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Abstract: Home range shifts prior to natal dispersal have been rarely documented, yet the events that lead a 
subadult to abandon a portion of its home range and venture into unfamiliar territories, before eventually set- 
ting off to look for a site to reproduce, are probably related to the causes of dispersal itself. Here, we used a 
combination of manual radio-tracking and an Automated Radio Telemetry System to continuously study the 
movements of a subadult male ocelot (Leopardus pardalis), a solitary carnivore with sex-biased dispersal, on 
Barro Colorado Island, Panama, for 18 months from May 2003 through October 2004. The subadult ocelot's 
parents were also radio-tracked to record possible parent-offspring interactions within their home ranges. At the 
age of ca. 21 months the subadult gradually began to shift its natal home range, establishing a new one used until 
the end of the study, in an area that had previously been used by another dispersing subadult male. Only three 
parent-offspring interactions were recorded during the four months around the time the range-shift occurred. 
The apparent peaceful nature of these encounters, along with the slow transition out of a portion of his natal 
home range, suggest the subadult was not evicted from his natal area by his parents. The timing of the shift, 
along with the subadult's increase in weight into the weight range of adult ocelots four months after establishing 
the new territory, suggests that predispersal home range shifts could act as a low risk and opportunistic strategy 
for reaching adult size, while minimizing competition with parents and siblings, in preparation for an eventual 
dispersal into a new breeding territory. Rev. Biol. Trop. 56 (2): 779-787. Epub 2008 June 30. 
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Dispersal, the process by which individu- 
als abandon the immediate environment of 
their parents to find a site to reproduce, is a 
major determinant of gene flow, population 
spread, and the colonization of new areas 
(Bowler and Benton 2005). Although it is a 
process of great importance in ecology, animal 
movement is difficult to study (Holden 2006), 
particularly when individuals leave their home 
range, and thus dispersal processes are often 
little understood (Fairbairn 1978, Sutherland et 
al. 2000, Bowler and Benton 2005). 

In mammals, dispersal typically begins 
when individuals reach a subadult age, and 
is usually male biased (Greenwood 1980). 
Several hypotheses have been proposed to 
explain the ultimate causes of dispersal, 
including avoidance of inbreeding, competi- 
tion for resources and competition for mates 
(Greenwood 1980, Ferreras et al. 2004). 
Expulsion of juveniles by parents and weaken- 
ing of social ties are often considered possible 
proximate causes associated with dispersal, 
but empirical evidence for this assertion is 
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scant (Macdonald and Kays 2005). Possible 
changes in movement patterns, interactions 
between conspecifics and physical changes 
prior to dispersal may play critical roles in 
determining when and how individuals decide 
to disperse. Predispersal home range shifts, 
which refer to the establishment of a tempo- 
rary home range by an individual before its 
dispersal, have been rarely documented, yet 
may be fundamental in understanding disper- 
sal itself. 

The ocelot (Leopardus pardalis Linnaeus, 
1758) is a solitary carnivore with a social 
system based around intrasexually exclusive 
home ranges (Sunquist and Sunquist 2002), 
and with male biased dispersal (Ludlow and 
Sunquist 1987, Emmons 1988, Laack 1991, 
Crawshaw 1995). One study has documented 
the occurrence of predispersal home range 
shifts involving subadult male ocelots (Laack 
1991). However, the details of these events 
are not well known, because individuals need 
to be observed continuously over long periods 
of time leading up to the final dispersal event. 
In the current study, we use a combination 
of manual and automated radio-tracking to 
describe, in detail, the predispersal home range 
shift of a subadult male ocelot. Although we 
cannot generalize widely from a sample size 
of one, the details recorded here are new, and 
contribute to the understanding of the processes 
leading up to dispersal. 

MATERIALS AND METHODS 

Study site: we studied ocelots on Barm 
Colorado Island (BCI), Panama (9° 10' N, 
79°51' W). BCI covers an area of 15.6 km2 

and is part of the larger Barro Colorado Nature 
Monument (BCNM, 54 km2 total), a highly 
protected study reserve adjacent to the 193.4 
km2 Soberania National Park. The minimum 
distance between the island and the mainland is 
200 m, with small islands breaking up this gap 
in some places (Wright et al. 1994). BCI has an 
average temperature of 27 °C and an average 
annual precipitation of 2 600 mm, with 90% 
of the rainfall occurring from May through 

November (Dietrich et al. 1997). The vegeta- 
tion of the island is of a tropical moist forest 
(Holdrige 1967, Croat 1978). BCI's topography 
is dominated by hills that reach a maximum 
elevation of 165 m above sea level. 

Estimates of resident ocelots on BCI using 
live-trapping, radio-tracking and camera trap- 
ping data collected prior to and during this 
study, suggest that at least 15 adult ocelots were 
present per year on BCI (J. Willis, unpublished). 
Furthermore, in addition to the ocelots focused 
on in this study, six ocelots (four females, two 
males) with radio-collars, and known home 
ranges, were present on BCI during the time of 
this study (Moreno et al., unpubl.). 

Capture: we captured ocelots with wire 
box traps (Tomahawk Live Traps) baited with 
chickens (Mares 2005). We sedated ocelots with 
ketamine and xylazine (Kreeger 1999), fitted 
them with a radio-collar (Advanced Telemetry 
Systems), and estimated their age based on mor- 
phological development and dental wear (Tewes 
1986, Ludlow and Sunquist 1987, Crawshaw 
1995). For the current study we focused on three 
collared animals: an adult female (MOM), her 
subadult son (SON) and the large male of that 
part of the island (MAL) (Kays 2006) that is 
likely the father of SON. A series of recaptures 
of SON to make proper adjustments to the size 
of his radio-collar allowed us to monitor chang- 
es in his weight over time, and estimate overall 
growth rate in size. 

We established the relationships between 
parents and offspring based on home range 
overlap (Emmons 1988, Laack 1991), and 
in the case of the mother, further evidence 
supporting the relationship was provided by 
a video using an automatic, infrared camera 
placed at a kill site in February 2003 (Aliaga- 
Rossel et al. 2006). In this video MOM brings 
a younger female cub (ca. five months) to a kill 
site, while both are closely followed by SON 
(ca. 10 months old at the time). 

Data collection: for this study, we used a 
combination of telemetry locations collected 
by hand, telemetry bearings collected by one 
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automated receiver and telemetry locations 
triangulated from bearings collected by three 
automated receivers. Manual telemetry loca- 
tions of SON were obtained by radio tracking 
(Kenward 2001) on foot twice a week from 
May to December 2003, and again between 
April and October 2004, during day and night. 
We estimated 95% and 100% minimum con- 
vex polygons (MCP) with the program Biotas 
(Ecological Software Solutions), with an inde- 
pendence interval of three hours (Doncaster 
and Macdonald 1997). We used the 95% MCP 
for home range estimates, and present the 
100% MCP for comparative purposes with 
other studies. 

We also monitored the ocelots using an 
Automated Radio Telemetry System (ARTS) 
(Kays et al, submitted, see also online www. 
princeton.edu/~wikelski/research/index.htm). 
The ARTS uses automated receivers (Sparrow 
Systems) to scan radio signal strengths of six 
stationary antennae mounted on an above- 
canopy tower, and determine bearings to radio- 
collared animals (Cochran and Lord 1963, 
Larkin et al. 1996). We recorded a bearing 
to each animal every minute. If bearings are 
available from two or three different towers, 
animal locations can be bi- or triangulated, 
respectively, while single-tower bearings can 
only be used to determine the general direction 
of an animal. 

Because this study was conducted during 
the construction of the ARTS, not all towers 
were fully functional for obtaining automated 
locations across our study site. However, one 
of the ARTS towers was virtually on the edge 
of the natal territory of a dispersing (or pre- 
dispersing) subadult male ocelot. Four of the 
six stationary antennas received SON's radio- 
collar signal when he was in his natal home 
range, and the other two antennas covered areas 
where he shifted his territory to. The alignment 
of antenna were not perfect for this purpose, 
but gave 100% coverage of SON's natal home 
range and poorer coverage of his post-shift 
range. This allowed us to document the move- 
ment of the ocelot between his natal home 
range and new territories with great temporal 

precision (every minute), based solely on the 
direction of the signal recorded by the auto- 
mated receiver. 

In order to show the overall pattern of natal 
home range use, we combined monthly aver- 
ages of the high-resolution estimate obtained 
with the ARTS, with monthly averages calcu- 
lated from manual telemetry before and after 
these ARTS data were available, totaling 18 
months of area use observations. Furthermore, 
by breaking down the ARTS data into diurnal 
(6:00-17:59 h) and nocturnal (18:00-5:59 h) 
observations based on SON's activity pattern 
(Mares 2005), we were able to determine dif- 
ferences in the proportion of time spent by 
SON in his natal home range between the day 
and night. 

When ARTS bearings were available from 
three adjacent towers between December 2003 
and March 2004, they were used to triangulate 
locations with custom software (IC Telemetry 
by I. Couzin, Princeton University, USA). The 
mean error estimated for all ARTS locations in 
this area was 50.7 ±41.0 m (standard deviation) 
(Kays et al, submitted). The range over which 
these three towers could determine locations of 
the type of collars worn by the ocelots included 
all of SON's natal territory and enough of the 
surrounding area to allow us to confidently 
determine MOM's home range. Because the 
ARTS collects data on multiple animals with 
high temporal resolution, it is also a good tool 
for documenting interactions between radio- 
collared animals. During this four month peri- 
od, we also scanned for possible interactions 
between SON and his parents using simultane- 
ous locations of the pair being studied (SON/ 
MOM; SON/MAL), no more than 50 m apart 
from one another. 

RESULTS 

Captures: SON was first captured in May 
2003, at the estimated age of 12-14 months, 
and was subsequently captured and weighed 
three more times (Fig. 1). The probable mother 
of this young male, MOM, was captured and 
radio-collared in January 2004. The dominant 
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Fig. 1. Transition out of natal home range by a subadult male ocelot (SON) as measured by manual and automated radio- 
tracking (noted above graph). The data range is from May 2003 through October 2004. Weights are body mass measured 
at captures. Both ARTS and manual data are monthly averages. Averages were not estimated for April and July-September 
2004 due to radio-collar failure. 

male of the area, MAL, was captured and 
radio-collared more than a year earlier, in July 
2002, thus allowing us to obtain an estimate of 
his home range before radio-collaring the other 
two ocelots. 

day resting in tangled tree falls within these 
sites, and one of them was also frequently used 
by MOM and MAL (site #1, Fig. 2). 

Natal   home   range   estimation:   we 
obtained 238 locations for SON during eight 
months of radio-tracking (May-Dec 2003), and 
determined 0.57 km2 95% and 1.14 km2 100% 
MCPs for his natal home range (Fig. 2). We 
also determined MOM's home range, using 216 
locations obtained with the ARTS during three 
months (Jan-Mar 2004) for estimating 1.42 
km2 95% and 1.87 km2 100% MCPs. MAL's 
home range was estimated at 6.35 km2 (9.24 
km2 at 100%), using 161 locations obtained 
during 15 months of manual radio-tracking 
(Nov 2002-Jan 2004), and it encompasses both 
SON and MOM's home ranges (Fig. 2). We 
also estimated that 73% of SON's natal home 
range was within MOM's home range. 

We identified two main sites within SON's 
natal home range which he used as resting 
spots. SON was found several times during the 

Fig. 2. Home ranges (95% MCP) of three ocelots including 
the dominant male of the area (MAL, plain), the presumed 
mother of the subadult male (MOM, horizontal lines), and 
the natal home range (grid) and home range shift (vertical 
lines) of the subadult male (SON). Main resting sites within 
SON's natal home range are marked #1 and #2. Grey shad- 
ing indicates the outline of Barro Colorado Island. 
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Fig. 3. Transition out of natal home range and difference in time spent in natal home range between day (triangles) and night 
(squares) as measured by the ARTS for SON over a 4 month period (Dec 2003-Mar 2004). Logistic curve fits are shown for 
day (dashed) and night (solid) observations. 

Predispersal home range shift: monthly 
averages of the time spent per day by SON 
in his natal home range, estimated using con- 
tinuous data obtained with the ARTS and the 
data from manual tracking locations, show a 
consistent decrease in the use of the natal area 
from December 2003 through March 2004 
(Fig. 1). When broken down into day and night 
observations, we determined a difference in the 
proportion of time spent in the natal area per 
12 h period between the two sets of data over 
the course of the four months in which the shift 
took place (Fig. 3). 

Between April and October 2004, 41 loca- 
tions for SON were obtained with manual 
telemetry to determine the new area used by 
the subadult, after the home range shift. This 
1.24 km2 (1.38 km2 at 100%) territory includes 
25% of his natal home range and also includes 
resting site #1. Although this new area still 
partly overlaps with both MOM's and MAL's 
home ranges (5% overlap with MOM's home 
range, and 63% with MAL's), absolute overlap 
is much less than that observed between these 
territories and SON's natal home range (Fig. 2). 
SON's new area also overlaps with the home 

range of another radio-collared adult female, 
and is part of a territory that had been used by 
a subadult male until mid-October 2003, when 
a combination of dispersal and radio-collar 
failure prevented us from continuing to monitor 
this individual (Moreno et al, unpubl.). 

We did not continue to actively radio-track 
MOM, but the fact that she was located several 
times in the area of resting site #1 during this 
period suggests her use of the area had not 
changed. Sporadic radio-tracking and locations 
of MAL obtained during this time also suggest 
there had not been any significant changes in 
his home range use. 

Parents-offspring interactions: A total 
of three interactions were recorded between 
December and March 2004. The first involved 
SON and MOM between 21:00-21:30 h on 
February 4 within SON's natal home range. After 
appearing to stay close together for approximate- 
ly 30 min, SON traveled in the opposite direction 
of his initial path and MOM stayed in the same 
general area (Fig. 4). A second encounter was 
registered between 11:00-13:00 h on February 26 
in the area identified as resting site #1. 
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Fig. 4. An interaction between SON (dashed) and MOM 
(solid) as registered by the ARTS. X indicate the begin- 
ning of their movements and small arrows, the end. The 
large arrow points to the area where they stayed together 
for approximately 30 min. Accuracy of the locations is 
estimated at 50 m. Grey shading indicates the outline of 
Barro Colorado Island. 

An interaction between SON and MAL 
was recorded, and followed from a distance 
while radio-tracking, on December 30 between 
0:00-7:00 h in the area identified as resting site 
#1. Examination of this area the following day 
revealed the fresh remains of an adult coati 
(Nasua naricd). Only the skull and several 
hairs were found very close to a spot where 
the leaves had been removed in a manner that 
suggested that one of the ocelots had been lay- 
ing there. 

Besides the three encounters recorded by 
the ARTS, only two others were documented 
while radio-tracking in the months before and 
after the home range shift. SON and MAL 
where located together between 21:00-0:00 h 
on June 19, 2003. A brief encounter between 
SON and MOM occurred around 20:15 h on 
May 7, 2004, in which MOM quickly crossed 
paths with SON who remained in the area and 
was heard 45 min later trying unsuccessfully 
to capture an agouti (Dasyprocta punctata). 
Furthermore, there were no encounters docu- 
mented between SON and the other six radio- 
collared ocelots, including the adult female 
whose home range overlapped with SON's new 
area and who was known to use resting site 

#1, despite regular checks for all radio-collar 
frequencies while radio-tracking SON. 

DISCUSSION 

Predispersal home range shift: the pat- 
tern of SON's natal home range use began to 
change in December 2003, when he first left 
his natal range at the age of 20-22 months, to 
spend about a third of his time in new areas not 
visited by MOM (but overlapping with MAL). 
This is approximately the same age at which 
three male subadults from Laack's (1991) 
study began their predispersal home range 
shifts. SON's home range shift from the natal 
territory was not a single event, but a gradual 
process spread over three months that began 
with journeys outside of his territory, which 
steadily increased in frequency and duration, 
and ended four months later with the estab- 
lishment of a new, stable home range that still 
included a part of his natal and both parents' 
home ranges. Differences in natal area use 
between day and night in the first few months 
of the home range shift, combined with the 
predominantly nocturnal activity pattern 
observed, indicate that initial journeys were 
mainly nocturnal and ended with the subadult 
returning to familiar resting sites, similar to 
what has been observed in dispersing badgers 
(Meles meles) (Roper et al. 2003). 

Captures of SON just before and after his 
home range shift, show that he lost ca. 5% of 
his body weight during this period. A weight 
loss is consistent with the hypothesis that there 
may be a cost involved in moving to a new 
area, presumably associated with the diffi- 
culty of hunting in unfamiliar territories (Laack 
1991). However, after four months of living in 
this new area, SON appeared to have adapted 
to being an efficient hunter as he gained 2.9 
kg, reaching the typical weight of adult male 
ocelots on BCI (Moreno et al, unpubl.). We 
suspect that spreading the move out over three 
months reduces potential foraging costs by 
allowing dispersing males to return to the natal 
territory to hunt in familiar areas, and possibly 
even share food with parents. 
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Prior to the home range shift, SON had 
remained in his natal territory for approxi- 
mately 15 months after the birth of a new 
female cub by his presumed mother. Similar 
to our study, Laack (1991) also observed sib- 
lings of different litters maintaining ranges that 
partially overlapped for several months, before 
the oldest eventually dispersed. Siblings of dif- 
ferent litters remaining in the mother's home 
range show that the dispersal of an individual 
is not associated with the birth of another litter. 
This lack of immediate dispersal of older litter 
mates is similar to what has been observed in 
lynx (Lynx pardinus) (Ferreras et al. 2004), 
but different to most other solitary cats, where 
dispersal is synched with the rearing of a new 
litter (Smith 1993, Maehr et al. 2002). 

SON's predispersal home range shift may 
be related to the dispersal a month earlier of 
the subadult male whose territory was adja- 
cent to SON's natal home range (Moreno et 
al., unpubl.), and in the area he later went 
on to occupy. Although radio-collar failure 
prevented us from being certain that this indi- 
vidual completely abandoned his home range 
after an initial dispersal event, it is most likely 
that the area which SON moved into would 
have been less frequently used, even if only 
because of an expansion of the dispersing 
subadult's home range. 

Parents-offspring interactions: our auto- 
mated data on the locations of SON and 
his parents during this shift period revealed 
surprisingly few interactions. In our constant 
monitoring through approximately 5 km2 we 
found only five interactions between SON and 
MOM (his probable mother) and MAL (the 
dominant male of the area and probably his 
father). Our data, combined with the lack of 
interactions observed while manually radio- 
tracking, suggest a very low level of contact 
between subadults and their parents, contrary to 
what Emmons (1988) found in Peru. Telemetry 
data cannot characterize the exact nature of 
interactions between individual ocelots, but the 
relatively long duration of these interactions 
and their association with a known diurnal 

resting spot suggests they were not aggres- 
sive. Emmons (1988) also found no evidence 
of hostility in the 12 interactions documented 
between subadult male and parent ocelots in 
Peru. The presence of a fresh kill at the site 
of the interaction between SON and MAL 
also suggests the possibility of food sharing, 
although we do not know if SON was actually 
allowed to feed. 

CONCLUSIONS 

Predispersal home range shifts appear 
to be relatively common for ocelots (found 
in three out of five subadult males in Texas, 
Laack 1991), yet their purpose and causes 
remain unclear. This study's combination of 
intensive manual and automated radio-track- 
ing of a subadult male ocelot revealed details 
about the timing and interactions associated 
with a predispersal home range shift, that 
help us understand its potential causes and 
its direct link to dispersal itself. Although 
our study ended before an actual dispersal 
event, it is most likely that at the age of 29-31 
months, our subadult ocelot was close to 
dispersal, considering that all subadult males 
from previous studies dispersed between the 
ages of 14-35 months (Ludlow and Sunquist 
1987, Emmons 1988, Laack 1991, Crawshaw 
1995), including the ones with predispersal 
home range shifts in Laack's (1991) study, 
which eventually dispersed between the ages 
of 30 and 35 months. 

The subadult male's weight changes over 
the course of the home range shift, along with 
the timing of the shift, suggest that gradu- 
ally shifting to a nearby range with potential- 
ly reduced resource competition, may have 
allowed him to reach the size of typical adult 
males (despite the initial costs of exploring new 
areas), before making a long-distance dispersal. 
In this sense, predispersal home range shifts 
could act as a low risk and opportunistic strat- 
egy used by subadult males for reaching adult 
size, while minimizing competition with par- 
ents and siblings, in preparation for an eventual 
dispersal into a new breeding territory. 
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As a single data point, our results neces- 
sarily have to be interpreted carefully, but 
we suggest they could be representative of 
subadult males in areas with limited dispersal 
opportunities due to saturated habitat (e.g. 
BCNM and other sites with low levels of 
poaching) or natural or artificial barriers (roads 
or human activities as in Texas, Haines et al. 
2005). Although separated from the mainland, 
it is likely that the ocelots on BCI are able to 
cross the -200 m gap, even if only rarely (at 
least 1 of 14 radio-collared ocelots swam off 
BCI to the mainland, Moreno et al, unpubl.). 
Future studies may concentrate more strongly 
and with larger sample sizes on the ontogeny 
of movement and space use decisions in ocelots 
and other long-lived animals. 
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RESUMEN 

Los desplazamientos del ambito hogareno de mami- 
feros subadultos previos a la dispersion natal rara vez 
han sido documentados. Sin embargo, los eventos que 
llevan a un animal subadulto a abandonar una parte de 
su ambito natal, antes de buscar un sitio definitivo donde 
reproducirse, pueden estar relacionados con las causas de 
la dispersion en si. En este estudio, utilizamos una combi- 
nacion de radio-telemetria manual y un Sistema de Radio- 
Telemetria Automatizado para estudiar de manera continua 
los movimientos de un ocelote (Leopardus pardalis) macho 
subadulto, un carnivoro solitario con dispersion sesgada 

sexualmente, en la Isla de Barro Colorado, Panama, duran- 
te 18 meses (mayo 2003 hasta octubre 2004). Los padres 
del ocelote subadulto tambien fueron monitoreados por 
radio-telemetria para registrar posibles interacciones entre 
padres e hijo en sus ambitos hogarenos. A la edad aproxi- 
mada de 21 meses, el ocelote subadulto comenzo a despla- 
zar gradualmente su ambito hogareno natal, estableciendo 
uno nuevo que fue ocupado hasta el final del estudio, en un 
area que habia sido ocupada previamente por otro macho 
subadulto en dispersion. Se registraron solamente tres 
interacciones entre padres e hijo en los cuatro meses del 
desplazamiento. La aparente naturaleza pacifica de estos 
encuentros, junto con el lento abandono de una parte de 
su ambito hogareno natal, sugieren que el subadulto no 
fue expulsado de su area natal por sus padres. El momen- 
ta del desplazamiento, junto con el incremento en peso 
del subadulto (al peso propio de un adulto) cuatro meses 
despues de haber establecido su nuevo territorio, sugiere 
que los desplazamientos del ambito hogareno previos a la 
dispersion natal podrian actuar como una estrategia opor- 
tunista y de bajo riesgo para alcanzar el tamano adulto, 
minimizando la competencia con padres y hermanos, en 
preparacion para una dispersion final a un nuevo territorio 
para reproducirse. 

Palabras clave: predispersion, subadulto, ocelote, 
Leopardus pardalis, desplazamiento del ambito hogareno, 
radio-telemetria automatizada. 
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