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a b s t r a c t

Unprecedented rates of logging and hunting threaten to transform the remaining primary tropical for- 
est into a degraded mosaic, emptied of wildlife. Defaunation is expected to interrupt plant–animal
interactions with cascading effects for forest structure, composition, and ecosy stem services. In a Cen- 
tral African forest first logged 35 years ago, we evaluated this process of ecological erosion in 30 study 
sites distributed across forest disturbed by logging and hunting, logging alone, and neither logging nor 
hunting. Both logging and hunting tended to reduce abundances of large mammals, together shifting 
the relative abundance of the animal community towards squirrels and small bird s. Through a series 
of experiments, we evaluated the effects of logging and hunting on seed dispersal, seed predation 
and herbivory. We demonstrate that complete defaunation is not necessar y to significantly alter the 
strength of plant-animal interactions. Hunting reduced the mean dispersal distances of nine mam- 
mal-dispersed tree species by 22%. Rates of seed predation were similar among forest types, but hunted 
forest had significantly lower rates of herbivory that we attribute to the lower abundance of meso- 
herbivores. Hunted forest also had significantly lower abov e-ground biomass (301 Mg ha!1) than the 
logged only (358 Mg ha!1) and undisturbed (455 Mg ha!1) forest types, but similar numbe rs of tree 
species and individuals. Lower biomass in hunted forest is likely attributable to significantly lower 
wood densities at small tree size classes (<40 cm). We hypothesize that over time the human-mediated 
modification of plant-animal interactions can alter the composition of the forest to have a higher pro- 
portion of fast-growing, low wood density tree species, diminishing the long-term potential for carbon 
storage.

! 2013 Elsevier Ltd. All rights reserved.

1. Introduction 

Worldwide, tropical forests are being emptied of their large ver- 
tebrate populations (Brook et al., 2003; Fa et al., 2003; Peres and 
Palacios, 2007 ). Defaunation, the local extirpation of large verte- 
brates, is driven by myriad activities, including rural population 
growth, artisanal mining, logging and road construction; but the 
proximate factor is overhunting. Subsistence and commercial 
hunting take an enormous toll on populations of tropical mam- 
mals, birds and reptiles, with annual losses of animals estimated 
at 6 million in Southeast Asia, 16 million in the Brazilian Amazon,
and 18 million in Central Africa (Butler, 2013 ).

It is widely recognized that losses of vertebrate populations can 
disrupt plant–animal interactions , threatening the integrity of nat- 
ural ecosystems. Hunting can alter rates of pre-dispersal predation 
(Beckman and Muller-Landau , 2007 ), seed dispersal (Wright et al.,

2000; Galetti et al., 2006; Brodie et al., 2009; Holbrook and Loiselle,
2009), seed predation (Wright et al., 2000, 2007a,b ), seedling pre- 
dation (Vanthomme et al., 2010 ), and herbivory (Dirzo and Miran- 
da, 1991 ). Changes in these processes should have cascading 
effects for species composition, diversity, and structure of plant 
communi ties (Muller-Landau , 2007; Wright et al., 2007a,b ). One 
of the few generalizati ons to have emerged from these studies is
the predictio n that defaunation will be most detrimental for 
large-seed ed tree species (Kurten, this issue ); however there is dis- 
agreement over the consequences of these changes for the plant 
communi ty (e.g., Wright et al., 2007a,b; Vanthomme et al., 2010 ).
While the short-term responses of forests to hunting are beginning 
to be understo od, the long-term ecological consequences remain a
matter of speculation .

Defaunat ion in Central Africa would probably be a localized 
problem if not for extractive industries whose operation s take 
place over millions of hectares (Butler and Laurance, 2008; Clark 
and Poulsen, 2012 ). With deeper roots than other industries, tim- 
ber extractio n is a good example of how large-scale extractive 
industrie s set the stage for defaunat ion. Logging operations open 
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roads and provide access for slash-and-b urn farmers and hunters 
to remote forests (Wilkie et al., 2000; Robinson et al., 1999 ).
Logging requires a labor force to inventory, extract, and refine logs;
thus villages and towns are built in the forest, increasing hunting 
pressure on wildlife (Poulsen et al., 2009 ).

Defaunation generally occurs in size-based increments, with 
hunters first taking the largest species, and then working down 
to lower size classes of animals (Peres and Palacios, 2007; Poulsen 
et al., 2011 ); most Central African forests are located somewhere 
between the extremes of complete defaunation and a fully intact 
vertebrate community. Hunting therefore initiates a process we
call ecologica l erosion – the incremental deterioration or alteration 
of ecological communities and processes . This term captures the 
nature of the phenomenon, as most interactions are not completely 
lost, but rather eroded and weakened as the animal community is
modified. The degree of change for plant-animal interactio ns and 
the plant community will depend on the intensity of hunting and 
sensitivity of the faunal community . This raises questions of
whether: (1) different disturbances, such as logging and hunting,
impact animal guilds in different ways and potential ly offset each 
other’s negative effects on wildlife; and (2) whether ecological pro- 
cesses are maintained in the absence of complete defaunation.

In this paper, we evaluate the potential consequences of ecolog- 
ical erosion for the species compositi on and structure of a Central 
African forest. We synthesize the results of several experiments 
conducted across a gradient of hunting and logging in Republic 
of Congo. Intensive hunting in the area likely began with the onset 
of logging 35 years before this study: its effects are now mani- 
fested by significantly higher abundances of small-bo died species 
in disturbed forest compared to undisturbed forest (Poulsen
et al., 2011 ). We examine the effects of reduced populations of
large-bodied species on ecological processes by comparing (1) seed 
rain abundance and seed dispersal patterns, (2) post-dispersal seed 
predation, and (3) herbivory among forest disturbed by logging 
and hunting, logging alone, and neither logging nor hunting. To as- 
sess the possible repercussio ns of changes to ecological processes ,
we compare tree species composition and biomass among forest 
types.

2. Materials and methods 

2.1. Study site description and design 

In 2005, we initiated a research program to monitor the impact 
of logging and hunting on tropical forest dynamics in Republic of
Congo (Clark et al., 2009; Poulsen et al., 2009, 2011 ; Fig. 1). This 
area includes the Nouabalé-Ndoki National Park (NNNP) and the 
adjacent Kabo logging concessio n (KLC) managed by the Congol- 
aise Industrielle des Bois company (CIB). The NNNP has never been 
commerciall y logged and has not recently contained permanent 
villages; although hunter-gath erer populations inhabited the re- 
gion for approximately 40,000 years and evidence of iron smelting 
sites and burning date from 1240 BP (Lanfranchi et al., 1998; Brncic 
et al., 2007 ). The KLC was first selectively logged (<2 trees/ha)
approximat ely 35 years before our study. We estimate that the ef- 
fects of both hunting and logging likely date back this long, as log- 
ging operations included the construction of a worker’s camp 
("3000 people in 2005) and a sawmill at Kabo village (CIB, 2006 ).

As part of this research program, we established the Sangha Plot 
Network (SPN) consisting of 30 sites in an area of 3000 km2 (Fig. 1).
Each site includes a 1-ha tree plot for measuring forest diversity 
and structure at the midpoint of a 2.5 km transect for quantifying 
animal densities. The SPN stretches over a gradient of undisturbed 
forest to logged, hunted forest near the town of Kabo. We

randomly located the sites in mixed lowland tropical forest within 
each of the three different forest types: logged and hunted forest,
logged and unhunted forest, and unlogged and unhunted forest 
(see Poulsen et al. (2011) for details). Here we refer to the forest 
types as ‘‘hunted’’, ‘‘logged only’’ and ‘‘undistu rbed’’.

None of our study sites are defaunat ed: they all retain the full 
complemen t of forest species, but at different densities, with the 
hunted site on a trajector y to defaunation . Although hunting and 
logging can sometimes impact animal guilds in different ways (log-
ging reduced the density of squirrels, whereas hunting increased 
densities of squirrels), when combined they exacerbated declines 
in populations of medium- and large-bodi ed mammals and shifted 
the relative abundan ce of the community towards small-bodied 
squirrels and birds (Fig. 2, Poulsen et al., 2011 ). Elephants were 
an exception to this pattern: their densities did not differ signifi-
cantly between hunted and undisturbed forests. We attribute this 
to active law enforcemen t efforts to protect elephants and logging- 
induced habitat modification (Clark et al., 2009 ). Elephant densities 
were highest in logged only forest, probably because the opening 
of forest during timber extraction results in a surge of seedling 
and saplings that are browse for elephants (Clark et al., 2009 ).
However , our snapshot of the animal community , conducte d
5 years after the creation of an armed eco-guard unit, likely does 
not represent the history of the area. In the past, poaching of ele- 
phants for ivory was intense in large forest clearings: elephant car- 
casses were often seen in clearings during fly-overs in the1990s (B.
Curran, pers. comm.). That is to say, we believe that elephant pop- 
ulations were lower in the past (maybe substantially so), particu- 
larly in the hunted forest, and this may have contributed to
present day differences in forest structure .

We designed our study to detect the individua l effects of log- 
ging, hunting, and the combination of logging and hunting. We
estimate these effects for different responses (e.g., animal density,
seed dispersal distances) by comparing the value at the disturbed 
site from the value where that disturbance was not present:

Effectl # Sitel;uh=Siteul;uh

Effecth # Sitel;h=Sitel;uh

Effectl$h # Sitel;h=Siteul;uh

where subscript ‘‘l’’ indicates logged, subscript ‘‘h’’ indicate s hunted,
subscri pt ‘‘uh’’ indicate s unhunted, and subscri pt ‘‘ul’’ represe nt un- 
logged. Note that due to the missing forest type (unlogged, hunted),
our estimate of the effect of hunting is actually the estimate of
huntin g in logged forest.

2.2. Seed rain and dispersal 

To determine the impact of changes in the vertebrate commu- 
nity on seed rain patterns, we erected 21-1 m2 seed traps in each 
forest plot (N = 630 traps in 30 plots). Seed traps were constructed 
of plastic mesh attached to 1 % 1 m wooden frames elevated to a
height of 1 m from the ground. Traps were centered along three 
lines at 25, 50, and 75 m from the plot border, with 10 m separat- 
ing each trap so that all traps were at least 20 m from the plot bor- 
ders. During the two-year duration of this study, we collected all 
seeds and fruits that fell into the traps every two weeks and 
counted and identified them to species.

To estimate seed dispersal patterns across the three forest 
types, we used an inverse modeling method that models the den- 
sity of seeds at a single location (seed trap) as the summed contri- 
bution of seeds dispersed from all conspecific adult trees in the 
plot. We assumed that the contributi on of each adult tree to the 
seed rain at a location depends only on its individual fecundity 
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and its distance to the seed trap. Our approach parallels methods in
Ribbens et al. (1994) for modeling the dispersio n of seedlings, but 
adapted for modeling seed dispersal (Clark, 1998; Sagnard et al.,
2007; Muller-Landau et al., 2008 ).

The number of seeds Nij in seed trap i in plot j is the sum over 
each adult k of the product of its fecundity Fk by the dispersal ker- 
nel f which gives the probability that a seed is dispersed at a dis- 
tance dik from a tree:

Nij #
X

ij

Fkf &dik'

We modeled adult fecundity by scaling seed production to tree 
size, Fk # bsb

k , where the number of seeds produced by a tree (Fk) is
the size (diameter-at-breast height: dbh) sk scaled by b which con- 
trols the dependence of fecundity on size and b is a proportional ity 
constant. We considered dispersal to be isotropic and modeled the 
seed shadow as a negative exponential dispersal kernel, f(x) = c
exp(!dik/a). Here c is a normalizer that controls overall seed den- 
sity by constraining the dispersal kernel between 0 and 1
c #

R d#1
d#0 e!dik=a

! "
, a is scale of dispersal.

We assumed that the observed number of seeds in a seed trap 
followed a negative binomial error distribution with clumping 
parameter j (Hilborn and Mangel, 1997; Clark, 1998 ). We cali- 
brated parameters for the dispersal model by searching numeri- 
cally for the combination of paramete r values that maximize the 
likelihood function, using the L-BFSG-B method (Byrd et al., 1995 ).

2.3. Seed predation and herbivory 

To evaluate the strength of seed predation, herbivory and seed- 
ling recruitment at each site, we conducte d caged and uncaged 
seed addition experiments . We established 63 stations in 7 ran- 
domly chosen plots from each forest type. In each station, we
sowed seeds of five randomly selected tree species: Pancovia laur- 
entii, Staudtia kamerunens is, Manilkara mabokeensis , Myrianthu s
arboreus, and Entandophragm a utile . Species were chosen from a list 
of all tree species for which we recorded at least five seeds in the 
first year of seed rain (N = 277 species). This allowed us to collect 
sufficient numbers of seeds to conduct the experiment, while not 
biasing selection towards any particular species characteristic.
The five focal species vary in regeneration niche, dispersal mode,
seed size, and relative abundance, and adult individuals of all spe- 
cies co-exist across the study site (Clark et al., 2012 ).

We divided each 6 % 10 m station into 60, 0.5 % 0.5 m quadrats 
with 0.5 m between each quadrat to provide access by researchers 
(N = 3,780 quadrats). In each quadrat we scattered seeds of one 
species in one of seven densities (0, 25, 50, 100, 200, 500, and 
2000 times the average species-speci fic natural seed rain density;
N = 46,620 seeds). Following seed addition, we monitored seedling 
emergence and mortality every 3 months for 2 years. At each 
observati on period, we recorded the height, condition, and number 
of leaves of each seedling. To quantify the strength of terrestria l
vertebrate seed predation and herbivory, we established caged 
treatments within all stations for three of the five focal species 

Fig. 1. Map of the Sangha Plot Network (SPN) study area in Republic of Congo, Central Africa. The SPN is embedded in a landscape of logging concession and protected areas,
including the Lobéké National Park in Cameroon, the Ndoki National Park in Central African Republic, and the Nouabalé Ndoki National Park in the Republic of Congo. Each of
the 30 sites consisted of a 1-ha forest plot at the midpoint of a 2.5 km transect. They were distributed across a gradient of hunting and logging, with 10 hunted sites (southern
Kabo Logging Concession), 10 logged only sites (northern Kabo Logging Concession), and 10 undisturbed forest (Nouabale-Ndoki National Park). Map created by J. Moore.
Sources: Esri, DigitalGlobe, GeoEye, i-cubed, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, and the GIS User Community.
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(Entandophrag ma utile, Manilkara mabokeensis, and Myrianthu s
arboreus) and for six of the seven seed augment ation densities 
(0–500 times ambient seed rain). In total, we caged 18 quadrats 
per station (N = 1134 caged quadrats ). We were limited to caging 
only three species because of the difficulty of carrying cages to re- 
mote forest sites. Cages consisted of 0.75 m high wooden frames 
covered by 13-mm wire netting that protected the quadrats from 
terrestrial vertebrate predators , such as rodents, duikers, and forest 
pigs.

To examine the effect of hunting and logging on seed predation 
and seedling predation/herb ivory, we fitted and evaluated general- 
ized linear mixed models (GLMMs) to: (1) the number of seeds that 
failed to recruit as a function of the number of seeds added to a gi- 
ven quadrat; and (2) the number of seedlings that died as a func- 
tion of the maximum number of emerged seedlings. We included 
seed augmentati on level, forest type, and the caging treatment as
explanatory variables, while species, site, and species-by-s ite were 
included as random effects. The random effects quantify variation 

in seed predation and seedling mortality among sites and species,
and the species-by-site interaction examines the degree to which 
they depend on site identity. We fit all models with a binomial er- 
ror distribution and a logit-link, using Laplace approximat ion 
(lme4 package) for maximum likelihood estimation of the param- 
eters and testing the statistical significance of fixed effects with 
Wald Z statistics (Bolker et al., 2009 ). All statistical analyses were 
performed in R 2.7.2 (R Development Core Team, 2005 ).

2.4. Adult forest composition and above-gro und biomass 

To test for potential differences in forest composition and struc- 
ture that may have resulted from sustained differences in verte- 
brate community structure and ecological processes, we set up
10 1-ha plots in each forest type. Within each of the 30 forest plots,
we tagged, measured, mapped and identified to species all trees 
greater than 10 cm dbh. Total above-groun d biomass (AGB) of each 
tree was estimated using Chave et al.’s (2005) allometric equation 
that incorporate s tree diameter and wood density, using published 
wood density estimates for trees harvested in Africa (Zanne et al.,
2009). For unidentified species, we applied the mean wood density 
for each plot weighted by the number of trees from each plot (Le-
wis et al., 2009 ).

2.5. Statistica l analyses 

We compare values of seed rain, biomass, species, basal area,
and wood density among our forest types (Results and Table 1).
For each comparis on we tested for normality , using non-parame t-
ric tests (Kruskal Wallis and Wilcoxon Rank Sum) when our data 
failed to fit a normal distribution . To test for differenc es in mean 
plot wood densities across DBH size categories and forest types,
we employed Tukey’s Honest Significant Difference to create a
set of confidence intervals on the differenc es between the mean 
densities in each forest type.

3. Results 

3.1. Seed rain abundance and seed dispersal patterns 

The mean seed rain density per year was 340.3 seeds m!2

(SD = 943.2). Seed rain density was lowest in the hunted, logged 
forest (144.5 seeds m!2, SD = 140.2), then the logged only forest 
(361.4 seeds m!2, SD = 1153.9), and highest in the undisturbed for- 
est (515.0 seeds m!2, 1156.9). The density of Ficus seeds, however,
dictated this trend: plots with Ficus had extremely high seed den- 
sities relative to plots without Ficus. Annual seed densities exclud- 
ing Ficus were much lower (hunted = 95.2 seeds m!2, logged 
only = 66.1 seeds m!2, undisturbed = 75.8 seeds m!2). There were 
no significant differences in densities of wind-disper sed seeds 
(ANOVA: F2,27 = 0.533, P = 0.593), or large, mammal-dispe rsed 
seeds (Kruskall-Wallis: v2 = 0.808, df = 2, P = 0.667) across the sites 
or between hunted and unhunted plots (wind-dispersed t-test:
t = 0.924, df = 28, P = 0.364; large seeds Wilcoxon Rank Sum:
W = 116, P = 0.501).

From the seed trap data, we modeled the seed shadows of nine 
mammal- dispersed tree species in logged and unlogged forests and 
hunted and unhunted forest. Across all nine species, the correlation 
between the predicted data and observed data was 0.33 (SD = 0.20)
for hunted forests and 0.36 (SD = 0.20) for undisturbed forest. For 
five of nine species, the mean dispersal distance was farther in
logged than unlogged forest (Fig. 2). The mean dispersal distance 
in logged forest was 15.6 m compare d to 12.1 m in unlogged forest.
For six of the nine species, the mean dispersal distance was farther 
in unhunted than hunted forest. The mean dispersal distance in
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Fig. 2. Effects of hunting and logging on (a) biomass of medium- and large-bodied 
animals, (b) mean seed dispersal distance, (c) rates of seed predation, (d) rates of
herbivory, and (e) forest biomass. For animal biomass, seed dispersal, and forest 
biomass, the effects of disturbance were estimated as log ratios by dividing the 
value of the disturbed sites from the value of the sites where that disturbance was 
not present (e.g., Effecth # log10&Siteh;l=Siteuh;l', where subscripts define disturbance 
type [h, hunting; uh, unhunted; l, logged]). For rates of seed predation and 
herbivory, the effects of disturbance were estimated as the difference between the 
value of the disturbed sites from the value of the sites where that disturbance was 
not present. Bars represent 95% confidence intervals.
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hunted forest (11.6 m) was 22% lower than unhunted forest 
(14.9 m; Fig. 3).

3.2. Seed predation, herbivory, and seedling recruitment 

Across all plots, the majority of seeds of all five species in uncaged 
quadrats failed to germinate into seedlings, with 76.9% seed failure 
in hunted forest, 84.6% in logged only forest, and 74.5% in
undisturbed forest. Of the seedlings that recruited, mortality after 
two years was 89.4% in hunted forest, 93.9% in logged only 
forest, and 93.7% in undisturbed forest. Seed mortality did 
not vary strongly with forest type (AICNo Site Effect = 1247,
AICSite Effect = 1247); whereas seedling mortality was significantly
lower in hunted forest leading to greater seedling survival to two 
years than in the other forest types (AICNo Site Effect = 775,

AICSite Effect = 764). The odds of seedling mortality were 35 times 
greater in logged only forest (Z = 3.31, P < 0.001) and 48 times great- 
er in undisturbed forest (Z = 4.41, P < 0.001) than in hunted forest.

Seed and seedling mortality in uncaged quadrats could be
attributable to pathogen s, invertebrates , and other unmeasur ed
environm ental factors; therefore we compared seed and seedling 
mortality in caged and uncaged quadrats to isolate the effects of
seed predation and herbivory by vertebrates. Caging quadrats from 
vertebrate predators resulted in higher per seedling recruitment in
hunted forest (11.2%), logged forest (8.1%) and undisturbed forest 
(5.8%). Rates of seed predation were significantly lower in caged 
quadrats compared to uncaged quadrats (odds = 0.915, Z = !4.21,
P < 0.001). There were no significant differenc es in seed predation 
with level of seed augmentati on (odds = 0.989, Z = !1.397,
P = 0.163) or between hunted and unhunted forest types (logged
only forest: odds = 1.12, Z = 1.57, P = 0.116; undisturbed forest:
odds = 1.01, Z = 0.16, P = 0.871). Caging quadrats resulted in
slightly higher per seedling survival in hunted forest (6.3%), logged 
forest (5.1%) and undisturbed forest (4.5%). Rates of herbivory were 
not significantly higher with level of seed augment ation 
(odds = 1.02, Z = 1.93, P = 0.233), but were significantly lower in
caged quadrats (odds = 0.87, Z = !3.52, P < 0.001) and in hunted 
forest compared to unhunted forest types (logged only forest:
odds = 1.15, Z = 2.281, P = 0.022; undisturbed forest: odds = 1.23,
Z = 3.39, P < 0.001).

3.3. Forest structure and composit ion 

Average forest biomass was significantly lower in hunted forest 
(301 Mg ha!1) compare d to both logged forest (357 Mg ha!1) and 
undisturbed forest (455 Mg ha!1; Fig. 2). Whereas the effect of log- 
ging (21.5% lower biomass in logged than undisturbed forest) is due 
to timber extraction, the drivers of the effect of hunting (15.7% low- 
er biomass in hunted than logged forest) are less obvious and can- 
not be explained by a difference in tree abundance, species 
abundan ce, or basal area (Table 1). But hunted forest contained a
higher percentage of fast-growin g, pioneer species. Accordingl y,
average tree wood density of the hunted forest (0.58) was signifi-
cantly lower than the logged forest (0.63; Table 1).

To evaluate whether the lower wood density could have been a
result of changes in the strengths of ecological processes occurring 
over the last 35 years, we tested whether mean wood density in
hunted forest was significantly lower across four tree diameter 

Table 1
Comparisons of forest plot structure and composit ion between undisturbed forest, logged only forest, and hunted forest. Below we list the principal animal functional groups at
the study site. Species densities for each forest type can be found in Table 1 in Poulsen et al. (2011).

Characteristic Undisturbed forest Logged only forest Hunted forest 

Biomass Mg ha!1 455 358 301 
t18 = 4.50, P < 0.001 t18 = 2.14, P = 0.046 

No. trees 374 393 356 
t18 = !1.24, P = 0.232 t18 = 1.29, P = 0.212 

No. species 103 105 108 
t18 = !1.10, P = 0.290 t18 = !0.70, P = 0.498 

Basal area m2 31.3 27.6 24.3 
t18 = 3.71, P = 0.002 t18 = 1.81, P = 0.086 

% Fast-growing species 0.3% 0.9% 5%
Mean wood density (g/m3) 0.64 0.63 0.58 

W = 96, P < 0.001 W = 90, P = 0.002 
Principal animal functional groups (and species)
Ape (Gorilla gorilla , Pan troglodytes )
Bird (Tockus fasciatus , Tockus cameras , Tocus albocristatus )
Duiker (Cephalophus spp.)
Elephant (Loxodonta africana )
Frugivorous bird (Bycanistes albotibialis , Bycanistes fistulator, Ceratogymna atrata , Corythaeola cristata , Psittacus erithacus )
Monkey (Cercopithecus nictitans, Cercopithecus pogonias, Cercopithecus cephus , Lophocebus albigena )
Squirrel (Funisciurus lemniscatus , Protoxerus stangeri )
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Fig. 3. Seed shadows of (top) Manilkara mabokeensis , and (bottom) nine animal- 
dispersed tree species, in hunted forest (dashed lines) and unhunted forest (black
lines).
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classes (<15 cm, 20–40 cm, 40–80, >80 cm). Given the relatively 
short timeframe for hunting effects to accumulate , we reasoned 
that any resulting changes in ecological processes could only have 
affected smaller diameter classes of trees. Assumin g a maximum 
1–2 cm y!1 dbh incremen t (Lewis et al., 2009 ), we would expect 
any differences in wood densities above 35–40 cm to be due to
some environmental factor and not the loss of large mammals.
We found that wood densities were significantly lower in hunted 
than unhunted forest for the 15 cm diameter class (D hunted and 
logged only = 0.037, 95% CI = [0.008,0.068]; D hunted and undis- 
turbed = 0.039, 95% CI = [0.009,0.069]), and the 20–40 cm diameter 
class (D hunted and logged only = 0.042, 95% CI = [0.017,0.067]; D
hunted and undisturbed = 0.055, 95% CI = [0.030,0.080]; Fig. 4). But 
at the larger size classes, there were no significant differences be- 
tween hunted and logged only forest at the 40–80 cm (D hunted
and logged only = 0.021, 95% CI = [!0.008,0.051]) or the >80 cm
diameter class (D hunted and logged only = 0.017, 95%
CI = [!0.065,0.099]; Fig. 4). Timber harvest likely contributed to
differences in mean wood density at the 40–80 cm (D hunted
and undisturbed = 0.033, 95% CI = [0.003,0.062]) and > 80 cm
diameter classes (D hunted and undisturbed = 0.087, 95%
CI = [0.005,0.170]; D logged only and undisturbed = 0.079, 95%
CI = [0.002,0.158]; Fig. 4).

4. Discussion 

In a Central African forest, we found evidence that forest im- 
pacted by both hunting and logging had shorter seed dispersal dis- 
tances for mammal-dispe rsed trees and lower rates of seedling 
herbivory than logged only forest and undisturbed forest. The 
hunted forest was also characteri zed by significantly lower above- 
ground biomass than logged only or undisturbed forest. We evalu- 
ate the hypothesis that the interrupti on of plant-animal 
interactions might alter the species composition of the forest over 
time, resulting in a higher proportio n of fast-growing, low wood 
density tree species and diminishing the long-term potential for 
carbon storage.

4.1. Ecologica l erosion and plant-animal interactions 

Complete defaunation is not prerequis ite for changes in ecolog- 
ical processes. We found no evidence of local extirpation of species 
at our study sites: even the hunted and logged sites still containe d
a full complemen t of medium- and large-bodied mammal species,
but at significantly lower densities than logged only or undisturbed 
sites. Therefore, it is the strength of ecological processes like seed 
dispersal and herbivory that matter, not merely their presence or
absence.

Hunting levels that typify those of most Central African forests 
altered seed dispersal patterns of mammal-dis persed trees by
reducing dispersal distances, but only by 3.3 m on average. Even 
though this represents a 22% reduction in dispersal distance, it is
difficult to imagine that it would strongly affect forest composi- 
tion. Our trap-based design is unlikely to have captured the full 
reduction in dispersal distances, as we did not quantify seed dis- 
persal by terrestria l mammals. Furthermore, seed trap studies,
which focus on the local neighborhood of the tree, tend to under- 
estimate long distance dispersal by animals (e.g., Holbrook and 
Smith, 2000; Russo et al., 2006 ). Thus, we suspect that the real 
reduction in seed dispersal distances is greater than estimated by
our models and might be strong enough to influence the composi- 
tion of the seedling and sampling communi ties. By redistributing 
seeds of a monkey-disper sed tree species in patterns that simu- 
lated defaunat ion, Poulsen et al. (2012) demonst rated that loss of
dispersal would reduce seedling survival to one year by 78% com- 
pared to natural dispersal patterns. In a truly defaunated forest,
Terborgh et al. (2008) found the loss of dispersal function allowed 
species dispersed abiotical ly and by small birds and mammals to
replace those dispersed by large birds and mammals (Terborgh
et al., 2008 ).

Hunted forest had significantly lower rates of seedling herbiv- 
ory than the other forest types, resulting in higher levels of seed- 
ling survival. We attribute the reduced rates of herbivory to the 
dispropor tionate loss of duikers and forest pigs that are preferred 
prey for hunters (Fa et al., 2005; Poulsen et al., 2009 ). Herbivor y
by vertebrates, more than environmental characterist ics, deter- 
mined rates of seedling recruitment and survival at our site (Clark
et al., 2012 ), suggesting that plant species adapted to avoid or re- 
cover from herbivory have a demograph ic advantage. Lower her- 
bivory pressure on plants should reduce the importance of these 
traits, potentially favoring the recruitment of fast-growing species 
that allocate few resource s towards anti-herb ivore defenses 
(Fig. 5).

4.2. Altered plant–animal interactions and the plant community 

We predict that reduction s in the dispersal of mammal-dis -
persed species will result in greater recruitment of small-seeded,
abiotical ly dispersed seeds (Terborgh et al., 2008 ); whereas reduc- 
tions in rates of herbivory will favor fast-growin g, light-loving spe- 
cies that are generally characteri zed as having fewer herbivore 
defenses and lower wood density (Slik, 2005; Lewis, 2006 ). A few 
studies have found a positive relationship between seed size and 
wood density, suggesting that reduced dispersal of large-seeded 
plants by animals would also favor low wood density species (Slik,
2005; Wright et al., 2007a,b; Queenborou gh et al., 2009 ). Interest- 
ingly, these predicted patterns match what we find in our surveys 
of forest communi ty structure. As expected, we found the average 
biomass of logged forest to be significantly lower than unlogged 
forest; but we were surprised that hunted forest had 15.7% less 
biomass than logged only forest. Similar timber extractio n prac- 
tices and intensities were employed throughout the site (Paget,
pers. comm.), which led us to look for other explanation s for this 
differenc e in aboveground biomass. We hypothesize that over 
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35 years of hunting the combination of lower rates of dispersal of
large-seeded species and lower rates of herbivory has favored the 
regeneration and growth of fast-growin g tree species with low 
wood density. The key mechanism may be relaxation of browsing 
by mammals on large seedlings and saplings. By releasing poorly 
defended, fast-growing plant species from herbivore pressure,
hunting may lead to a lower proportion of slow-growing, high 
wood density tree species in the plant community. This human- 
animal mediated trend, which we term the forest herbivore hypoth- 
esis, may diminish the forest’s long-term carbon storage potential.

4.3. Caveats and quantifying the effects of ecological erosion 

The aim of this paper was to assess the cascading effects of
hunting and logging on ecological processes and to predict the po- 
tential consequences for forest structure . Our study has several 
limitations. We draw conclusions about the strength of seed dis- 
persal, seed predation and herbivory from a low number of species 
relative to the species richness of the forest. Our study design is
also pseudoreplicat ed in the sense that sites impacted by the same 
disturbance type are geographically grouped together (Hurlbert,
1984; see Poulsen et al., 2011 ). It is therefore possible that the dif- 
ference in biomass between the hunted and logged only forest is
due to environmental factors or different intensities of timber 
extraction of which we are not aware. The trends we found in this 
study need to be studied in greater detail and in additional forest 
sites.

Hunting, whether it results in decreased abundances of large 
vertebrates or complete defaunation , is having an enormous im- 
pact on the majority of tropical forests worldwide. To predict its 
consequences for forests, we need to know a great deal more about 
how the strengths of ecological processes vary across a gradient of
faunal loss, the extent to which vertebrate species are redundant in

their functional roles, and the consequences of ecological erosion 
for ecosystem services (protein provision, habitat provision , carbon 
storage, nutrient cycling, etc.). These questions should be ad- 
dressed through a combinati on of natural experiments and con- 
trolled manipulati ons that measure ecological processes in
relation to known animal abundance or hunting intensity. Such 
experime nts should be conducted with a focus on plant traits (seed
size, wood density, specific leaf area, tree height) that render some 
species more susceptible to the effects of defaunation than others.
The ultimate experime nt would be a replicated exclosure experi- 
ment at the scale that large forest vertebrates operate to directly 
test the conseque nces of defaunation and ecological erosion (e.g.,
Goheen et al., 2013 ).

4.4. Avoiding defaunati on and ecological erosion 

In tropical forests today, wildlife abundan ce is often more clo- 
sely correlated with patterns of hunting than with factors such 
as forest type, the area of the habitat, or its protected status 
(Woodroffe and Ginsberg , 1998 ). More often than not, the deple- 
tion of wildlife is the conseque nce of deforestatio n and forest deg- 
radation by major industries and economic globaliza tion, rather 
than subsistence hunting by rural communities (Butler and Lau- 
rance, 2008; Clark and Poulsen, 2012 ). If a strong link is rigorously 
established between the loss of wildlife and changes in forest com- 
position and structure that reduce timber yields or carbon stocks,
both industry and government are likely to become more active 
in the enforcemen t of hunting laws. Partnerships with logging 
(Berry et al., 2010; Clark et al., 2009 ) and oil concessionaire s (Lau-
rance et al., 2006 ) have sometimes proven to be an effective finan-
cial and technical strategy for protecting wildlife without denying 
nations the economic benefits of extractive industries.

Fig. 5. Conceptual model of pathways by which alteration of the animal community impacts ecological processes and tropical forest composition and structure. Alternate 
hypotheses are presented by subscripts, with (a) indicating negative effects on large-seeded (LS) and slow-growing species, (b) indicating positive effects on large-seeded 
species, and (c) indicating positive effects on small-seeded (SS) and fast-growing species.
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Not all tropical forests can or will be protected from defauna- 
tion, and for some it is too late; thus we need to redouble our ef- 
forts to understand the consequences of ecological erosion. The 
enormous gaps in our understand ing of the process make it both 
an exciting field of study and an urgent conservation problem.
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