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Overhunting in tropical forests reduces populations of vertebrate seed dis-

persers. If reduced seed dispersal has a negative impact on tree

population viability, overhunting could lead to altered forest structure and

dynamics, including decreased biodiversity. However, empirical data show-

ing decreased animal-dispersed tree abundance in overhunted forests

contradict demographic models which predict minimal sensitivity of tree

population growth rate to early life stages. One resolution to this discre-

pancy is that seed dispersal determines spatial aggregation, which could

have demographic consequences for all life stages. We tested the impact of

dispersal loss on population viability of a tropical tree species, Miliusa hors-
fieldii, currently dispersed by an intact community of large mammals in a

Thai forest. We evaluated the effect of spatial aggregation for all tree life

stages, from seeds to adult trees, and constructed simulation models to com-

pare population viability with and without animal-mediated seed dispersal.

In simulated populations, disperser loss increased spatial aggregation by

fourfold, leading to increased negative density dependence across the life

cycle and a 10-fold increase in the probability of extinction. Given that the

majority of tree species in tropical forests are animal-dispersed, overhunting

will potentially result in forests that are fundamentally different from those

existing now.
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1. Introduction
Animal populations in tropical forests are threatened by overhunting, even in

areas that are otherwise protected [1–3]. Large frugivores, including most

primates and ungulates, are often the first animals to disappear [1,4]. If

animal-mediated seed dispersal is important for maintaining viable popu-

lations of trees, overhunting may lead to tropical forest degradation,

including loss of biodiversity and decreased biomass [5–7]. Comparisons

between hunted and non-hunted sites generally reveal lower rates of seed dis-

persal and lower seedling abundance of animal-dispersed tree species in

hunted sites [8–11]. The most comprehensive study to date tracked changes

in a tree community as hunting increased over a 15-year period and found

increased spatial aggregation and decreased sapling recruitment for animal-

dispersed tree species, leading to an overall decline in sapling biodiversity

[12]. While these empirical studies provide convincing evidence of short-term

negative impacts of overhunting on tree populations, there is a discrepancy

between these empirical results and the general finding of demographic studies
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that in long-lived plants, population dynamics are minimally

sensitive to changes in recruitment [13–15]. If the effects of

seed disperser loss on tree vital rates are limited to early

life stages, overhunting may result in only slight decreases

in tree population growth rates [5]. This discrepancy between

our understanding of tree population dynamics and empiri-

cal evidence for tree population declines after disperser loss

is problematic as it does not allow us to forecast or project

effects of overhunting on tree population viability.

One way that loss of seed dispersers could have long-term

consequences for tree population dynamics is by changing the

pattern of spatial aggregation for all subsequent life stages.

Negative density dependence (NDD)—here defined as a

reduction in growth and/or survival with increased conspeci-

fic density at spatial scales of 0–20 m—is a demographic

mechanism for how increases in spatial aggregation could

result in decreased population size. NDD is recognized as a

widespread and pervasive force in regulating populations of

tropical trees [16–19]. If increased spatial aggregation owing

to loss of seed dispersal increases NDD throughout the tree

life cycle, overhunting could lead to decreased tree population

viability. On the other hand, if spatial aggregation has a nega-

tive effect only on early life stages or is advantageous for

certain life stages but disadvantageous for others [20], seed

dispersal may have only minimal effects on demography.

Distinguishing between these possibilities requires quantify-

ing NDD and its population-level consequences for multiple

tree life stages.

While the importance of size and stage for structuring tro-

pical tree populations has long been recognized [13,14,21],

nearly all research on NDD in tropical forests has quantified

effects on growth or survival for only one or two life stages.

Most empirical research on NDD in tree species has focused

on seeds [18] and seedlings [22], although several studies

have also detected NDD for later life stages, including sap-

lings [19,23] and adult trees [24]. Few studies have

integrated effects of NDD across life stages [25,26], and no

studies, to our knowledge, have directly quantified the effects

of NDD across all tree life stages, from seeds to adults. Mul-

tiple reviews have recognized this knowledge gap and called

for research to integrate effects of seed dispersal across the

tree life cycle [6,27–29]. However, repeated calls to ‘close

the seed dispersal loop’ have gone unanswered owing to

the challenge of obtaining spatial data for multiple life

stages and the complexity of spatially explicit population

models [29].

Here we evaluate the threat of overhunting to tropical tree

population viability, using spatial data to simulate conse-

quences of seed dispersal across the tree life cycle. Our focal

species, Miliusa horsfieldii, is a dominant component of the

canopy at our study site, and has seeds dispersed by large

mammals, including bears, civets and primates [30,31],

which have been extirpated from many other forests in the

region [1]. We quantified NDD using spatial data on more

than 10 000 Miliusa individuals spanning all life stages,

from seeds to reproductive adults. We then constructed a

spatially explicit individual-based model (IBM) to simulate

Miliusa population dynamics, allowing us to compare the

probability of tree extinction between our study site with an

intact disperser community and a scenario in which animal

seed dispersers are hunted to extinction. Our study is

unique in evaluating the importance of spatial aggregation

throughout a tree species’ entire life cycle and demonstrates
that loss of seed dispersal can have unexpectedly large

impacts on tree population viability.
2. Material and methods
(a) Study site
The study site, the Huai Kha Khaeng Wildlife Sanctuary (HKK), is

located in western Thailand and forms part of the largest intact

forest complex in mainland Southeast Asia. HKK still contains

viable populations of large mammalian seed dispersers, including

gibbons, bears and elephants [32], although like all other sites in

mainland Southeast Asia, some species (e.g. rhinoceroses) have

been extirpated or have experienced severe declines [1]. Mean

annual rainfall is approximately 1500 mm, with a five- to six-month

dry season from November to April. Our study site is centred

around a 50 ha Forest Dynamics Plot in which all woody stems

greater than or equal to 1 cm diameter at breast height (DBH) have

been tagged, mapped and measured every 5 years since 1994, accord-

ing to Center for Tropical Forest Science standard protocols [33].

(b) Study species
Miliusa horsfieldii (Annonaceae) is a canopy tree species that

reaches heights of 35 m [34]. It is a dominant species in the

50 ha Forest Dynamics Plot, with the most stems greater than

10 cm DBH of any tree species and comprises 8.7% of tree

basal area in the plot [33]. From June to July, Miliusa produces

roughly spherical fruits approximately 20 mm in diameter,

each containing one to five seeds with an average diameter of

8.13 mm [35]. Seeds are dispersed by large mammals, including

gibbons, civets and bears [30,31]. Rates of secondary seed disper-

sal at our study site are negligible, and there is no seed bank;

three months after dispersal, all seeds have either germinated

or died [35]. Miliusa produces shade-tolerant seedlings that

form a long-lived seedling bank in the understory [36].

(c) Demographic data
We used spatially explicit data on Miliusa seed germination, and

survival and growth of seedlings (less than 1 cm DBH) and saplings

plus trees (greater than 1 cm DBH; hereafter ‘trees’). Survival and

growth data on trees come from a 15-year dataset from the Forest

Dynamics Plot in which 2049 Miliusa individuals were marked,

measured and mapped to the nearest 0.1 m between 1994 and

2009. Survival and growth of seedlings were determined from

1500 tagged seedlings censused annually in 3 � 3 m plots from

2009 to 2011. Seedling growth was measured as the annual

change in seedling height measured to the highest meristem (cm).

Data on seed germination were collected using a seed addition

experiment in 95 experimental plots along a 5 km transect adjacent

to the Forest Dynamics Plot. In these plots, a total of 6500 marked

seeds were added and monitored for survival until all seeds had

either germinated or died [36]. We quantified conspecific tree neigh-

bourhoods by mapping reproductive trees (DBH . 20 cm) within

the neighbourhood of all Miliusa seeds, seedlings and trees. Conspe-

cific seedling neighbourhoods were quantified by counting all

conspecific seedlings in 1 � 1 m quadrats containing tagged seeds

and seedlings. We estimated fecundity and seed dispersal par-

ameters by combining data on seed production by sampled

reproductive adults, germination probability and the spatial distri-

bution of newly germinated seedlings relative to adults (see

electronic supplementary material, text S1, and [36] for details).

(d) Models
We modelled Miliusa population dynamics in three steps. First,

we used empirical data and hierarchical Bayesian statistical

http://rspb.royalsocietypublishing.org/
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techniques to parametrize submodels for vital rates, including

effects of NDD at all life stages. Second, we incorporated these

submodels into an IBM to simulate population dynamics. Third,

we used our IBM to conduct a population viability analysis

(PVA) and compare extinction probability in simulated Miliusa
populations with and without animal-mediated seed dispersal.

For each life stage (seeds, seedlings and trees), we used our

field data to estimate parameters for submodels for vital rates

including both NDD and size as predictor variables. There are

five vital rate submodels: germination, seedling survival and

growth, and tree survival and growth, each with separate par-

ameters for size and NDD. We used similar functional forms

for submodels for all life stages, including functions for individ-

ual size, F(size); NDD, N(neighbourhood) and conspecific

seedling density S(seedling density). Survival was modelled as

a binomial random variable, with probability of survival equal to

P(survival) ¼ logit�1[F(size)þN(neighbourhood)

þS(seedling density)]:
(2:1)

The distributions of growth rates for trees and seedlings were

positively skewed, but with some negative values (e.g. due to

trunk decay) and were thus modelled as skew-normal distri-

butions with expectation

E(growth) ¼ F(size)� exp [N(neighbourhood)]

� exp [S(seeding density)]:
(2:2)

We estimated model parameters using a Bayesian Markov chain

Monte Carlo (MCMC) algorithm [37] run for 110 000 iterations

with a burn-in period of 10 000 iterations and four chains. We

used non-informative priors for all parameters. Convergence

was assessed with the Gelman–Rubin diagnostic with a threshold

of 1.1 [38]. We evaluated whether including NDD terms

improved model fit based on posterior predictive loss [39].

Submodels included random effect terms to account for non-

independence between census periods (for tree data) and plots

(for seed and seedling data). For more details on statistical esti-

mation of submodel parameters, see electronic supplementary

material, text S1.
(e) Negative density dependence in vital rates
For all life stages, the conspecific tree neighbourhood function—

N(neighbourhood) developed by Uriarte et al. [23] for tropical

forests—depended on the distance to each neighbour tree and

the size of each neighbour tree relative to the size of the focal

individual

N(neighbourhood) ¼ a

size

Xn

i¼1

DBHneighbouri

distanced
i

, (2:3)

where size is the size of the focal individual (height for seedlings;

DBH for trees), DBHneighbouri is the DBH of the ith neighbour

tree, distancei is the distance from neighbour i to the focal indi-

vidual, and a and d are parameters estimated separately for

each submodel (germination, seedling survival and growth,

and tree survival and growth). Based on preliminary analyses,

we selected the following distance thresholds for different life

stages to identify neighbour trees: 10 m radius for seed germina-

tion, 20 m radius for seedling survival and growth, and 25 m

radius for tree survival and growth.

For seed germination and seedling growth and survi-

val, NDD effects also included a linear function of conspecific

seedling density

S(seedling density) ¼ b� seedling density, (2:4)

where b is a free parameter fit separately for seed germination

and seedling growth and survival, and seedling density is the

number of conspecific seedlings in 1 � 1 m plots containing
the focal individual. We assumed that seedling density would

have a negligible effect on trees and so did not include conspeci-

fic seedling density in submodels for tree survival and growth.

( f ) Size dependence in vital rates
For growth and survival of trees, we used the Hossfeld function

for F(size) (equation (2.5)), which allows growth and survival

to initially increase and later decrease with increasing size, as

commonly observed in tree populations [21,24]

F(size) ¼ R� G�DBHR�1

(Gþ (DBHR=P)
2
)
, (2:5)

where size is the DBH of the focal tree, G and P are parameters fit

separately for growth and survival, and we set R ¼ 2 based on a

previous study of six tropical tree species [21]. Preliminary ana-

lyses revealed high correlations between parameters R and P,

which precluded fitting R as a free parameter.

For seedling survival and growth, F(size) was a linear func-

tion with an intercept and a slope parameter multiplied by

seedling height.

F(size) ¼ mþ b� height: (2:6)

For the seed germination model, we assumed seed germination

was independent of seed or parent-tree size.

(g) Seed dispersal
In addition to submodels for the effect of conspecific neighbour-

hood on survival and growth, our spatially explicit simulations

also require information on seed dispersal. We modelled seed

dispersal distances with a two-dimensional Student’s t distri-

bution with 3 d.f., which has been shown to provide a good fit

to seed dispersal data from animal-dispersed trees in tropical for-

ests [40,41]. To fit this dispersal kernel for the intact community

of animal dispersers at our study site, we used data and methods

described in [36] and electronic supplementary material, text S1.

(h) Modelling population dynamics with an individual-
based model

To understand the importance of seed dispersal for tree popu-

lation dynamics, we used an IBM to explicitly track the

position and size of trees over time. The IBM connects the sub-

models for vital rates into a single dynamical framework,

enabling inference on consequences of seed dispersal and NDD

for population viability. At annual time steps within a 4 ha

area (200 � 200 m), the IBM stochastically determines survival

and growth of existing trees and seedlings, production and dis-

persal of seeds and germination of seeds into seedlings. All

parameters in the IBM were estimated using the submodels for

vital rates (see previous section). Each run of the IBM was initi-

alized with the size and location of trees in one of the eight

4 ha subplots from the 1994 census of the 50 ha plot. Owing to

the finite size of the simulated area (4 ha), we assumed a toroidal

surface with wrap-around edges. At each of the IBM’s annual

time steps, we recorded three different outputs: total population

size as a measure of population density, basal area as a measure

of biomass and spatial aggregation. We quantified spatial aggre-

gation as the average density of neighbours in a 10 m radius of

each tree (V) divided by mean population density in the 4 ha

area (see [42,43]; V . 1 indicates spatial aggregation, V ¼ 1 indi-

cates random spacing and V , 1 indicates regular spacing. For

more details on the IBM model see electronic supplementary

material, text S2).

We performed a global sensitivity analysis [44,45] to quantify

the impact of parameter uncertainty on IBM predictions of total

population size after 100 years. Global sensitivity analyses perturb

http://rspb.royalsocietypublishing.org/


0 5 10 15 20 25

0

0.01

0.02

0.03

0.04

0 5 10 15 20 25

0

1

2

3

4

0 5 10 15 20 25

0

0.005

0.010

0.015

0.020

0.025

0.030

0 5 10 15 20 25

0

0.2

0.4

0.6

0.8

distance to conspecific
adult tree (m)

distance to conspecific
adult tree (m)

distance to conspecific
adult tree (m)

distance to conspecific
adult tree (m)

an
nu

al
 r

at
e

germination seedling growth (cm) tree growth (cm) tree survival(b)(a) (c) (d )

Figure 1. (a – d) Consistent negative effects of neighbourhood conspecific tree density on vital rates of Miliusa seeds, seedlings and trees greater than 1 cm DBH.
Each panel shows effect of distance from a 90 cm DBH conspecific adult tree on individual growth and survival. For seedlings, we estimated effects for a 5 cm high
seedling, the minimum size observed in the data, and for trees we estimated effects for a 1 cm DBH individual. Black lines represent median values for spatial
functions. Each grey line is one of 1000 draws from the posterior distribution of parameters, collectively representing uncertainty.

rspb.royalsocietypublishing.org
Proc.R.Soc.B

282:20142095

4

 on November 21, 2014http://rspb.royalsocietypublishing.org/Downloaded from 
all parameters simultaneously, and account for uncertainty in

parameter estimation, nonlinear responses and interactions

between parameters. Because all of the parameters were estimated

with field data, we were able to use samples from the posterior

distribution of each parameter as input to different runs of the

IBM for the global sensitivity analysis. We decomposed variance

in IBM output into main (additive) effects of each parameter,

as well as total effects, which include interactions between

parameters [46]. Effect sizes in the global sensitivity analysis

increase with both the uncertainty in the posterior distribution

and the sensitivity of the IBM outcome to changes in each par-

ameter; i.e. effects are largest for parameters with both large

posterior uncertainty and strong influence on population

dynamics. For more details on the global sensitivity analysis see

electronic supplementary material, text S3.

(i) Population viability analysis
We quantified the consequences of animal-mediated seed disper-

sal loss for the viability of Miliusa populations by comparing

predictions from the IBM described above (based on empirically

estimated seed dispersal) to predictions from a modified IBM in

which seeds were not dispersed beyond the projected crown area

of reproductive Miliusa trees. The ‘no dispersal’ IBM assumes

that if large frugivores go extinct, seeds will remain beneath

parent-tree canopies, a reasonable assumption given the lack of

secondary seed dispersal for Miliusa at HKK [35]. A pilot study

suggested comparable rates of germination for dispersed seeds

and undispersed seeds in intact fruits beneath parent trees, how-

ever, we note that for many tree species undispersed seeds are

likely to have lower germination rates owing to inhibition from

chemicals in fruit pulp [47]. For the PVA, we ran the IBM 1000

times for each scenario and compared the probability of extinc-

tion over 100 years between the no dispersal IBM and the

natural seed dispersal IBM. We defined extinction as zero
individuals in any size class. Note that we were interested in

the relative difference in population viability between scenarios

and not absolute values which may be influenced by stochastic

disturbances that we did not quantify or simulate [48]. Simu-

lations for both scenarios drew from posterior samples

estimated from data; thus, our PVA can be considered robust

to variability in data collection and parameter estimation [44].
3. Results
(a) Demographic processes with an intact disperser

community
We detected NDD for all sizes and life stages, although the

strength and spatial scale of NDD effects varied greatly

among life stages (figure 1). Survival and growth submodels

revealed a significant negative effect of tree neighbourhood

for all vital rates except seedling survival. Conspecific neigh-

bour trees caused the largest decreases in germination and

seedling growth, with suppressed growth and germination

even at distances greater than 20 m from a large neighbour

(figure 1). For seeds and seedlings, conspecific seedling den-

sity in 1 � 1 m plots had strong effects on survival and

growth, with germination predicted to be near zero at con-

specific seedling densities greater than 10 seedlings m22,

and seedling growth near zero at densities greater than

20 seedlings m22 (figure 2).

In the presence of an intact animal disperser community,

most estimated Miliusa seed dispersal distances were greater

than tens of metres, so that most seeds escaped severe NDD

effects near their parent tree. While the majority of seeds were

predicted to be dispersed less than 50 m from neighbour

http://rspb.royalsocietypublishing.org/
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trees, there was an appreciable frequency of seed dispersal at

long distances, with a 0.16 median probability (95% credible

interval (CI), 0.02–0.31) of seed dispersal greater than 100 m

from the parent tree (figure 3). A consequence of seed disper-

sal occurring at larger spatial scales than NDD is that

recruitment is suppressed around large trees, but areas

with few reproductive adults quickly fill with seedlings and

saplings (figure 4).

Our IBM revealed that total population size tended to

increase rapidly in the first 40 years, and then stabilize at

approximately 25 000 individuals (figure 5). Basal area gen-

erally declined over the 100-year period, while spatial

aggregation (V) typically remained near one, indicating a

lack of aggregation or overdispersion (electronic supplemen-

tary material, figure S1). However, parameter uncertainty

generated wide variance in IBM dynamics across 10 000 repli-

cate runs, with some runs exhibiting exponential-like
population growth, some overcompensatory dynamics and

some extinction (figure 5).

The global sensitivity analysis revealed that despite the

differences in strength of NDD between life stages (figure 1),

NDD has impacts throughout the life cycle, in part due to

the demographic importance of large individuals. Main effects

from the global sensitivity analysis reveal that a single par-

ameter for size-dependent tree survival (G in equation (2.5))

contributed the most variance (greater than 70%) in total

population size. This result indicates that survival rates of

large trees exerted a strong influence on predicted population

dynamics. The main effects of NDD showed highest sensi-

tivities for NDD on seedling growth, which contributed 15%

of variance in total population size, and NDD on tree growth

and survival, which contributed 7.8% and 5.2% of variance

in total population size, respectively. However, the total sensi-

tivities, which include interactions between parameters,

suggest approximately equal importance of NDD for all

life stages. Full results from the global sensitivity analysis are

presented in electronic supplementary material, text S3.
(b) Population viability with and without animal-
mediated seed dispersal

Output from the IBM simulation with no animal-mediated

seed dispersal exhibited fundamental differences from the

IBM with animal-mediated seed dispersal (figure 6).

Median V increased nearly fourfold in simulations with no

dispersal; as V was calculated using data only on trees

greater than 1 cm DBH, the large difference between disper-

sal scenarios indicates that the spatial distribution generated

by seed dispersal has a long-lasting effect. Without dispersal,

median total population size decreased by an order of magni-

tude, from 22 149 to 2840 individuals, while median basal

area decreased by about half, from 4.74 � 1025 to 2.5 �
1025 m22. Most importantly, without animal-mediated seed

dispersal, the probability of extinction in a 100-year period

increased by over 10-fold from 0.5% in the simulation with

natural seed dispersal to 7% in the simulation with no

animal-mediated seed dispersal (figure 5).
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4. Discussion
Local extinction of the large-bodied mammals that disperse

Miliusa seeds is ongoing in Thai forests and reflects a global

trend of tropical forest defaunation [1,5]. We demonstrate

that loss of seed dispersal will have a large negative impact

on population viability of this abundant canopy tree species.

From a population perspective, the importance of any single

seed is minimal: a Miliusa tree can live for hundreds of years

and produce greater than 100 000 seeds, and the vast majority

of these individuals will die before reaching reproductive

maturity. However, the importance of seed dispersal for

tree population dynamics is significant, because survival

and growth of all life stages—seeds, seedlings and trees—

are negatively impacted by conspecific neighbours. Without

animal-mediated seed dispersal, conspecific spatial aggrega-

tion (V) increases by a factor of four (figure 4), and the

probability of extinction increases by more than an order of

magnitude. These results suggest that NDD throughout the

life cycle is probably a demographic mechanism underlying

observed declines in abundance of animal-dispersed tree

species after extirpation of seed dispersers [12,49]. More gen-

erally, these results demonstrate the pervasive impact of seed

dispersal for dynamics of all tree life stages, not just seeds

and seedlings.

Our study is the first tree population dynamics study, to

our knowledge, to quantify NDD across all life stages,

enabling us to compare the effects of conspecific density

across Miliusa’s life cycle. NDD effects were typically stronger

for small individuals in early life stages, with the strongest

measured effects of NDD for seed germination and seedling

growth (figure 2). Many authors have focused on the effects

of NDD on seedling mortality [22,50], which has an immedi-

ate and obvious effect on seedling abundance. Results from

our global sensitivity analysis suggest that NDD effects on

seedling growth and tree survival are also relevant for popu-

lation dynamics. Both our statistical models and our

sensitivity analysis highlight the importance of quantifying

NDD across the entire tree life cycle.
The spatial scale of seed dispersal relative to NDD is cru-

cial for Miliusa population dynamics. For our study

population in a faunally-intact forest, current seed dispersal
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distances enable Miliusa seeds to escape neighbourhoods

with high densities of conspecifics. Indeed, most seeds are

estimated to disperse greater than 30 m from their parent

tree (figure 1). The long range of animal-mediated seed dis-

persal estimated in our study is similar to estimates for

mammal-dispersed tree species in other faunally-intact tropi-

cal forests [3,40,51], and far exceeds the spatial scale of NDD

effects observed in this study and others [22,23,26]. Thus, the

presence of an intact community of animal dispersers

appears critical for seeds to escape the effects of NDD [3].

If loss of animal-mediated seed dispersal results in seed

deposition near or beneath the parent crown, as seems

likely for Miliusa, very few seeds would be likely to escape

NDD, because the scale of NDD can be tens of metres greater

than the crown radius of the parent tree [26]. Theoretical

models for spatial plant population dynamics show that

lower population size is a predictable consequence of

decreasing the scale of seed dispersal relative to the scale of

NDD [52]; our empirical study shows that this theoretical pre-

diction is relevant to tropical forest conservation. Our results

suggest that quantifying the growth and survival conse-

quences of seed dispersal loss only for early life stages may

greatly underestimate effects of overhunting. For example, a

recent model for the impact of overhunting on an animal-

dispersed tree species assumed seed dispersal affected vital

rates of only seeds and seedlings and concluded that local

extinction of large-bodied dispersers resulted in only slight

decreases in tree population growth rate [5]. Similar to that

study and others that employ size-structured models for

tree population dynamics [14,21], we found high sensitivity

of total population density to size-dependent survival,

which highlights the importance of adult survival to popu-

lation dynamics. Our spatially explicit model demonstrates

that these previous sensitivity analyses of size-structured

populations do not contradict empirical evidence for major

impacts of overhunting on tree demography over decadal

timescales, including declines in animal-dispersed tree abun-

dance [12] and rapid evolutionary changes in seed size [49].

Our results indicate that the most appropriate way to

measure the demographic importance of seed dispersal for
tree populations may be to quantify how spatial distribution

affects multiple life stages.

Focusing on a single, data-rich species enabled us to

include a high level of detail in our demographic models

but also raises the question of how generalizable our results

are to other tropical tree species. Many of the characteristics

of Miliusa that lead to low population viability without

animal-mediated seed dispersal are likely to be similar for

other tree species. Community-wide studies that have quan-

tified NDD in tropical forests have revealed strong NDD for

most species at the seed stage [18], seedling stage [22] and

for trees greater than 1 cm DBH [19,53]. Most tropical tree

species (70–90%) are animal-dispersed [54], and seed disper-

sal distances of Miliusa in the faunally-intact Thai forest that

we studied are on the same scale as many other tropical tree

species [40,41,51]. A potential difference between Miliusa and

some animal-dispersed tropical tree species is the lack of

mammalian seed predation and secondary seed dispersal

by rodents on Miliusa seeds, both of which may compensate

for loss of large-bodied seed dispersers [55,56].

Our PVA shows that overhunting poses a serious threat to

persistence of a common tree species, with an order of mag-

nitude increase in the probability of extinction in the absence

of animal seed dispersers. Overhunting of frugivorous ani-

mals is widespread throughout tropical regions [12,57], and

many tropical tree species are animal-dispersed. Therefore,

loss of animal-dispersed tree species, such as Miliusa, is

likely to lead to major changes in tree community compo-

sition and forest dynamics. Implementation of policies to

manage hunting, including regulating wildlife trade, enfor-

cing existing laws and improving monitoring of protected

areas will be necessary to maintain ecosystem integrity in

tropical forests.
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