees enriched surround-
ing tree assemblages with old-growth and generalist species,
increasing the similarity of species composition to old-growth
forest (Table 1, Figure 2). No other study has compared specialist
group abundance between remnant trees and control plots, nor
have they compared species composition around remnant trees
with that of old-growth forest. Studies that focus on remnant trees
in later stages of forest growth, beyond 30 years after agricultural
abandonment, are needed to indicate whether or not this effect of
remnant trees on many aspects of species composition continues.

We did not find any significant differences in forest structure
between remnant and control plots, which is the opposite of what
we expected based on previous studies, including that by Schlawin
and Zahawi [13,14,17]. Our second-growth forest sites had closed
canopies of strongly uniform heights (M. Sandor, pers. obs.) with
similar understory light measurements in all surveyed plots
(Table 1, Table S2 in File S1), unlike in any previous study
[13,14,17]. This evidence suggests that regeneration of the 20 year
old second-growth forests was sufficiently advanced that the forest
structure had converged, erasing any potential earlier signal of
enhanced regeneration or altered microclimates in the forest
around our remnant trees. If our second-growth forest sites were
beyond stand initiation phase and had progressed to stem
exclusion or understory re-initiation [38], advanced forest
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structure in remnant tree plots would no longer be expected to
have greater tree density, more seedlings, or higher basal area.

Even after 20 years of forest regrowth, remnant trees may
enrich forest regeneration, but separating legacy effects from
continuing effects is difficult. Generally speaking, smaller size
classes of trees are younger, more recently established vegetation
(5-9.9 cm DBH), and larger size classes are trees that established
earlier in succession (=10 cm DBH). Taking out the smaller size
classes resulted in a lack of significant differences in extrapolated
species richness and species diversity (Methods S1 in File SI,
Results S1 in File S1), indicating that the species composition in
remnant tree plots may not simply be a legacy effect from earlier
stages of regeneration. Rather, remnant trees appear to continue
to enhance the richness and diversity of species in the surrounding
woody vegetation during later stages of forest succession.

Remnant trees can affect regeneration in three ways: by altering
abiotic conditions under their crowns, by serving as seed sources
for regenerating forest, and by attracting animal dispersers (i.c.
[7,8,9]). Although light and other abiotic conditions likely would
have been different early in the regeneration process, we found no
differences in light conditions between remnant and control plots,
suggesting that tree species were not responding to that particular
abiotic condition at this stage of regeneration (Table 1, Table S2 in
File S1). We only found one individual whose species matched that
of the focal remnant tree. Further, we only found a few presumed
offspring of the central remnant trees in the 1.0-4.9 cm DBH size
class per remnant tree (M. Sandor, pers. obs.), indicating that the
offspring of the remnant trees contribute little to the species
composition found around these trees. The proportion of animal-
dispersed individuals around remnant trees was not significantly
different than in control plots, which we would not expect if
animal-mediated seed dispersal was playing an important role in
driving the differences in species composition between remnant
trees and control plots. This leaves us without an explanation
based on the factors we measured for what is driving the
differences in composition around remnant trees in our study area.
Remnant trees could be attracting a different suite of animal
species, such as ones from nearby old growth forest, that are
bringing more species of seeds and more OG Specialist seeds.

Like remnant trees, early colonizing, rapidly growing trees may
also play an important role in enhancing local regeneration by
attracting seed-dispersing frugivores in later stages of succession.
Other studies have used the term “isolated trees” in pasture to
show similar effects as those observed with remnant trees (e.g.
[6,16,39,40,41,42]). Focusing on isolated trees allows inclusion of
trees that recruit after the forest is cleared for pasture (for example,
trees with seedlings avoided by cattle), trees that are planted by the
landholder for personal use (like fruit, fodder, or timber trees), and
living fences [43]. Five of the control plots in our study had a
presumed isolated tree at the center that was larger than most of
the surrounding second-growth forest vegetation, but generally
smaller than a remnant tree. If these trees affect the surrounding
woody vegetation in ways similar to remnant trees, our results may
not reflect the full magnitude of effects that would be seen if our
control plots contained no isolated trees as the central tree. Studies
that consider the differences—and similarities—in function between
isolated trees and remnant trees could inform our understanding
of succession through nucleation [10] as well as ecological
reforestation methods that use native tree plantings in former
agricultural land (“assisted regeneration”) [2].

Landscape effects play a large role in forest regeneration [44].
Greater proportions of old-growth forest in the landscape increase
the regeneration capacity of abandoned pastures [45,46]. Prox-
imity to old-growth forest could also positively affect regeneration
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around a remnant tree or in open pasture, although neither our
study nor Laborde et al. (2008) found any significant relationship
[47]. In our study, old-growth forest was never more than 315 m
away and in most cases was closer than 200 m away (Table S1 in
File S1). The restricted range of distances from old-growth forest
in our study could explain the lack of relationship between
proximity to old-growth forest and level of regeneration. Further,
the large percent of old-growth forest in the overall landscape of
our study might have contributed to the accelerated regeneration
of our sites compared with those used by Schlawin and Zahawi
(Figure S1); our results may have been very different if our study
had been conducted in a landscape largely devoid of nearby old-
growth forest [13].

Remnant trees can enhance seed dispersal by providing
“stepping stones” in the landscape for volant seed dispersers
[40,48,49]. Remnant trees can occur in clusters or patches (tree
“islands™) [50]. Seeds dispersed under remnant trees may come
largely from other pasture trees or from these tree islands rather
than from nearby forest [6,16,40], indicating that the abundance
of other remnants, isolated trees, or tree islands within the vicinity
may also affect regeneration around a particular remnant. Both
the effects of proximity to old-growth forest and of nearby remnant
or isolated trees or tree islands on the regeneration of forest, argue
for a need to incorporate landscape factors into future studies and
management of forest regeneration.

Second-growth forests, whether or not remnant trees are
present, can be important for species conservation by fostering
the establishment and growth of rare species. In our survey, 38 out
of the 162 tree species (nearly 25% of all species) we recorded in
remnant and control plots were not present in the eleven 0.5 ha
chronosequence plots nearby. All of these species were uncom-
mon, with fewer than 7 individuals found in all of our quadrats.
While the importance of conserving old-growth forests is
indisputable, second-growth forests represent a reservoir of an
additional set of rare species worth conserving [3,27]. When
present, remnant and isolated pasture trees can be integral
components of forest restoration and conservation strategies.
Remnant trees enhance woody plant species biodiversity of the
neighboring forest and could be used as indicators of higher
biodiversity where they are present, as our study shows. They may
help conserve animal diversity by providing an additional source
of food in the landscape matrix or by providing breeding sites for
native birds [51,52] or roosts for bat species [53]. They also may
enhance tree gene flow across the landscape and therefore
enhance genetic diversity [54]. Because of these conservation
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