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ABSTRACT

Tropical forest conservation and restoration require an understanding of the movements and habitat preferences of important seed dis
persers. With forests now being altered at an unprecedented rate, avian frugivores are becoming increasingly vital for forest regeneration.
Seed movement, however, is highly dependent on the behavioral characteristics of their dispersers. Here, we examined the movements,
habitat preferences, and range sizes of two African frugivores: the Black casqued (Ceratogymna atrata) and the White thighed (Bycanistes al
botibialis) Hornbill, in the lowland rain forests of southern Cameroon. Using satellite transmitters, we tracked eight hornbills for 3 yr to
characterize their movements and relate them to environmental landscape features. Hornbill movements differed significantly, with B. al
botibialis ranging over larger areas (mean = 20,274 ha) than C. atrata (mean = 5604 ha), and females of both species covering over 15
times the area of males. Evidence suggests that movements are irruptive during particular periods, perhaps driven by low resource avail
ability. In addition, hornbills often returned to the same localities within a year, although movements were not characterized as migra
tory. Both species displayed significant differences in habitat preference, with B. albotibialis utilizing disturbed habitat more frequently
than C. atrata (t = �22.04, P = 2.2 9 10�16). Major roads were found to act as barriers for C. atrata, but not for B. albotibialis. The
ability of both hornbill species to move large distances suggests hornbills will play a vital role in the maintenance and regeneration of
rain forests in Central Africa as forest fragmentation increases and terrestrial vertebrates decline in numbers.

Abstract in French is available in the online version of this article.
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ANIMALS ARE WELL RECOGNIZED FOR THEIR CRITICAL ROLE IN SEED

DISPERSAL OF TROPICAL RAIN FOREST TREES (Howe & Smallwood
1982, Howe 1984, Wunderle 1997, Jansen et al. 2012, Karubian
et al. 2012), and vertebrate assisted seed dispersal, a key process
that drives forest diversity and genetic structure, has been nega
tively impacted by human activities such as fragmentation and
habitat degradation (Wang & Smith 2002). As humans continue
to modify tropical landscapes, it is crucial to understand how
these changes may affect the range and movements of important
seed dispersers. Long distance seed dispersers, including large
bodied mammals and birds, are particularly important for main
taining tropical tree populations (Howe 1984, 1986, Holland et al.
2009, Ruxton & Schaefer 2012, Mueller et al. 2014). However, in
Central African rain forests, the spatial and temporal scale of
long distance movements by large avian frugivores remains

poorly understood, despite their significant influence as dispersers
on forest ecosystems and community structure.

In the southern rain forests of Cameroon, large hornbills in
the genus Ceratogymna (Gonzalez et al. 2013) are important seed
dispersers (Whitney & Smith 1998, Poulsen et al. 2002), both
quantitatively they disperse 20 percent of the major tree species
(Whitney et al. 1998) and qualitatively over 80 percent of
seeds they ingest move well beyond the canopy of the parent tree
(Holbrook & Smith 2000). Ceratogymna hornbills have been shown
to track fruit resources (Whitney & Smith 1998) and make large
scale movements, e.g., up to 290 km (Holbrook et al. 2002).
These movements are generally larger than the ones recorded for
South African (Lenz et al. 2011, Mueller et al. 2014) or Asian
hornbills (Kinnaird & O’Brien 2007), which also play a major
role in seed dispersal in their respective landscapes. Holbrook
et al. (2002) provided important insights on the extent of West
African hornbill movements, suggesting hornbills may not only
play a fundamental role in dispersing seeds within forest reserves,
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but also help maintain regional tree species diversity by dispersing
seeds from primary forest to secondary forests and agricultural
areas. As a result of hunting pressures, the southern rain forests
of Cameroon are losing many of their largest frugivores, particu
larly elephants and many primate species (Muchaal & Ngandjui
1999, Chapman et al. 2006, Wang et al. 2007, Maisels et al. 2013).
Given these declines of mammalian frugivores, hornbills are likely
to play an increasingly vital role in the general maintenance of
tropical forests and the potential for forest regeneration in many
parts of the Central Africa.

While numerous factors contribute to the movement pat
terns of seed dispersers in tropical forests (Fleming 1992, Schaik
et al. 1993, Jordano 2000), Leighton and Leighton (1983) offered
three hypotheses to explain correlations between cyclical declines
in vertebrate dispersers and reduced fruit production. They pos
tulated that species that did not switch their diet would need to
move to find adequate resources and would exhibit either migra
tory behavior, nomadic behavior, or large home range expan
sions. To explore Leighton and Leighton’s hypotheses, we used
satellite telemetry to examine the movements of two of the larg
est African frugivorous hornbills, Ceratogymna atrata (Black cas
qued Hornbill, BC) and Bycanistes albotibialis (White thighed
Hornbill, WT), over 3 yr in southern Cameroon. We character
ized hornbill movements and habitat use in relation to both natu
ral and human altered landscapes, measured the extent of their
movements across multiple seasons, and assessed habitat prefer
ences in relation to mature and human altered rain forests. We
hypothesize that if: (1) species show migratory behavior, the tim
ing of movements should be seasonal and should be in a similar
direction, with individuals returning to the same areas; (2) horn
bills are nomadic, there should be no consistent directionality of
movement and birds may not necessarily return to the same geo
graphic localities from which they came; and (3) ranges of horn
bills simply expand and contract seasonally, directed long distance
movements should not be observed.

METHODS

STUDY AREA. Southern Cameroon is characterized by semi decid
uous lowland tropical forest (Letouzey 1968), and ranges in eleva
tion from 400 to 800 m, with an annual rainfall of 1600 mm
that is bimodal with a large peak occurring in September Octo
ber and smaller peak in April May. The study region encom
passes the Dja Biosphere Reserve and surrounding areas, and
includes intact mature forest, disturbed secondary forest, and
northern savanna forest ecotone. The study region varies consid
erably with respect to carbon biomass, with the highest levels in
intact mature forests and lowest levels in anthropogenically trans
formed areas including deforested or degraded lands (Mitchard
et al. 2009, Saatchi et al. 2011).

HORNBILL CAPTURE AND SATELLITE TRACKING. We captured 15
hornbills using pulley mounted mist nets installed in the canopy
near actively fruiting trees, which allowed us to capture individuals
as they arrived to feed. We attached three to four mist nets

(227 mm mesh, 12 m 9 2.8 m) to each other top to bottom to
create a single stacked net as previously described (Holbrook &
Smith 2000). Net height depended on the fruiting tree in question,
but generally ranged between 20 and 40 m. We fitted the dorsum
of each bird with a GPS enhanced solar backpack PTT (Platform
Transmitter Terminal) using a 9/16” kevlar ribbon and secured it
using polyester thread (Kenward 2001). We fitted ten adults and
one juvenile B. albotibialis with an average body mass of 987 g
with transmitters weighing 22 g each (Model PTT 100, Microwave
Technology Inc., Columbia, MD, U.S.A.), or 2.2 percent of the
birds’ body mass. We fitted three adults and one juvenile C. atrata

with an average body mass of 1077 g with transmitters
(Model 30GPS, North Star Science and Technology LLC, King
George, VA, U.S.A.) weighing 30 g each, or 2.8 percent of the
birds’ body mass. Because each transmitter weighed less than 3
percent of the bird’s mass, it was unlikely to affect bird movement
and/or survivorship (Cochran 1980). We programmed transmit
ters to collect no fewer than two fixed points daily and continually
tracked and measured distance and directionality. Transmitters
attached to females and males were programmed with a duty cycle
(the time the transmitter actively sends a signal to the satellite) of
10 d for females and 6 d for males; the extended cycle for females
helped to conserve battery power during periods of nesting, in
which females remain in cavities for up to 3 mo.

Of the 15 hornbills fitted with transmitters, we successfully
analyzed movement data for eight individuals. Long term data
were not available for the remaining individuals either due to the
hornbill removing the transmitter, death of an individual due to
hunting, battery failure, or other unknown reasons. Of the eight
transmitters for which long term data were obtained, five were
deployed on B. albotibialis (three males and two females), and
three on C. atrata (two males and one female). For each data
point received, there was an accompanying estimated error based
on the quality of the satellite signal. For all transmitters and loca
tion data, we analyzed only those returned data with estimated
errors of <250 m, ensuring equality between location data from
different transmitter types. We collected and analyzed data from
start dates through March 2012.

TEMPORAL AND SPATIAL VARIATION IN HORNBILL MOVEMENT

PATTERNS. We estimated the area that hornbills utilized using a
convex hull estimate (after removing 5% of outlier points) using
the adehabitatHR package in R (Downs & Horner 2009, R
Development Core Team 2011), as well as a minimum convex
polygon method (Worton 1995, Fig. S1). We report the convex
hull estimate as the best estimate of area utilized, as minimum
convex polygon estimates were less accurate due to a high num
ber of outlying points relative to the inner points (Worton 1995).
Individual tracking periods ranged from 269 to 1134
(mean = 748) days per individual. We estimated range sizes using
2082 (mean = 560) locations for B. albotibialis and 1027
(mean = 342) locations for C. atrata.

To examine the trajectories and distances traveled by each
individual between GPS points, we used adehabitatLT (Calenge
2006) in R. We then plotted these data to track each individual
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across the landscape. The trajectories sampled are the angles tra
versed by the animal as it moves between locations. We overlaid
these trajectories on a map of forest cover to assess how fre
quently hornbills visited forested areas as measured by biomass
(see below). To determine the percent of time hornbills spent
moving relative to the time spent resting at a single location, we
used the adehabitatHR package (Calenge 2006) in R. We also
analyzed the distance traveled per bird per month to assess
whether certain seasons were characterized by extensive bursts of
movement.

To determine the ability of hornbills to traverse natural or
anthropogenic features of the landscape, we determined whether
birds crossed major rivers, roads, or villages. We utilized a roads
data base that was constructed by digitizing satellite images from
2005 to 2010 and mapping with a GPS unit on the ground in
areas where cloud cover precluded the use of satellite images
(WRI 2012). Anthropogenic features such as villages and paved
or unpaved roads in the vicinity of the Dja were further verified
by on the ground observation. Rivers were mapped with synthetic
aperture radar, which is an effective tool for delineating water
bodies in forests with persistent cloud cover such as those found
in southern Cameroon (Arnesen et al. 2013).

To examine whether seasonal rainfall patterns could help
explain movements during an annual cycle, we tested for correla
tions between rainfall and movement using the R library acf
(R Development Core Team 2011) at various time lags (0 time
lag as well as monthly lags up to �9 mo between rainfall and
movement). Precipitation data were obtained from NOAA’s Cli
mate Prediction Center and are the quantitative estimate of pre
cipitation combining METEOSAT, Global Telecommunication
System data, and ground station precipitation data. Precipitation
estimates were available every 10 d, which is similar to the duty
cycles of our satellite tags (Xie & Arkin 1997).

HABITAT PREFERENCES. We analyzed satellite images of the study
region to determine the environmental characteristics of sites fre
quented by hornbills. A high resolution biomass layer was used
that contained values ranging from 0 to 454 Mg/ha (Baccini et al.
2008). From field observations and previous research in the area
(Holbrook & Smith 2000, Holbrook et al. 2002, Smith et al.

2013), we defined ‘disturbed’ habitats as having biomass values
between 1 and 120 Mg/ha and excluded 0 values as this was the
value given to water bodies (Baccini et al. 2008). We created a
mask to identify these anthropogenically altered habitats and cal
culated the Euclidean distance from each individual hornbill loca
tion to altered habitats. We ran a t test in R (R Development
Core Team 2011) to determine whether the two species’ proximi
ties to disturbed areas were significantly different.

RESULTS

TEMPORAL AND SPATIAL VARIATION IN HORNBILL MOVEMENT

PATTERNS. The spatial extent of the area that the two hornbill
species used varied widely from 365 to 71,645 ha, with a mean
area of 14,773 ha (Table 1). Ceratogymna atrata movements varied
more than 30 fold (412 13,971 ha; mean 5604 ha), but were
nevertheless smaller and much less variable than those of B. albo
tibialis, which varied 200 fold (365 71,645 ha; mean 20,274 ha).
Although sample sizes for each species are limited, female ranges
were on average four times larger (mean of 45,897 ha for B. albo
tibialis, 13,971 for C. atrata) than those of males (mean of
3192 ha for B. albotibialis, 1420 ha for C. atrata). Individuals
showed considerable variation in the distance traveled and the
amount of area used (Fig. 1). For example, from the points
where they were tagged, adult male hornbill WT 37 traveled only
27 km spanning an area 365 hectares in size, while male hornbill
BC 07 traveled 38 km spanning 412 ha values almost an order
of magnitude smaller than other individuals. It is doubtful that
these small range sizes were due to low sample size because each
individual was tracked for at least 36 mo. For hornbills traversing
these larger areas (>100 ha), data suggest that ‘burst movements’,
defined here as movements occurring in a time period of less
than 15 d, represented a large percentage of the total area cov
ered (Fig. 2). For example, WT 39 traveled over 223 km in only
14 d between 29 October and 12 November 2009. We also
found that species differed in cardinal direction traveled; the
majority of C. atrata individuals moved in a south or southeast
direction, while B. albotibialis individuals (with the exception of
individual WT41) moved in a northeastern direction during initial
movements (Fig. 1).

TABLE 1. Characteristics and movement summaries of Bycanistes albotibialis and Ceratogymna atrata during study period.

Species Hornbill Age Sex

Convex

Hull (ha)

Distance Per

Day (km) #Locations #Days Tracking Period

B. albotibialis WT 33 Adult Female 20,149 2.13 280 364 9/11/2009 7/10/2010

WT 34 Adult Female 71,645 0.80 641 647 7/3/2009 4/11/2011

WT 37 Adult Male 365 0.69 967 974 7/1/2009 3/1/2012

WT 39 Adult Male 6,098 1.56 651 683 9/10/2009 7/25/2011

WT 41 Adult Male 3,112 1.45 263 269 9/11/2009 6/7/2010

C. atrata BC 03 Juvenile Male 2,428 1.5 483 1007 6/23/2009 3/26/2012

BC 07 Adult Male 412 3.6 324 1134 2/15/2009 3/25/2012

BC 09 Adult Female 13,971 4.7 220 906 9/18/2009 3/12/2012
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FIGURE 1. Hornbill movementS relative 10 the O ja Biosphere Reserve, Cameroon. 8ycanilteJ alhotibiali.J (Wbite-thighed Hombills, WT) movement de~eted by 

white arrows, Ceratogymno atrata (Biack-casqued Hombills, BC) are depictl!d by black arrows. Start dates indicated by S and end dates by E Yellow regions refleet 

areas of low biomass and light green areas depiet areas of higher biomass, with highest biomass estimated in the Oja Reserve. 

We found no consistent annual or monthly relationship 
between precipitation and burst movement, even when account 
ing for potential Jag times. However, when we pooled data across 
all individuals of both species, we found a pattern of increased 
burst movementS during the major dry season (December, Janu 
ary, and February) of the first year (N = 8). Additionally, in the 
following year's main dry season, all but one of the indjviduals 
(WT 37) showed some burst movementS (N = 6). However, dur 
ing the final year of tracking, we did not observe these same 
burst movements from any of our remaining tracked indjviduals 
(N = 4) during the major dry season, despite precipitation being 
similar m magrutude and t:immg. In general, hornbills demon 
sttated great variability in their movementS, often associated with 
large distances traveled, but with little evidence of synchronous 
seasonal movementS. However, movementS were not nomadic as 
many individuals returned tO the location where they had been 
origiDally tagged (Fig. 1 ). 

The two species of hornbills differed in their movement pat 
terns with respect to proximity tO human infrastrucrure such as 
villages or major roads. The major roads considered here are 
high traffic national and regional roads such as the Cameroon 
N10. These roads are either paved or large enough to create for 
est gaps that are 110 m wide on average (standard deviation: 
13 m). Bycanistes albotibialis crossed major roads frequenrly and 
passed dose to villages (Fig 1 ), while C. atrato never crossed 
major anthropogenk features, such as roads or large villages. Cer 
atogy!Jina atrata also tended to avoid anthropogeruc breaks in the 
forest, major rivers, although individuals did cross the Dja and 

Nyoog Rivers, an average of 6.44 times/year and 7.25 times/year, 
respectively. 

HABITAT PREFERENCES. Hornbills showed marked djfferences in 
landscape use, with the mixture of primary and disturbed habitats 
used (as defined by biomass). Bycani.rtes albotibialis was found in 
fragmented landscapes more often than C. atmta individuals 
(Fig 3, Welch Two Sample t test, t = 26.93, P < 0.01) and 
moved greater distances from the icitial tagging locations tO 

access fragmented areas. For every geolocation recorded for B. al 
botibialis (N = 2082), mdividuals were always located within 
10 km of these fragmented habitat types. In contrast, C. atmta 
locations were recorded at sigo.ificantly greater Euclidjan distances 
from disturbed forest habitatS (\Velch 1\vo Sample t test, 
I= -22.04, P = 2.2 X 10- 1~. 

DISCUSSION 

Luge forest hornbills are important members of the Central Afri 
can seed dispersing commuruty. The two species e:~~:arnined dis 
perse the seeds of 18 and 20 percent of the tree flora, 
respectively, and deposit only a small percentage of seeds beneath 
parent trees (Whitr1ey et aL 1998, Holbrook & Srruth 2000). The 
importance of hombills and other avian seed dispersers is 
expected to increase m the future as populations of mammilian 
dispersers, such as elephants and primates, decline (Muchaal & 

Ngandjw 1999, Chapman et al. 2006, Wang et al. 2007, Mrusels 
et aL 2013). Mammalian seed dispersers, particularly duikers and 
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FIGURE 2. Hornbill movemeniS through time and percent utilization of home range in southem Camcroon from 2009 tO 2011. Left panels show the percent 

of rotal home range area used in calculating the convex hull on the x-a.'<is compared with the cotal area. Right panels show individuals movement patterns through 

time, with peaks representing burst movcmeoiS. 

elephants, typically avoid roads (Lturance et al. 2006, Bwj et al. 
2007, Blake et al. 2008). This, combined with recent increases in 
human population, anthtopogenic barriers, and illegal poaching, 
thteatens to seriously diminish the role of effective mammalian 
seed dispersal (Wright et aL 2007). Previous studies on the over 
lap between bird and mammal &t.Ut consumers indicate that wbile 
the &t.Ut diet shared by hornbills and primates can be substantial 
(38% [Astaras & Waltert 2010, Poulsen et aL 2001, Mit:an.i 1999, 
1 3)), the degree of overlap with elephants is significantly less 
[8%, (Mjtani 1999, Yumoto & Maruhashi 1995)). Thus, the 
potential for hombills tO provide seed dispersal services typicaJly 
performed by primates is considerably greater than those pro 
vided by elephants. Faced with further mammalian habitat loss 

and human encroachment, avian species may represent one of 
the few remaining effective seed dispersers in the region. 

We do not know how changes in the types of seed disperser 
community may affect forest composition a topic worthy of 
further study. However, in many regions, avian species represent 
the only dispersers that have yet to be extirpated by hunting; 
Mammalian seed dispersers such as elephants are classified as 
'Vulnerable' on the Red List and primates, including chimps and 
bonobos, are listed as 'Endangered' (IUCN 2014). The Red List 
classifies WT and BC hornbills as 'Least Concern', and move 
ments of hornbills are generally less impeded by fragmentation 
than those of large marnrnals. However, in at least one of these 
species (C. atrata), effective seed dispersal is still likely to be 
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limited by anthropogenic activities, given the tendency of this spe 
cies to avoid human dominated landscapes and roads. An emerg 
ing issue is the hunting of hombills while this practice was 
quite rare in the region in the 1980s and 1 990s, with fewer pri 
mates and duiker remaining, the hunting and selling of hornbills 
fur food is becoming more common (f. Smith, pers. obs.), as is 
illegal international trade (Trail 2007). 

Movements in response to resource scarcity may be catego 
rized in various ways (I..eighton & Leighton 1983); these include 
true migratory movements, nomadic movements, or expansions 
of range size. Our results show little support for true migratory 
behavior in hombills. Movements did not occur synchronously or 
in significant association with any particular temperature or pre 
cipitation cues. However, seasonal and inter annual fruiting pat 
terns are a distinctive characteristic of the region (\Vhimey & 

Smith 1998, Holbrook & Smith 2000, Stauffer & Smith 2004, 
French & Smith 2005). Further work will be necessary to deter 
mine if these complex fruiting cycles drive long distance move 
ments of large frugivores. 

There was evidence of burst or irruptive movements consis 
tent with those seen in relation to fluctuations in food abundance 
(Ne~vton 2008). Irruptive movements typically occur from areas 
of low food abundance to areas with greater food availability, 
generally north to south in northern latitudes, as in boreal finches 
and owls (Newton 2008). The directionality observed in the first 
year of this study could be in response to food availability, but 
without quantitative data on resources one can only speculate. 
Interestingly, the movements observed by Holbrook et aL (2002) 
were in a different direction (southward), suggesting the direc 
tionality of long distance movements may vary between years. 

Previous research also found that C. a/rata and B. albotibialiJ 
numbers are greater in regions with high fruit availability than 
low fruit availability (Whimey & Smith 1998). But as fruit abun 
dance was not quanti.6ed in this study, it was not possible to 
examine movement patterns as a function of fruit abundance. 
Nevertheless, previous studies do suggest that hombill species 
move in response to fruit availability and support the keystone 
role that these species play in dispersing seeds. Given that burst 
movements occurred predominantly in the dry season when fruit 
availability is generally low suggests that hombills may undertake 
large distance movements in search of fruit resources. However, 
additional research will be necessary to fully understand the main 
drivers of long distance movements and inter annual variation in 
d.irectionali ty. 

While movements were not synchronous between individu 
als, hombills did return to previous locations, suggesting they 
were not strictly nomadic. Returning to nesting habitat may be 
the result of a Jack of suitable nesting habitat in other parts of 
these species' ranges, as hombills require nesting cavities, in 
particular ecological regions (Newton 1994). Hornbills did tend 
to rerum tO areas where they p reviously bred and were initially 
tagged. The smaller ranges observed for males as compared 
with ranges for females may result from the need for males to 
rerum sooner to defend nesting cavities (Stauffer & Smith 
2004). The amount of areas used by hornbills varied by orders 
of magnitude, and was significantly larger than ranges previ 
ously reported for these species (Holbrook & Smith 2000). In 
fact, the range estimates for hornbills we recorded are some of 
the largest reported of any tropical frugivorous bird (Howe 
1986, Holbrook et al. 2002, Kitarnura et aL 2008, Kitarnura 
2011, Mueller et aL 2014). 

Roads are important barriers to movements of seed dispers 
ing mammals and birds in the tropics (Benitez L6pez et al. 2010). 
Both species of hombills studied here are capable of dispersing 
seeds over long distances across natural barriers such as rivers, 
making them important fur maintaining genetic diversity of tree 
populations. Bycanistes albotibialis crossed major paved roads, sug 
gesting it is unencumbered by barriers to dispersal that may inhi 
bit terrestrial mammals (Laurance et aL 2006, Buij et al. 2007, 
Blake et al. 2008). The fact that this species can cross anthropo 
genic barriers and inhabit secondary forests (Stauffer & Smith 
2004) indicates a potentially vital role for this species in seed dis 
persal and forest regeneration in a region that is likely to see 
greater anthropogenic change in the future. However, unlike B. al 
botibiaJis, C. a/rata avoided disturbed habitat and roads, a pattern 
similar to that found in Red knobbed Hombills (Aceros ca.rsidiXJ 
studied in Sulawesi (Kinnaird et aJ. 1996). 

Hornbills have the potential to move across heterogeneous 
habitats and distribute seeds over a large area in both intact 
(especially C atrata) and in fragmented forests (B. albotibiaiis). 
While further research will be required to fully quantify the extent 
that these species can promote long distance seed dispersal and 
gene flow and aid in forest regeneration, the conservation irnpor 
ranee of both species is likely to increase as the ecological contri 
butions of ma=alian dispersers to maintaining forest health 



diminish with further hunting and accelerating anthropogenic
alteration to habitats.

ACKNOWLEDGMENTS

We thank the govenement of the Republic of Cameroon for per
mission to conduct the research. We especially acknowledge the
assistance of Francis Fonsi and the people of Kompia and Befan
lone for their support and assistance. This research was sup
ported by grants from the National Science Foundation (IIA
1243524), Disney Conservation Fund, and funding from the
Max Planck Institute for Ornithology and UCLA’s Center for
Tropical Research.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:

FIGURE S1. Minimum convex polygon and characteristic hull
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LITERATURE CITED

ARNESEN, A. S., T. S. F. SILVA, L. L. HESS, E. M. L. M. NOVO, C. M. RUDORFF,
B. D. CHAPMAN, AND K. C. MCDONALD. 2013. Monitoring flood extent
in the lower Amazon River floodplain using ALOS/PALSAR Scan-
SAR images. Rem. Sens. Env. 130: 51 61.

ASTARAS, C., AND M. WALTERT. 2010. What does seed handling by the drill tell
us about the ecological services of terrestrial cercopithecines in Afri-
can forests? Anim. Conserv. 13: 568 578.

BACCINI, A., N. LAPORTE, S. J. GOETZ, M. SUN, AND H. DONG. 2008. A first
map of tropical Africa’s above-ground biomass derived from satellite
imagery. Environ. Res. Lett. 3: 045011.

BEN�ITEZ-L�OPEZ, A., R. ALKEMADE, AND P. A. VERWEIJ. 2010. The impacts of
roads and other infrastructure on mammal and bird populations: A
meta-analysis. Biol. Conserv. 143: 1307 1316.

BLAKE, S., S. L. DEEM, S. STRINDBERG, F. MAISELS, L. MOMONT, I.-B. ISIA, I.
DOUGLAS-HAMILTON, W. B. KARESH, AND M. D. KOCK. 2008. Roadless
wilderness area determines forest elephant movements in the Congo
Basin. PLoS ONE 3: e3546.

BUIJ, R., W. J. MCSHEA, P. CAMPBELL, M. E. LEE, F. DALLMEIER, S. GUIMON

DOU, L. MACKAGA, N. GUISSEOUGOU, S. MBOUMBA, AND J. E. HINES.
2007. Patch-occupancy models indicate human activity as major deter-
minant of forest elephant Loxodonta cyclotis seasonal distribution in an
industrial corridor in Gabon. Biol. Conserv. 135: 189 201.

CALENGE, C. 2006. The package adehabitat for the R software: A tool for the
analysis of space and habitat use by animals. Ecol. Model. 197: 516
519.

CHAPMAN, C. A., M. J. LAWES, AND H. A. C. EELEY. 2006. What hope for Afri-
can primate diversity? African. J. Ecol. 44: 116 133.

COCHRAN, W. W. 1980. Wildlife management techniques manual. 4th edn. The
Wildlife Society, Washington, DC.

DOWNS, J. A., AND M. W. HORNER. 2009. A characteristic-hull based method
for home range estimation. Trans. GIS 13: 527 537.

FLEMING, T. H. 1992. How do fruit- and nectar- feeding birds and mammals
track their food resources? In M. D. Hunter, T. Ohgushi, and P. W.
Price (Eds.). Effects of resource distribution on animal plant interac-
tions, pp. 355 391. Academic Press, Boston.

FRENCH, A. R., AND T. B. SMITH. 2005. Importance of body size in determin-
ing dominance hierarchies among diverse tropical frugivores. Biotro-
pica 37: 96 101.

GONZALEZ, J.-C. T., B. C. SHELDON, N. J. COLLAR, AND J. A. TOBIAS. 2013. A
comprehensive molecular phylogeny for the hornbills (Aves: Buceroti-
dae). Mol. Phylogen. Evol. 67: 468 483.

HOLBROOK, K. M., AND T. B. SMITH. 2000. Seed dispersal and movement pat-
terns in two species of Ceratogymna hornbills in a West African tropi-
cal lowland forest. Oecologia 125: 249 257.

HOLBROOK, K. M., T. B. SMITH, AND B. D. HARDESTY. 2002. Implications of
long-distance movements of frugivorous rain forest hornbills. Ecogra-
phy 25: 745 749.

HOLLAND, R. A., M. WIKELSKI, F. KUMMETH, AND C. BOSQUE. 2009. The secret
life of oilbirds: New insights into the movement ecology of a unique
avian frugivore. PLoS ONE 4: e8264.

HOWE, H. F. 1984. Implications of seed dispersal by animals for tropical
reserve management. Biol. Conserv. 30: 261 281.

HOWE, H. F. 1986. Seed dispersal by fruit-eating birds and mammals. Seed
Dispersal 123: 189.

HOWE, H. F., AND J. SMALLWOOD. 1982. Ecology of seed dispersal. Ann. Rev.
Ecol. Syst. 13: 201 228.

IUCN. 2014. The IUCN Red List of Threatened Species. Version 2014.2.
http://www.iucnredlist.org. Downloaded on 14 July 2014.

JANSEN, P. A., B. T. HIRSCH, W. J. EMSENS, V. ZAMORA-GUTIERREZ, AND M. WI

KELSKI. 2012. Thieving rodents as substitute dispersers of megafaunal
seeds. Proc. Natl Acad. Sci. 109: 12610 12615.

JORDANO, P. 2000. Fruits and frugivory. In M. Fenner (Ed.). Seeds: The ecol-
ogy of regeneration in plant communities. 2nd edn, pp. 125 166.
CABI Publishing, Wallingford, UK.

KARUBIAN, J., R. DUR~AES, J. L. STOREY, AND T. B. SMITH. 2012. Mating behav-
ior drives seed dispersal by the long-wattled umbrellabird Cephalopterus
penduliger. Biotropica 44: 689 698.

KENWARD, R. 2001. A manual for wildlife radio tagging. Academic Press, Lon-
don.

KINNAIRD, M. F., AND T. G. O’BRIEN. 2007. The ecology and conservation of
Asian Hornbills. Chicago University Press, Chicago.

KINNAIRD, M. F., T. G. O’BRIEN, AND S. SURYADI. 1996. Population fluctuation
in Sulawesi red-knobbed hornbills: Tracking figs in space and time.
Auk 113: 431 440.

KITAMURA, S. 2011. Frugivory and seed dispersal by hornbills (Bucerotidae) in
tropical forests. Acta Oecol. 37: 531 541.

KITAMURA, S., T. YUMOTO, N. NOMA, P. CHUAILUA, T. MARUHASHI, P. WOHAN

DEE, AND P. POONSWAD. 2008. Aggregated seed dispersal by wreathed
hornbills at a roost site in a moist evergreen forest of Thailand. Ecol.
Res. 23: 943 952.

LAURANCE, W. F., B. M. CROES, L. TCHIGNOUMBA, S. A. LAHM, A. ALONSO, M.
E. LEE, P. CAMPBELL, AND C. ONDZEANO. 2006. Impacts of roads and
hunting on central African rainforest mammals. Conserv. Biol. 20:
1251 1261.

LEIGHTON, M., AND D. R. LEIGHTON. 1983. Vertebrate responses to fruiting
seasonality within a Bornean rain forest. In S. L. Sutton, T. C. Whit-
more, and A. C. Chadwick (Eds.). Tropical rain forests: Ecology and
management, pp. 181 196. Blackwell Scientific Publication, Oxford,
UK.

LENZ, K., W. FIELDER, T. CAPRANO, W. FRIEDRICHS, B. H. GAESE, M. WIKELSKI,
AND K. B€OHNING-GAESE. 2011. Seed-dispersal distributions by trum-
peter hornbills in fragmented landscapes. Proc. Roy. Soc. B. 278:
2257 2264.

LETOUZEY, R. 1968. Etude Phytog�eographique du Cameroun. Paul Lechevalier
Editions, Paris.

MAISELS, F., S. STRINDBERG, S. BLAKE, G. WITTEMYER, J. HART, E. A. WILLIAM

SON, R. ABA’A, G. ABITSI, R. D. AMBAHE, F. AMSINI, P. C. BAKABANA,
T. C. HICKS, R. E. BAYOGO, M. BECHEM, R. L. BEYERS, A. N. BEZ

ANGOYE, P. BOUNDJA, N. BOUT, M. E. AKOU, L. B. BENE, B. FOSSO,
E. GREENGRASS, F. GROSSMANN, C. IKAMBA-NKULU, O. ILAMBU, B.-I.

769



INOGWABINI, F. IYENGUET, F. KIMINOU, M. KOKANGOYE, D. KU

JIRAKWINJA, S. LATOUR, I. LIENGOLA, Q. MACKAYA, J. MADIDI, B. MAD

ZOKE, C. MAKOUMBOU, G.-A. MALANDA, R. MALONGA, O. MBANI, V. A.
MBENDZO, E. AMBASSA, A. EKINDE, Y. MIHINDOU, B. J. MORGAN, P.
MOTSABA, G. MOUKALA, A. MOUNGUENGUI, B. S. MOWAWA, C. NDZAI,
S. NIXON, P. NKUMU, F. NZOLANI, L. PINTEA, A. PLUMPTRE, H. RAINEY,
B. B. de SEMBOLI, A. SERCKX, E. STOKES, A. TURKALO, H. VANLEEUWE,
A. VOSPER, AND Y. WARREN. 2013. Devastating decline of forest
elephants in central africa. PLoS ONE 8: e59469.

MITANI, M. 1999. Does fruiting phenology vary with fruit syndrome? An
investigation on animal-dispersed tree species in an evergreen forest in
south-western Cameroon. Ecol. Res. 14: 371 383.

MITCHARD, E. T. A., S. S. SAATCHI, I. H. WOODHOUSE, G. NANGENDO, N. S.
RIBEIRO, M. WILLIAMS, C. M. RYAN, S. L. LEWIS, T. R. FELDPAUSCH,
AND P. MEIR. 2009. Using satellite radar backscatter to predict above-
ground woody biomass: A consistent relationship across four different
African landscapes. Geophys. Res. Lett. 36: 1 6.

MUCHAAL, P. K., AND G. NGANDJUI. 1999. Impact of village hunting on wild-
life populations in the western Dja reserve, Cameroon. Conserv. Biol.
13: 385 396.

MUELLER, T., J. LENZ, T. CAPRANO, W. FIEDLER, AND K. B€OHNING-GAESE.
2014. Large frugivorous birds facilitate functional connectivity of frag-
mented landscapes. J. Appl. Ecol. 51: 684 692.

NEWTON, I. 1994. Experiments on the limitation of bird breeding densities: A
review. Ibis 136: 397 411.

NEWTON, I. 2008. The migration ecology of birds. Academic Press, London.
POULSEN, J. R., C. J. CLARK, E. F. CONNOR, AND T. B. SMITH. 2002. Differential

resource use by primates and hornbills: Implications for seed dispersal.
Ecology 83: 228 240.

POULSEN, J. R., C. J. CLARK, AND T. B. SMITH. 2001. Seed dispersal by a diurnal
primate community in the Dja Reserve, Cameroon. J. Trop. Ecol. 17:
787 808.

R DEVELOPMENT CORE TEAM. 2011. R statistical package. R Foundation for
Statistical Computing, Vienna.

RUXTON, G. D., AND H. M. SCHAEFER. 2012. The conservation physiology of
seed dispersal. Phil. Trans. R. Soc. B. 367: 1708 1718.

SAATCHI, S. S., N. L. HARRIS, S. BROWN, M. LEFSKY, E. T. A. MITCHARD, W.
SALAS, B. R. ZUTTA, W. BUERMANN, S. L. LEWIS, AND S. HAGEN. 2011.
Benchmark map of forest carbon stocks in tropical regions across
three continents. Proc. Natl Acad. Sci. 108: 9899 9904.

SCHAIK, C. P. V., J. W. TERBORGH, AND S. J. WRIGHT. 1993. The phenology of
tropical forests: Adaptive significance and consequences for primary
consumers. Ann. Rev.Ecol. Syst. 24: 353 377.

SMITH, T. B., R. J. HARRIGAN, A. N. G. KIRSCHEL, W. BUERMANN, S. SAATCHI,
D. T. BLUMSTEIN, S. R. KORT, AND H. SLABBEKOORN. 2013. Predicting
bird song from space. Evol. Appl. 6: 865 874.

STAUFFER, D. J., AND T. B. SMITH. 2004. Breeding and nest site characteristics of
the black-casqued hornbill Ceratogymna atrata and white-thighed hornbill
Ceratogymna cylindricus in south-central Cameroon. Ostrich 75: 79 88.

TRAIL, P. W. 2007. African hornbills: Keystone species threatened by habitat
loss, hunting and international trade. Ostrich 78: 609 613.

WANG, B. C., AND T. B. SMITH. 2002. Closing the seed dispersal loop. Trends
Ecol. Evol. 17: 379 385.

WANG, B. C., V. L. SORK, M. T. LEONG, AND T. B. SMITH. 2007. Hunting of
mammals reduces seed removal and dispersal of the afrotropical tree
Antrocaryon klaineanum (Anacaridaceae). Biotropica 39: 340 347.

WHITNEY, K. D., M. K. FOGIEL, M. L. AARON, K. M. HOLBROOK, D. J. STAUF
FER, B. D. HARDESTY, V. T. PARKER, AND T. B. SMITH. 1998. Seed dis-
persal by Ceratogymna hornbills in the Dja reserve, Cameroon.
J. Trop. Ecol. 14: 351 371.

WHITNEY, K. D., AND T. B. SMITH. 1998. Habitat use and resource tracking by
african Ceratogymna hornbills: Implications for seed dispersal and for-
est conservation. Anim. Conserv. 1: 107 117.

WORTON, B. J. 1995. A convex hull-based estimator of home-range size. Bio-
metrics 51: 1206 1215.

WRI. 2012. Interactive forest Atlas of Cameroon, version 3. Overview report.
World Resources Institute, Washington, DC.

WRIGHT, S. J., K. E. STONER, N. BECKMAN, R. T. CORLETT, R. DIRZO, H. C.
MULLER-LANDAU, G. NU~NEZ-ITURRI, C. A. PERES, AND B. C. WANG.
2007. The plight of large animals in tropical forests and the conse-
quences for plant regeneration. Biotropica 39: 289 291.

WUNDERLE, Jr., J. M. 1997. The role of animal seed dispersal in accelerating
native forest regeneration on degraded tropical lands. Forest. Ecol.
Manag. 99: 223 235.

XIE, P., AND P. A. ARKIN. 1997. Global precipitation: A 17-year monthly
analysis based on gauge observations, satellite estimates, and numerical
model outputs. Bull. Amer. Meteor. Soc. 78: 2539 2558.

YUMOTO, T., AND T. MARUHASHI. 1995. Seed-dispersal by elephants in a tropi-
cal rain forest in Kahuzi-Biega National Park, Zaire. Biotropica 27:
526 530.

770




