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Abstract. To assess how the decimation of large vertebrates by hunting alters recruitment
processes in a tropical forest, we compared the sapling cohorts of two structurally and
compositionally similar forests in the Rio Manu oodplain in southeastern Peru. Large
vertebrates were severely depleted at one site, Boca Manu (BM), whereas the other, Cocha
Cashu Biological Station (CC), supported an intact fauna. At both sites we sampled small (>1
m tall, <1 cm dbh) and large (>1 cm and <10 cm dbh) saplings in the central portion of 4-ha
plots within which all trees >10 cm dbh were mapped and identi ed. This design ensured that
all conspeci ¢ adults within at least 50 m (BM) or 55 m (CC) of any sapling would have known
locations.

We used the Janzen-Connell model to make ve predictions about the sapling cohorts at
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Intensive hunting in the forest at BM began in 1972
1973 when the Cities Service Corporation (now Citgo)
established a petroleum exploration camp nearby. At the
climax of the exploration project, there were 1100
workers living in an improvised town across the Madre
de Dios River from Boca Manu (J. Terborgh, personal
observation). The large worker population generated a
market for bushmeat that spurred members of the
indigenous Piro community to become commercial
hunters. Intensive hunting continued until 1976 when
Cities Service concluded its operation and withdrew
from the region. Less intensive commercial hunting has
continued to the present to supply the town of Boca
Manu and nearby indigenous communities. Populations
of many large birds and mammals have been severely
depleted within a several kilometer radius around.
Neither site had experienced commercial logging at the
time of our research, although four Attalea palms had
recently been harvested for thatch at the BM site
(representing 0.003 of the adult trees in the plot).

The elapsed time between the initiation of commercial
hunting at BM and our measurements was 32 years.
Given a tree turnover rate of 1.7% per year (the rate at
CC; Terborgh and Gentry 1990), ~42% of the adult
trees in the stands at both sites would have died and
been replaced during the interval. However, most trees
recruiting into the adult size class over the 32 years
would already have been present in the stand as saplings,
so the adult tree stand present at BM in 2004 can be
presumed to consist predominately of old adults plus
recruits that originated as seedlings prior to the
initiation of intensive hunting. The presumption of little
or no in uence of hunting will be less true for large
saplings (>1 cm and <10 cm dbh) and least for small
saplings (those >1 m tall and <1 cm dbh). Just how long
saplings typically remain in the understory before
recruiting as adults is a matter of debate and, in any
case, is sure to vary greatly both within and between
species (Hubbell 2004). Thus, it is not practical to
specify even an approximate age for the two sapling
cohorts. Instead, we make the much more conservative
assumption that small saplings, on average, arose as
seedlings more recently than large saplings. Thus, we
expect the in uence of intensive hunting on recruitment
dynamics to be greatest in the small sapling cohort and
least in the adult stand at BM.

Transect counts were carried out at CC and BM to
document faunal differences. Censuses were performed
using a standardized line-transect method (Peres 1999).
At each site a 4-km transect was sampled for 13 16 days
both by day and by night, and during both dry (2003)
and wet (2004) seasons. Diurnal censuses began at 06:00
hours and nocturnal censuses at 18:00 hours and
progressed at a mean speed of 1 km/h. We recorded
the number of mammals and large birds detected along
the census transect with estimates of the perpendicular
distance from the target or the center of the group
(gregarious animals) to the transect line. We used
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DISTANCE software to calculate animal densities
(software available online).® Total distance walked was
220 km at CC and 208 km at BM. We cut new transect
trails to avoid pre-existing hunting trails. Completed
transects were left undisturbed for at least four days
prior to the initiation of censusing to allow animals time
to resume their normal ranging habits.

To compare sapling recruitment in relation to adult
tree stands, we rst established tree plots measuring 200
X 200 m (4 ha) at both sites. Within these plots, all trees
>10 cm dbh were mapped, numbered, measured, and
identi ed. The central portions of the tree plots (0.81 ha
at CC, 1.0 ha at BM) were then subsampled for two
classes of saplings (small, >1 m tall and <1 cm dbh;
large, >1 cm dbh and <10 cm dbh). The inclusion of a
broad strip of mapped trees around the areas sampled
for saplings ensured that the conspeci ¢ adult nearest to
each sapling would have a known location up to a
minimum of 55 m (CC) or 50 m (BM; Terborgh et al.
2002). Within each plot, saplings and adults were
mapped in a common coordinate system, permitting
straightforward calculation of the distance of each
sapling to the nearest conspeci ¢ adult.

The identi cation of all trees and saplings was made
at the time they were mapped and tagged and later
checked by J. Terborgh and/or N. Pitman. When an
identi cation was in doubt, we collected a voucher,
brought it to camp, and discussed it with other team
members. If that failed to resolve the identi cation, the
voucher was retained and a digital photo was made of
the specimen. Vouchers are in storage at CC and digital
photos are available on request. Unidenti ed stems
represent <5% of the total in any size class at each site.

A possible confounding effect of light gaps on sapling
densities was investigated by sampling both sapling plots
for light availability using an ad hoc method similar to
that employed by Welden et al. (1991). An observer
walked evenly spaced lines in the plots and recorded the
presence of foliage in vertically superimposed zones at
grid intersections spaced 7.5 m apart at CC and 5 m
apart at BM. The data for CC were interpolated to bring
the spacing intervals into conformity with the 5 X 5 m
cells employed at BM. The two grids were imported into
ArcGIS to generate maps of canopy height encompass-
ing the sapling plots at both sites. The proportions of
cells having canopy heights of 0 to <5 m, >5 to <20 m,
and >20 m at the two sites were then compared by G
test.

Tree species were assigned to one of nine dispersal
modes (autochorous, bird, bat, large primate, small
arboreal mammal, terrestrial mammal, unknown, water,
wind). Assignments were based on observations accu-
mulated at CC over 30 years of research on primates,
birds, bats, and terrestrial mammals (Terborgh 1983,
Foster and Janson 1985, Romo 1997). Many of these

9 (http://www.ruwpa.st-and.ac.uk/distance/
distancedownload.html)
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observations are documented in unpublished disserta-
tions. When we were uncertain of the primary disperser
group for a given species, we consulted published
sources, particularly van Roosmalen (1985), Gentry
(1993), and especially Stevenson et al. (2000).

For analyses, we reduced the number of dispersal
categories to seven in order to conform to the
requirements of chi-square tests (combining the autoch-
orous, water, and unknown modes into a category of

other ). Expected values were calculated as the number
of stems in each category observed at BM multiplied by
the proportion of stems in the respective categories at
CC divided by the total number of stems at BM. To
permit direct comparisons between sapling and adult
stands, sapling cohorts were Itered to exclude three
categories of species: (1) those maturing at <10 cm dbh,
(2) species not represented in the adult stands of either
site, and (3) palms.

The demographic status of a tree population can be
assessed via the ratio of saplings to adults (Condit et al.
1998). Interspeci cally, these ratios vary from <1to >1,
but intraspeci cally the number of saplings per adult
re ects the biology of the species and is presumed to be
relatively consistent across sites. However, overall
sapling numbers were lower at BM by nearly a factor
of two. To control for sapling density, we adjusted the
number of saplings of each species at BM by multiplying
it by 1.91 (small saplings) or 1.66 (large saplings), the
factors by which sapling density was greater at CC.
Using adjusted sapling numbers for BM, we then
assumed that intraspeci ¢ sapling/adult ratios would
be the same at both sites. Thus, our null hypothesis for
species in common to the two sites was that

adjusted number of saplingedult at BM 10
number of saplingadult at CC

Inclusion in the analysis required one or more
individuals in each of four cohorts: saplings and adults
at BM and saplings and adults at CC. Deviations from
the expected value of parity spanned a range of >103, so
we used logarithms of the ratios for further analysis.
Deviations were analyzed in relation to seed dry mass
(Prediction 4) in two ways: rst, in a nonparametric
correlation (Spearmans rho) with 56 species, and
second, by comparing (via t test) the seed masses of
the 10 species representing the most extreme departures
(both positive and negative) from the expected ratio of
1.0. Seed dry masses were obtained from a seed
collection maintained at CC and an associated database.

Prediction 5 was that sapling distributions should not
shift toward conspeci ¢ adults under the assumption of
unaltered escape curves. We examined the spatial
distribution of saplings in relation to adults by using a
simple formula that describes the expected mean nearest
neighbor distance of points randomly arrayed in a plane:

Dexp = %p density (1)
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TasLe 1. Densities of vertebrate seed dispersers and seed
predators at Cocha Cashu Biological Station (CC) and Boca
Manu (BM), Peru.

No./km?
Functional group CC BM
Arboreal seed dispersers, diurnal
Primates, large (spider monkeys, howler 67.2 0.0
monkeys)
Primates, mid-sized (capuchins) 98.9 84
Primates, small (titis, squirrel monkeys, 70.4 86.4
tamarins)
Birds, large (guans, trumpeter) 316 21
Arboreal seed dispersers, nocturnal
Mid-sized (kinkajous, olingos, night monkeys) 20.7 33.5
Terrestrial seed predators, diurnal
Large (collared and white-lipped peccaries) 98.2 16.7
Mid-sized (agouti, acouchi) 17.4 10.0
Small (squirrels) 411 353

where Dy, is the expected mean distance between
randomly arrayed saplings and conspeci ¢ adults based
on the density of adults (>10 cm dbh) in the stand. We
de ne Dgys as the observed mean distance between
saplings and the nearest conspeci c adult. If saplings are
scattered at random with respect to conspeci ¢ adults,
Dexp = Dobs, but if saplings are skewed toward adults,
Dobs < Dexp- In log log form, the relationship in Eq. 1
plots as a straight line. Residuals below the line indicate
species with saplings clumped closer to adults than if
arrayed at random; residuals located above the line
indicate hyperdispersion.

REesuLTs
Communities of vertebrate dispersers and seed predators.

Densities of large birds and mammals at the two sites
were estimated via transect counts (Table 1). Large
primates were so scarce at BM as to be undetectable.
Medium-sized primates were depleted by >90%, as were
large frugivorous birds, whereas the density of small
primates was similar at the two sites. There was no
difference in the density of frugivorous nocturnal
arboreal mammals. Large terrestrial seed predators
(peccaries) were reduced by >80% at BM and mid-sized
species by ~40%; the density of small diurnal seed
predators (squirrels) was roughly equivalent at the two
sites. It is important to note that small nocturnal rodents
(<0.5 kg) comprise a signi cant component of the seed
predator community in Neotropical forests (Adler 1995)
and that these were not censused. Given that local
hunters do not hunt at night and in any case do not take
mammals weighing <1.0 kg, small nocturnal rodents
were presumably unaffected by hunting at BM.

Similarity of the two forests

The tree stands of the two forests were similar with
respect to density of adult trees (>10 cm dbh), basal
area, species richness, and species composition (Table 2).












