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Abstract. Habitat fragmentation is a leading cause of extinction, with effects that may
be particularly pronounced in tropical ecosystems. However, little is known regarding the
demographic mechanisms underlying changes in abundance in fragmented landscapes. Us-
ing six years of demographic data collected from .6600 individuals of the Amazonian
understory herb Heliconia acuminata, we calculated population growth rate (l) in exper-
imentally isolated 10-ha forest fragments, 1-ha forest fragments, and continuous forest. We
then used life-table response experiment analyses to elucidate the mechanisms responsible
for observed differences in l. On average, l ø 1.05 in continuous forest, while l ø 1 in
both 1-ha and 10-ha fragments. However, while the differences in l between 10-ha fragments
and continuous forest were largely attributable to the negative contribution of stage-specific
fertility rates, reduced l in 1-ha fragments was due to both reductions in reproductive rates
and changes in the rate of plant growth. Our results show that similar reductions in l in
fragments of different sizes can be driven by distinct demographic mechanisms. Without
comprehensive demographic data, attempts to mitigate the decline of populations in frag-
mented landscapes could be unsuccessful because they might be focusing on inappropriate
demographic targets.

Key words: Amazon; deforestation; Heliconia acuminata; Heliconiaceae; life table response
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INTRODUCTION

Understanding how the growth rate (l) of popula-
tions responds to spatial and temporal environmental
heterogeneity is a fundamental goal of ecological re-
search. In recent decades, the fragmentation of once
contiguous habitat has become a pervasive form of
heterogeneity in most terrestrial ecosystems (Saunders
et al. 1991, Harrison and Bruna 1999). Some of the
most commonly observed consequences of fragmen-
tation are changes in population size (reviewed in Har-
rison and Bruna 1999, Debinski and Holt 2000, Laur-
ance et al. 2002), with some plant and animal species
increasing in abundance while others suffer precipitous
declines (e.g., Leach and Givnish 1996, Bierregaard
and Stouffer 1997, Malcolm 1997, Davies and Mar-
gules 1998, Funk and Mills 2003). Surprisingly almost
nothing is known regarding the demographic mecha-
nisms responsible for these changes (Bruna 2003).
Studies in which multiple aspects of life history are
simultaneously evaluated for populations in both frag-
ments and continuous habitat are exceedingly rare (e.g.,
Holt et al. 1995, Bruna 2003, Funk and Mills 2003).
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One of the principal mechanisms hypothesized to
drive population declines in habitat fragments, partic-
ularly for shade-tolerant or understory plants, is re-
duced reproduction and recruitment (Cardoso da Silva
and Tabarelli 2000). Fruit production by individual
plants is often low in fragmented areas, which can be
the result of reductions in pollinator abundance, chang-
es in pollinator visitation rates, or decreases in the ef-
ficacy of pollen transfer (Aizen and Feinsinger 1994,
Jules and Rathcke 1999, Cunningham 2000a). These
reductions can be exacerbated by limited seed dispersal
(Santos and Telleria 1994, Andresen 2003, McEuen and
Curran 2004), elevated seed predation (Santos and Tel-
leria 1997, Curran and Webb 2000), reduced seed ger-
mination (Bruna 1999), or increased seedling damage
and mortality in fragments (Scariot 2001). Despite the
emphasis placed on reproduction, however, other vital
rates are also altered in fragmented habitats. For in-
stance, plant growth rates can be lower in fragments
than in continuous habitat (Bruna et al. 2002), and the
mortality rates of large trees have been shown to in-
crease dramatically near forest edges (Laurance et al.
1998). Presumably these changes have detrimental de-
mographic consequences (Young and Clarke 2000,
Hobbs and Yates 2003).

When comprehensive demographic data are avail-
able, two approaches can be used to evaluate how de-
mographic variables influence population growth rates:
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PLATE 1. Two of the experimentally isolated forest fragments near Manaus, Brazil, in which the demography of Heliconia
acuminata was investigated. A 10-ha fragment is in the foreground, with a 1-ha fragment on the right. Photo credit: Rob
Bierregaard.

prospective and retrospective analyses (reviewed in
Horvitz et al. 1996, Caswell 2001). Prospective ap-
proaches, such as sensitivity and elasticity analyses,
evaluate how hypothetical changes in vital rates would
alter l. In contrast, life-table response experiment anal-
yses (LTRE) and other retrospective analyses decom-
pose observed differences in l into the actual contri-
butions from individual demographic variables (Cas-
well 1989, 2000). They are therefore a powerful tool
for investigating not only the effects of natural varia-
tion in environmental conditions on population growth
rates, but also how experimental manipulations of eco-
logical variables have influenced l via their influences
on demographic rates. Recent LTREs have evaluated
the demographic basis for changes in population
growth rate resulting from factors as diverse as pop-
ulation density (Oli et al. 2001), food abundance
(Cooch et al. 2001, Dobson and Oli 2001), exposure
to pollutants (Levin et al. 1996, Gotelli and Ellison
2002), and natural variation in demographic parameters
over time or space (Oli and Armitage 2004).

We used LTRE analysis to elucidate the consequenc-
es of forest fragmentation for the demography of an
Amazonian understory herb (Heliconia acuminata,
Heliconiaceae), and evaluated the demographic mech-
anisms underlying differences in population growth
rates. This analysis was based on a long-term study of
H. acuminata population dynamics conducted at Bra-
zil’s Biological Dynamics of Forest Fragments Project
(Bruna and Kress 2002, Bruna 2003), where 13 pop-
ulations located in forest fragments and continuous for-
est have been studied annually since 1998. Using an-

nual transition matrices constructed for the time inter-
val 1998–2003, we addressed the following questions:
(1) What is the projected rate of population growth (l)
in each habitat type (i.e., 1-ha fragment, 10-ha frag-
ment, continuous forest) in each year? (2) What is the
contribution of different demographic rates to the dif-
ferences in projected l between habitat types? (3) Is
there interannual variation in the contribution of dif-
ferent stage classes to differences in projected l?

METHODS

Study system

This study was conducted at the Biological Dynam-
ics of Forest Fragments Project (BDFFP), located 70
km north of Manaus, Brazil (28309 S, 608 W; see Plate
1). The BDFFP maintains several forest fragment re-
serves ranging in size from 1 to 100 ha. These reserves
were originally isolated in the early 1980s by the cre-
ation of cattle pastures; since then the secondary
growth surrounding them has been periodically cleared
to maintain their isolation. In addition to these forest
fragments, a number of continuous forest reserves were
established in nearby tracts of primary forest. The hab-
itat in all sites is nonflooded lowland rain forest with
rugged topography. Mean annual temperature is 268C
(range 19–398C), and annual rainfall ranges from 1900
to 3500 mm, with a pronounced dry season from June
to November. A complete summary of the BDFFP and
its history can be found in Bierregaard et al. (2002).

In January 1998, one of us (E. M. Bruna) initiated
a long-term study at the BDFFP, investigating the de-
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mographic consequences of fragmentation for tropical
understory plants (see Bruna and Kress 2002, Bruna
2003 for a complete description). The focal species for
this study was Heliconia acuminata, a perennial herb
native to central Amazonia and the Guyanas (Berry
and Kress 1991). Thirteen permanent 50 3 100 m plots
in which to monitor H. acuminata populations were
established in the BDFFP reserves; these plots were
located in continuous forest (n 5 6 plots), 10-ha frag-
ments (n 5 3 plots), and 1-ha fragments (n 5 4 plots).
Plots in 1-ha fragments were established on one ran-
domly selected half of the fragment, plots in 10-ha
fragments were established in the fragment center, and
plots in continuous forest were placed in locations 500–
4000 m from the primary forest borders. The distance
between plots ranged from 500 m to 41 km.

Estimation of demographic parameters
and matrix model construction

The demographic methods, including construction of
matrix models for these populations, are described
thoroughly in Bruna and Kress (2002) and Bruna
(2003). Briefly, all H. acuminata in the plots were
marked and mapped; we also recorded the number of
vegetative shoots each plant had. The plots were then
regularly surveyed during the reproductive season (Jan-
uary to May) to record the identity of flowering indi-
viduals. Since 1998, the plots have been censused an-
nually to record plant growth, mortality, and the emer-
gence of new seedlings (i.e., established plants less
than one year old). The analyses presented here are
based on data from the 1998–2003 surveys; during this
time period we marked, measured, and recorded the
fates of N 5 6646 plants (N 5 3869 in continuous
forest, N 5 1705 in 10-ha fragments, and N 5 1072
in 1-ha fragments). H. acuminata density in 2003
ranged from 222 to 2038 plants/ha (E. M. Bruna, un-
published data). Additional details regarding the de-
mographic structure of these populations can be found
elsewhere (Bruna and Kress 2002, Bruna 2003).

Each H. acuminata was assigned to one of six stages:
seedlings (all plants less than one year old, stage 1),
and plants with 1, 2, 3, 4, or $5 vegetative shoots
(stages 2–6). Although H. acuminata seedlings have
only one shoot, they were placed in a separate category
because their survival rate differs from that of non-
seedling plants with one shoot (Bruna 2003). From one
year to the next, plants can grow into larger size classes,
remain in the size class, regress into smaller size clas-
ses, or die. The one exception to this rule is surviving
seedlings, all of which were reclassified as one-shoot
plants in the second year. The probability of transition
from stage i to stage j during the interval t and t 1 1
was estimated as the proportion of plants in stage i at
time t that made the transition to stage j at time t 1 1.
Stage-specific fertility (Fi) of plants in each stage was
calculated as follows:

F 5 p 3 f 3 s 3 gi i i (1)

where pi 5 the probability that an individual in size
class i will flower, fi 5 the total number of fruits pro-
duced by individuals of size class i, s 5 number of
seeds per fruit, and g 5 probability of successful seed-
ling establishment (i.e., probability of seed germination
and seedling survival to the next census). Values of fi

were based on annual phenological surveys, pi and s
were constants calculated with previous surveys con-
ducted in nearby locations (see Bruna and Kress 2002
for details), and estimates of g were experimentally
derived using field germination trials conducted in all
three habitat types over the course of two years (de-
scribed in Bruna 1999, Bruna et al. 2002). Dormant
seeds were not placed in a separate stage because seeds
produced in one flowering season germinate prior to
the subsequent census, and experimental results indi-
cate very few seeds germinate two or more years after
dispersal (Bruna 2002). For further details regarding
model construction, see Bruna (2003).

The life cycle of a species with stage-structured life
histories (Fig. 1A) can be summarized in a stage-struc-
tured population projection matrix A, whose elements
represent stage-specific transition probabilities or fer-
tility rates (Lefkovitch 1965, Caswell 2001). The top
row of matrix A contains the mean per-individual fer-
tility (Fi) for plants in stage class i (Fig. 1B). The other
entries of the matrix represent the probability of sur-
vival and growth from a given stage to a larger one
(Gi), the probability of survival and regression to small-
er stages (i.e., negative growth, Ri), or the probability
of surviving and remaining in the same stage from one
time interval to the next (i.e., stasis, Si). The population
can then be projected using the projection equation

n 5 Ant11 t (2)

where nt is a vector with the abundance of individuals
in each stage class at time t. The total population size
in year t is the sum of the entries of nt.

Using estimates of transition probabilities and fer-
tility rates, we constructed a summary population pro-
jection matrix A for each habitat type (i.e., 1-ha frag-
ment, 10-ha fragment, continuous forest) for each of
five transition years (i.e., 1998–1999, 1999–2000,
2000–2001, 2001–2002, 2002–2003). Summary ma-
trices were constructed by pooling data from all plots
of a given fragment size, and then estimating the tran-
sition probabilities and fertilities using the pooled data
(Horvitz and Schemske 1995). A summary matrix is a
better means of synthesizing the demography of mul-
tiple populations, as opposed to a matrix composed of
the average of multiple projection matrices, because it
accounts for the disproportionate weight that low plant
numbers in some size classes in some locations can
give to transition probabilities (Horvitz and Schemske
1995). We used these summary matrices to calculate
the asymptotic population growth rate, l, as well as
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FIG. 1. (A) Life-cycle graph for Heliconia acuminata. Ar-
rows indicate potential transitions between six stage classes,
including contribution to seedlings (stage class 1) via repro-
duction. Dashed lines indicate transitions that were rarely
observed. Examples of the transition elements from matrix
A that represent fertility, stasis, regression, and growth are
included, with subscripts indicating the specific stage classes
involved. (B) A population projection matrix corresponding
to the life-cycle graph in Fig. 1A. The elements of the matrix
represent mean fertility per individual (Fi) for plants in stage
class i, the probability of survival and growth from a given
stage to a larger one (Gij), the probability of survival and
regression to smaller stages (Rij), or the probability of sur-
viving and remaining in the same stage from one time interval
to the next (i.e., stasis, Si). Zero entries represent transitions
that are never observed.

the sensitivity of l to different demographic rates (Cas-
well 2001). It is worth noting that we are not attempting
here to predict the future population dynamics of H.
acuminata in this fragmented landscape. Instead, we
focus on discerning the demographic factors that un-
derlie differences in projected population growth rate,
l, among continuous forest and fragments of different
sizes. Because l quantifies how a population would
grow in the long run if vital demographic rates re-
mained constant, it does not necessarily reflect the cur-
rent growth rate of the population (see Caswell 2001:
29–31, for a cogent discussion of ‘‘forecasting’’ vs.
‘‘projection’’).

Testing hypotheses about l and other population-
level demographic statistics is complicated by the fact
that they are nonlinear functions of data collected on
individuals, and their distributions under null hypoth-
eses are usually unknown (Caswell 2001). As a result,
classical statistical tests that assume the data are a ran-

dom sample of a certain distribution (e.g., normal) are
generally not applicable (Caswell 2001). We therefore
assessed whether estimates of l were significantly dif-
ferent from each other using 95% confidence intervals,
which we estimated by bootstrapping (Kalisz and
McPeek 1992). The upper and lower 95% confidence
intervals of 2000 bootstrap runs were estimated using
bias-corrected percentile intervals (Manly 1997, Cas-
well 2001); values of l were considered significantly
different if their 95% confidence intervals were non-
overlapping.

LTRE analysis

To quantify the contribution of each matrix element
to the observed differences in l between fragments of
different sizes and continuous forest, we used a fixed-
design LTRE (Horvitz et al. 1996, Caswell 2001). In
this design the difference in l between the control and
experimental treatments in a given year, Dl, is given
by

t cDl 5 l 2 l

]l
t cø (a 2 a ) 3 (3)O i j i j 1 2)]aij i ci j (A 1A )/2

where ( 2 ) is the difference in aij between thet ca aij ij

‘‘treatment’’ matrix and the ‘‘control’’ matrix, and ]l/
]aij is the sensitivity of l to changes in aij evaluated at
the mean value (i.e., the matrix ‘‘midway’’ between the
two matrices being compared [Caswell 2001]). We used
the summary matrices for continuous forest as the con-
trol matrices, and those from 1-ha or 10-ha fragments
as the ‘‘experimental treatment’’ matrices.

If the sensitivities of aij terms in the ‘‘mean’’ matrices
are positive, a negative contribution of a matrix element
(or group of matrix elements) to Dl indicates the value
of that variable in the experimental treatment matrix is
lower than in the control matrix (and vice versa). In
our LTRE, for instance, a negative contribution of
‘‘growth’’ terms to Dl would mean that the values of
those matrix elements are lower in the experimental
matrix, i.e., the probability that a plant will grow from
one time interval to the next is lower in forest frag-
ments.

We conducted a total of 10 LTRE comparisons: 1-
ha fragments vs. continuous forest and 10-ha fragments
vs. continuous forest, each for five transition years.
Close correspondence between values of Dl and LTRE
contributions would indicate the adequacy of the LTRE
models.

RESULTS

The projected rates of population growth varied from
0.949 to 1.091 (Table 1), with l , 1 in all habitat types
in transition year 5 (Table 1). Values of l for popu-
lations in continuous forest were significantly higher
than those for populations in all forest fragments in
four of five transition years; averaged across years the
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TABLE 1. Projected population growth rate (l) and 95% bootstrap confidence intervals (in
parentheses) for populations in continuous forest (CF), 10-ha fragments, and 1-ha fragments
for the mean matrices used for the life-table response experiment analyses.

Year lCF l10-ha l1-ha lMean‡ lMean§

1 1.091 (1.074–1.109)† 1.023 (1.014–1.034) 1.009 (0.993–1.028) 1.041 1.041
2 1.083 (1.070–1.096)† 1.008 (0.999–1.017) 0.995 (0.979–1.011) 1.034 1.024
3 1.033 (1.023–1.044)† 0.996 (0.989–1.002) 0.999 (0.976–1.010) 1.017 1.010
4 1.074 (1.060–1.087)† 1.007 (0.996–1.016) 1.008 (0.987–1.026) 1.039 1.029
5 0.949 (0.936–0.961) 0.958 (0.942–0.971) 0.951 (0.932–0.966) 0.951 0.955

Notes: For details on LTRE, see ‘‘LTRE analysis’’ in Methods). Projections of l were made
using summary matrices for each habitat type.

† l for CF populations was significantly higher than for populations in 1-ha and 10-ha
fragments, based on nonoverlapping 95% confidence intervals. There was no significant dif-
ference in l between 1-ha and 10-ha fragments in any year, nor between any 1-ha fragments,
10-ha fragments, and CF in year 5.

‡ 1-ha and CF.
§ 10-ha and CF.

estimate of l for continuous forest was 1.055 6 0.018
(X̄ 6 SE), with mean values in 10-ha fragments and 1-
ha fragments that were very similar to each other (X̄
6 SE 5 0.998 6 0.011 and 0.992 6 0.011, respec-
tively). In none of the five transition years were pro-
jected values of l significantly different for populations
in 1-ha and 10-ha fragments (Table 1).

Our LTRE analysis revealed that the generally lower
l in 1-ha fragments was due primarily to reduced fer-
tility and growth (Fig. 2A–D). However, there was sub-
stantial interyear variability in the contribution of de-
mographic rates to Dl (Fig. 2A–D). For instance, the
contribution of growth terms (Gi) of plants with two
shoots varied up to 10-fold, while the contributions of
fertility rates (Fi) of the largest size class varied as
much as 30-fold. Overall, however, LTRE contributions
of Fi and Gi were consistently negative, and those of
regression (Ri) were positive for most stages (Fig.
2A–D).

On average, growth and regression made the largest
total contributions to Dl, though the contributions of
growth were negative, while those of regression were
positive. However, not all stage classes contributed
equally to Dl. The total contributions of seedlings and
older plants with 1 shoot were negligible, while the
contributions of greatest magnitude came from plants
with $5 shoots (Fig. 3A). Plants with 2–4 shoots made
contributions to Dl that were negative and intermediate
in magnitude.

The LTRE comparing populations in 10-ha frag-
ments with those in continuous forest revealed similar
patterns of interannual variation in the contributions to
Dl. The contributions of greatest magnitude were again
the negative contributions of Fi of large plants (Fig.
2E). However, the contributions of Gi, Ri, and Si were
more idiosyncratic (Fig. 2F–H), with contributions of
different signs and magnitudes in different years.

In contrast to the results for 1-ha fragments, the av-
erage contributions of Gi, Ri, and Si to Dl in 10-ha
fragments were relatively small (Fig. 3D). The contri-
butions of Fi, however, were large and negative. On

average, the contributions of greatest magnitude each
year were again by the largest plants (Fig. 3B); con-
tributions of demographic rates of smaller plants to Dl
were insubstantial.

DISCUSSION

Fragmented tropical forests are characterized by dra-
matically altered biotic and abiotic environments (Ca-
margo and Kapos 1995, Didham and Lawton 1999),
and it is thought that these changes could have a major
influence on the dynamics of plant populations in frag-
ments. Despite this, ecologists have yet to address sev-
eral fundamental questions regarding the demography
of populations in fragmented habitats, such as how
fragmentation influences age- or stage-specific demo-
graphic parameters and population growth rates (but
see Bruna 2003). Our study is the first to use life-table
response experiments to explore the demographic
mechanisms responsible for differences in the projected
growth rates of populations in fragments. We discuss
the mechanisms potentially responsible for the differ-
ences in projected values of l, as well as the impli-
cations of our results for the conservation of plants in
human-modified landscapes.

Do projected population growth rates differ in forest
fragments and continuous forest?

Projections of l for Heliconia acuminata populations
in the fragments were significantly lower than those in
continuous forest in four of the five transition years.
With the exception of year 5, however, projected values
of l for populations in fragments were near equilibrium
(i.e., l ø 1). In contrast, populations in continuous
forest were projected to grow by as much as 9% per
year. These results suggest that populations in contin-
uous forest may be able to recover rapidly from oc-
casional years of negative population growth, while
those in fragments are at elevated risk of population
decline and extinction. Alternatively, isolated popu-
lations may be buffered from declines if there is dis-
persal of seeds into fragments from the secondary
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FIG. 2. Life-table response experiment (LTRE) contribution of matrix elements representing fertility, growth, regression,
and stasis to annual differences in population growth rate (Dl). Continuous forest (CF) was compared with 1-ha fragments
(panels A–D) and with 10-ha fragments (panels E–H). One LTRE analysis was conducted for each transition year. Stage
classes are seedling (sdlg), 1, 2, 3, 4, and $5.

growth that surrounds them or nearby areas of contin-
uous forest. While the abundance of reproductive plants
in secondary growth is extremely low (Bruna and No-
gueira Ribeiro 2005), previous results suggest dispersal
from continuous forest may be spatially and temporally
idiosyncratic (Bruna 2003). Stochastic simulations to
evaluate extinction risk, and the potential for it to be
offset by seed dispersal, are currently underway.

What is the contribution of different demographic
transitions and stage classes to Dl?

Previous experimental and observational studies
have demonstrated that H. acuminata seed germination

and seedling establishment are lower in forest frag-
ments than in continuous forest (Bruna 1999, 2002),
as is the abundance of flowering individuals (Bruna
and Kress 2002). As a result, it has been hypothesized
that fragmentation-related changes in plant reproduc-
tion could lead to reductions in recruitment and pop-
ulation growth rates, and ultimately to population de-
clines (Bruna 2002). The result of the LTREs compar-
ing the demography of populations in 10-ha fragments
and continuous forest is consistent with this hypothesis;
we found the differences in l were largely attributable
to the negative contribution of stage-specific fertility
rates. In addition, the contributions of individuals with
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FIG. 3. Annual contribution to Dl (mean and SE) by (A, B) demographic rate (i.e., fertility, growth, regression, or stasis)
and (C, D) life history stage, averaged over five transition years. Comparisons are of 1-ha and 10-ha fragments with continuous
forest (CF).

$5 shoots, which are those most likely to flower and
set seed, are consistently large and negative. Never-
theless the primacy of fertility may not be ubiquitous.
The LTRE comparing populations in 1-ha fragments
and continuous forest showed fertility terms contrib-
uted only half as much to Dl, despite similarly low
rates of seed germination and seedling establishment.

What, then, are the demographic mechanisms re-
sponsible for lower projected values of l in 1-ha frag-
ments? In the larger fragments, individuals of H. ac-
uminata have reduced reproductive rates, but survival
and growth do not appear to have been substantially
altered. In contrast, the LTRE comparing 1-ha frag-
ments and continuous forest showed that the bulk of
the negative contributions to Dl came from transitions
describing growth to larger stage classes and lower
probability of stasis in the same size class. In other
words, reduced l in 1-ha fragments is not only due to
reductions in reproductive rates, but also reductions in
the rate of plant growth. Interestingly, the contributions
of regression terms were largely positive, which im-
plies that regression into smaller stage classes can be
demographically advantageous in forest fragments. We
believe this counterintuitive result is an artifact of how
these transition elements are calculated. Regression
terms are conditional probabilities (i.e., the probability
that a plant regresses to a smaller size class, given that
it survives to be censused), and hence they include two
vital rates with potentially contrasting effects. While
there may be a demographic cost to regression (i.e.,
smaller plants are less likely to flower [Bruna and Kress

2002]), these costs are probably outweighed by the
benefits of extremely high survivorship for postseed-
ling individuals (Bruna 2003).

Although survival, fertility, and other vital rates in
plants are often size dependent, studies comparing
plant growth in fragments and continuous forest are
virtually nonexistent (but see Bruna et al. 2002,
McDonald and Urban 2004). Previous experimental
work on H. acuminata has found that plant growth rates
are frequently lower in 1-ha fragments than in contin-
uous forest (Bruna et al. 2002) and that plants in the
largest size classes can be very rare (Bruna and Kress
2002). This is almost certainly due to dramatically el-
evated air temperatures and lower relative humidity in
fragments, which cause plants to shed shoots and leaves
as a means of minimizing water loss (Bruna et al.
2002). However, while our LTRE suggests these en-
vironmental changes could have major demographic
consequences via their effects on plant growth, it is
worth emphasizing that this will not necessarily be the
case in fragments of all sizes. For instance, our plots
in 10-ha fragments were in the more protected fragment
interiors, and as a result H. acuminata in these sites
were probably less exposed to edge-dependent changes
in abiotic conditions. This is probably why transitions
related to plant growth made only small contributions
to Dl in the LTRE comparing continuous forest with
10-ha fragments. These results highlight the risk of
focusing exclusively on l as a metric of population
status or the efficacy of conservation strategies, since
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distinctly different demographic mechanisms can lead
to comparable changes in l in different populations.

Several caveats to these conclusions bear discussing.
First, fruit production by H. acuminata is similar in 1-
ha fragments and continuous forest (Bruna and Kress
2002). In systems where the fruit-set of plants in frag-
ments is severely pollinator or resource limited (e.g.,
Jules and Rathcke 1999, Cunningham 2000a, b), the
contributions of fertility terms to Dl could potentially
be much greater. Second, the BDFFP’s fragments are
protected from cattle, fires, plant harvesting, and other
factors that can reduce plant growth and survivorship
(e.g., Aizen and Feinsinger 1994, Ticktin 2004). The
importance of these vital rates in other fragmented
plant systems may therefore be even more notable.

Is there temporal variation in the pattern
of contribution to Dl?

Our LTRE analyses also revealed the presence of
substantial interannual variation in the pattern of con-
tribution to Dl. For instance, the contributions of fer-
tility terms varied as much as fivefold (Fig. 2A, E),
which almost certainly reflects year-to-year variation
in the abundance of flowering plants and seedling es-
tablishment. Even more notable was variation in the
contributions related to plant growth; in some years the
contributions of a particular size class were large and
positive, while in other years they were similar in mag-
nitude but in the opposite direction (Fig. 2B, F). The
environmental causes of this demographic variability
are unclear, but they may reflect temporal variation in
gap formation and canopy closure, or changes in in-
terannual variation in temperature and rainfall. Previ-
ous demographic work has concluded that tropical
plant populations are more ‘‘stable’’ because they rare-
ly exhibit the year-to-year variation in l commonly
observed in temperate plant populations (but see Horv-
itz and Schemske 1995); our results suggest that the
underlying demographic structure may be much more
dynamic than previously thought.

CONCLUSION

Identifying the specific demographic mechanisms
underlying the responses of plant populations to habitat
fragmentation is challenging but essential, as it is the
first step toward defining appropriate strategies for con-
servation and management (Schemske et al. 1994). Our
results clearly show that the same demographic rates
can make contrasting contributions to l in fragments
of different sizes. Perhaps even more important, similar
reductions of l in fragments of different sizes can be
driven by completely different demographic mecha-
nisms. We hypothesize that this is probably the case in
other species as well, and as a result, the responses of
different populations to management practices that are
applied at the landscape level could potentially vary
widely. Unfortunately, a paucity of ‘‘cradle-to-grave’’
demographic studies for species found in human-mod-

ified landscapes makes tests of this hypothesis difficult.
Our results suggest that without such comprehensive
demographic data, attempts to mitigate the decline of
populations inhabiting anthropogenically altered land-
scapes could be unsuccessful because they may inad-
vertently be focusing on incorrect demographic targets.
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