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Introduction

Fragmentation can alter the ecology of rain forest rem-
nants in many ways, but its long-term effects on tree
communities are poorly understood. One phenomenon
that has received little attention is tree regeneration in
fragmented forests (Janzen 1983; Viana et al. 1997). Pat-
terns of regeneration are important because they will ul-
timately determine the floristic composition of the rem-
nant. Janzen (1983) suggested that fragments of tropical
dry forest in Costa Rica are prone to invasions of weedy,
generalist plant species from the surrounding modified
matrix, which could progressively alter the floristic com-
position of remnants. Laurance (1991, 1997) proposed
that fragments in some tropical regions are chronically
disturbed by winds and other factors and may exhibit a
general shift toward successional trees, lianas, and vines
adapted for recurring disturbance.

Using data collected over 13 years, we describe pat-
terns of tree recruitment in a fragmented landscape in
central Amazonia. We ask three questions: (1) Do rates
of tree recruitment differ between fragmented and con-
tinuous forests? (2) Are recruitment rates influenced by
fragment area, age, and proximity of forest edge? (3) Are
regenerating trees in fragments biased toward succes-
sional species or against old-growth species?

Methods

Study Area

The study area (Fig. 1) is located 70 km north of Manaus
in central Amazonia (2°30'S, 60°W) at 100-150 m eleva-
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tion. Local soils are poor in nutrients. Rainfall ranges
from 1900 to 2500 mm annually, with a dry season from
June to October. The forest canopy is 30-37 m tall, and
tree diversity is very high (Rankin-de Mérona et al
1992).

The study area is surrounded by large expanses of con-
tinuous forest. In the early 1980s a series of 1-, 10-, and
100-ha fragments were isolated by distances of 70-1000 m
from surrounding forest by clearing and often burning
the intervening vegetation to establish cattle pastures.
Reserves ranging from 1 to 1000 ha in area were delin-
eated in nearby continuous forest to serve as experimen-
tal controls. Regrowth forests have regenerated in some
cleared areas and are dominated by Cecropia spp. and
Vismia spp.

Study Design

From 1980 to 1986, inventories of all trees of 10 cm di-
ameter at breast height (dbh) or more were conducted
in 66 square, 1-ha plots in the study area (Rankin-de Me-
rona et al. 1992). All trees were marked with numbered
tags, mapped, and identified at least to family level using
sterile or fertile material. Each plot was recensused two
to five times between 1985 and 1992, during which all
new trees of 10 cm dbh or more were marked, mapped,
and identified to family level (Rankin-de Merona et al.
1992).

Of the 66 plots, 39 were located in forest fragments
and 27 in continuous forest (controls). The fragment
plots were in four 1-ha fragments (4 plots), three 10-ha
fragments (17 plots), and two 100-ha fragments (18
plots), whereas the control plots were in six 1-ha ©
plots), one 10-ha (3 plots), one 100-ha (9 plots), and one
1000-ha (9 plots) reserves. Plots within fragments were
stratified so that edge and interior areas were both
sampled.

We devised three landscape predictors for each plot:
(1) distance to the nearest forest edge (measured from
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Figure 1. Study area in central Amazo-
nia, showing locations of forest frag-
ments and conirols (shaded blocks)
used in this study. Stippled areas are
cattle pastures or regrowtb forest, and
unstippled areas are rain forest.

the center of the plot); (2) fragment area; and (3) frag-
ment age (number of years since isolation). Plots were
pooled into categories to simplify analysis. There were
four categories for edge distance (1 = =60 m; 2 = 61-
100 m; 3 = 101-500 m; 4 = >500 m) and fragment area
(1 = 1 ha; 2 = 100 ha; 3 = 100 ha; 4 = controls) and
three categories for fragment age (1 = controls; 2 = <5
years; 3 = >5 years). The rationale for the edge-distance
categories is that microclimatic changes can occur
within 60 m of edges in the study area (Kapos 1989),
whereas wind disturbance may be pronounced within
100-200 m of edges and detectable up to 500 m from
edges, at least in some Australasian forests (Laurance
1991).

Successional versus Old-Growth Trees

Several tree families in the study area are dominated by
either pioneer and secondary species or old-growth spe-
cies (Nee 1995; R. Mesquita, personal communication).
We selected five major successional families (Annon-
aceae, Cecropiaceae, Clusiaceae, Euphorbiaceae, Mal-
pighiaceae) and four major old-growth families (Burser-
aceae, Chrysobalanaceae, Lecythidaceae, Sapotaceae) to
assess patterns of recruitment in our plots; these two
groups represented 18% and 30% of all new trees, re-
spectively. To avoid bias due to small sample sizes, only
plots and census intervals with at least 20 trees were in-
cluded in the analysis. Data were expressed as the per-
centage of new trees per plot and arcsine-transformed
prior to analysis.

Statistical Analysis

The mean annual rate of tree recruitment was calculated
using a logarithmic model: » = (N/N)", where N, is
the number of trees at beginning of interval, N, is the
number of trees at end of interval, and ¢ is the number of

years (Sheil et al. 1995). Recruitment estimates are not
independent of census interval, however, because dur-
ing longer intervals a larger fraction of trees will enter
the 10-cm dbh size class but die before being censused
(Sheil & May 1996). To help compensate for this effect,
we plotted the census interval and estimated recruit-
ment rate for sites in natural forest (plots located >150
m from forest edge; Fig. 2). An exponential curve was
fitted to these data and used to adjust all census intervals
to 5 years, the recommended standard for permanent
plots (Sheil et al. 1995). The adjustment was achieved by
subtracting the predicted from the observed recruitment
rate for each observation, then adding the predicted
value for 5 years.

One-way analyses of variance (ANOVAs) were used to
assess treatment effects on the adjusted recruitment
rates. Rates were log-transformed prior to analysis to re-
duce heteroscedasticity among samples. Tukey’s HSD
tests were used to compare sample means, where ap-
propriate. When performing the ANOVAs we assumed
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Figure 2. Relationship between length of census inter-
val and estimates of annual recruitment rates of trees
in continuous forest.

Conservation Biology
Volume 12, No. 2, April 1998



462 Tree Recruitment in Fragmented Forests

that treatment effects were greater than effects of plot
or site, and we analyzed the repeated measures as inde-
pendent samples. Use of repeated-measures ANOVA
(Sokal & Rohlf 1995) was not possible because the ex-
perimental landscape we studied was dynamic, and vari-
ables describing fragment area and edge-distance fre-
quently changed during repeated measures of the same
study plot.

Results

Recruitment Rates

Mean recruitment rates were higher in forest fragments
than in continuous forest (Fig. 3a2). On average the rate
in 1-ha fragments (2.60 * 0.45%) was more than twice
that in continuous forest (1.16 * 0.07%), whereas those
in 10-ha (1.74 = 0.16%) and 100-ha (1.57 * 0.17%) frag-
ments were also markedly higher than in those continu-
ous forest (X *+ SE). Rates were significantly higher in
1-ha fragments than in controls (p < 0.01), 10-ha frag-
ments (p < 0.05), and 100-ha fragments (p < 0.05), and
they were higher in 10-ha fragments than in controls
(p < 0.10; Table 1).

Recruitment rates also increased with fragment age
(Flg 3b). The mean rate in younger fragments (1.47 *
0.13%) was 27% higher than in controls (1.16 * 0.07%),
whereas that in older fragments (1.95 *+ 0.16%) was 68%
higher than controls. The difference between older frag-
ments and controls was highly significant (p < 0.01),
whereas the other comparisons were nonsignificant (Ta-
ble 1).

Recruitment rates were markedly elevated near forest
edges (Fig. 3¢). Plots within 100 m of edges (0-60 m:
2.13 + 0.22%; 61-100 m: 1.75 * 0.16%) had mean rates

Table 1. Summary of one-way analysis of variance used to test the
effects of fragment area, age, and proximity to edge on annual
recruitment rates of trees in central Amazonia.

Factor* F P

Area 6.92  0.0002 1-hafragments > controls (p < 0.01);
1-ha fragments > 10- and 100-ha
fragments (p < 0.05); 10-ha
fragments > controls (p < 0.10)

0.0005 older fragments > controls (p <
0.01)

Edge 9.90 <0.0001 <60-m from edges > 101-500 m and

> 500 m from edges (p < 0.01);
60-100 m from edges 101-500 m
and < 500 m from edges (p <
0.05)

Tukey’s tests

Age 8.24

*Recruitment rates were log-transformed prior to analyses. Sample
sizes: fragment area, 1 ba = 14, 10 ba = 63, 100 ba = 33,
controls = 70; fragment age, controls = 70, younger fragments =
34, older fragments = 76; disance from edge: <60 m = 38, 60-100
m =60, 101-500 m = 21, >500 m = 61.
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Figure 3. Effecis of fragment area, age, and proximity
of forest edge on annual tree recruitment rates

(X =+ SE).

about twice those further from edges (101-500 m:
1.02 = 0.10%, >500 m: 1.17 * 0.08%); these differ-
ences were highly significant (Table 1). Many edge plots
had sharply elevated recruitment; for example, 18% (18/
98) of the censuses within 100 m of edges yvielded an-
nual recruitment rates of 2-7%, whereas none (0/82) of
the forest-interior censuses exceeded 2%.

Floristic Patterns

The proportions of successional and old-growth families
varied roughly linearly with recruitment rate (Fig. 4).
Samples with high rates tended to have many succes-
sional trees and fewer old-growth trees, and those with
low rates exhibited opposite trends. These relationships
were highly significant (successional trees: F,q, =
25.59, p < 0.0001; old-growth trees: Fy 4, = 8.89, p =
0.004).

In terms of landscape predictors, the proportion of
successional trees was significantly higher in 1-ha frag-
ments than controls, in older fragments than controls,
and at sites less than 60 m from edges than controls (Ta-
ble 2). For old-growth trees, area and proximity to edge
had no significant effects, but older fragments had signif-
icantly lower proportions of old-growth trees than did
younger fragments and controls (Table 2).
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Figure 4. Relationships between annual recruitment
rate and proportions of successional and old-growth
tree families in study plots.

Discussion

Tree Recruitment Rates

Our results suggest that rates of tree recruitment are
markedly elevated in Amazonian forest fragments. Rela-
tive to continuous forest, mean rates were sharply in-
creased in 1-ha fragments (by 224%) and moderately in-
creased in fragments of 10-100 ha (by 35-50%).
Recruitment rates were highest within 100 m of forest
margins, which suggests that the growth of young trees
is directly linked to increased tree mortality and canopy
disturbance near edges. In the same study area, Ferreira
and Laurance (1997) and Laurance et al. (1997, in press)
showed that mortality and damage rates of large (=10
cm dbh) trees were sharply elevated within 100 m of
forest margins, apparently as a result of increased wind
turbulence and microclimatic changes near edges. In
closed-canopy forests, light is strongly limiting to small
trees, and many species are adapted for growing rapidly
in treefall gaps (Clark 1990). In this study, young trees
may also have responded positively to lateral light pene-
tration along fragment margins (Lovejoy et al. 1986).
Older fragments (>5 years) had much higher recruit-
ment (68%) than continuous forest, whereas younger
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Table 2. Summary of one-way analysis of variance nsed to test the
effects of fragment age, area, and proximity to edge on the
proportions of trees in successional and old-growth categories
regenerating in study plots.

Factor* F P Tukey’s tests
Successional trees
Area 3.43 0.022 1-ha fragments > controls
@ <0.05)
Age 3.41 0.039 older fragments > controls
@ < 0.05)
Edge 2.81 0.067 <60m fromedges> controls
@ <0.10)
Old-growth trees
Area 097 0414 —
Age 3.43 0.038 controls and younger
fragments > older
fragments (p < 0.10)
Edge 222 0115 —

*Percentage data were arcsine-transformed prior to analyses. Sam-
ple sizes: fragment area, 1 ba = 10, 10 ba = 20, 100 ba = 17, con-
trols = 17; fragment age; controls = 17, younger fragments = 13,
older fragments = 34; distance to edge: <60 m = 24, 60-100 m =
22, >100m = 18.

fragments had moderately higher recruitment (27%).
This pattern may be partly an artifact of the study de-
sign; trees regenerating from seeds or saplings would re-
quire several years to reach the 10-cm dbh threshold
used in this study. It is also possible that these fragments
became increasingly disturbed over time. This could oc-
cur, for example, because winds form complex vortices
in treefall gaps, which cause further forest damage (Re-
ville et al. 1990), and because the lateral growth of tree
crowns at gap margins makes trees lopsided and prone
to falling (Young & Hubbell 1991).

Floristic Composition of Fragments

The regression models (Fig. 4) suggest that areas experi-
encing high tree recruitment were biased toward suc-
cessional tree families and against old-growth families.
These patterns must be interpreted cautiously, both be-
cause the selected families accounted for only half of all
trees in the study area and because there may be sub-
stantial variation in life histories among species in a sin-
gle family. Our findings nevertheless support our intui-
tive expectations: successional trees increased in older
and smaller fragments and in plots near forest edges,
whereas old-growth trees declined in older fragments.
Successional trees may increase in fragments both be-
cause recurring disturbances provide light and microcli-
matic conditions that favor their germination and growth
(Clark 1990) and because of a heavy seed rain from pio-
neer species growing in the surrounding matrix (Janzen
1983; Willson & Crome 1989). In our study area, pio- ;
neer trees such as Cecropia spp. and Vismia spp.,/
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which dominate local regrowth forest, increased sharply
in rain forest near edges (Sizer 1992).

This study documents some short-term (<13 years) ef-
fects of fragmentation on tree communities. Over time,
additional floristic changes will probably accumulate in
fragments, such as the loss of vulnerable species like
short-lived shrubs and epiphytes (Turner et al. 1996), a
proliferation of lianas and vines (Laurance 1991; Viana et
al. 1997), and invasions of exotic weeds (Turner et al.
1996; Laurance 1997). Studies of forest remnants iso-
lated for a century or more are needed to provide in-
sights into the longer-term effects of fragmentation on
tropical floras (e.g., Turner et al. 1996).
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