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CHAPTER |.

INTRODUCTION

Joel N. Strong

Hunting is one of the most serious threats faciildlife in the neotropics
(Bodmer et al. 1997; Redford 1992; Robinson & RediftP91) and potentially
affects up to 98.8 % of the 3.7 million kiBrazilian Amazon (Peres & Lake 2003).
Within the Brazilian Amazon, approximately 20 %tlé land area is designated as
indigenous reserves (Peres & Terborgh 1995). Véldif these areas sustain large
populations of indigenous people, but the valuthese lands as conservation tools
remains debatable as some tribes are known totedpleir natural resources through
overhunting, overfishing, and overharvesting ofiten(Peres 1994). Therefore,
understanding the impacts of hunting on game peipukand developing
management strategies for sustainable wildlifeawsamportant, particularly on
lands controlled by indigenous peoples. Impactsuoiting on population density
and demography have been well documented for masnimadls, and some reptiles
in the neotropics (Alvard et al. 1997; Cullen Jrake 2001; Peres 2000; Robinson &
Redford 1991), yet similar data on chelonian pofpae, particularly tortoises, are
lacking.

At the international level, both the red-footéskpchelone carbonarjaand
yellow-footed tortoise@. denticulaty are listed in Appendix Il of the Convention on

International Trade of Endangered Species of Wadrfa and Flora (CITES 2002)



andG. denticulatas listed as “Vulnerable” according to The WorldrServation
Union’s (IUCN) Red List of Threatened Species (IUE0D0). Habitat destruction,
harvesting for both subsistence and market ecorsyrarl to a lesser degree,
collecting for the pet trade, have all been cited¢@ntributing factors leading to
population declines (Pritchard & Trebbau 1984; Walk989a, 1989b) and numerous
indigenous and rural non-indigenous groups have deeumented to consume these
species. In addition to being socially importanthe diet of rural peoples, both
tortoise species are potentially important comptsehforest and savanna
ecosystems, due to their highly frugivorous dieng seed retention time, and
defecation of a high percentage of viable seedsI1i§t& Fragoso 2006). This role is
poorly understood, however, and more work is nergde better quantify the
effectiveness of tortoises as seed dispersal agents

Maintaining viable populations @. carbonariaandG. denticulatas of both
socio-economic and ecological importance. To bettelerstand their ecological
roles as seed dispersers, | used radio telemetryhaead-trailing of tortoises to
determine daily displacement and movement pat@mdscombined this information
with the gut retention time of seeds to model ¢oise-generated seed shadow across
the landscape. Additionally, | collected tortoiseal samples to determine the
diversity and quantity of seeds being consumedtlagid viability. To document the
impact of hunting o16s. carbonariaandG. denticulatgpopulations, | carried out
distance sampling along line transects at an ueldusite (Maracé) and a hunted site

(Manguiera). Specifically, the objectives of dista sampling were to compare: (1)



density and biomass, (2) size structure, (3) agetstre, (4) sex ratio, and (5) species
ratio between unhunted and hunted areas to evahmistainability of tortoise
hunting in Mangueira. | then combined this infotima with the seed dispersal data
to predict how hunting may affect the tortoisesésoas seed dispersers and discuss
the potential ecological implications. In chagtefDensity, biomass, and
population structure of red-footed tortois€epchelone carbonarjand yellow-
footed tortoisesG. denticulatqin northwestern Brazil”, | analyze my distance
sampling data and information from incidental caggéuat Maracéa to examine the
density and population structure in unhunted, r@tiartoise populations and
compare these parameters to other estimatds.foarbonariaandG. denticulataas
well as other chelonian species in other regidnhapter lll, “The scale and impact
of hunting on populations of red-footed tortois€g¢chelone carbonarjaand
yellow-footed tortoises®. denticulata in the Mangueira Macuxi Indigenous
Reserve, northwestern Brazil”, | compare populatiensity and structure of the
unhunted Maracé population to the hunted Mangymipaulation and discuss the
implications of my findings for the sustainabiliy tortoise hunting. Additionally, |
compare the size structure of harvested tortorsd&aingueira to the standing tortoise
population to further examine how hunting is imjpagthis population. Finally, in
chapter IV, “Seed dispersal and the ecological icagibns of harvesting red-footed
tortoise Geochelone carbonar)and yellow-footed tortoise$( denticulata in

northwestern Brazil”, | quantify the role of torseis as seed dispersers in terms of



guantity of seeds dispersed and quality of theipelisal. | then assess how hunting

may affect tortoises’ ecological roles as seedetsgys.



CHAPTER II.

Density, biomass, and population structure of reddoted tortoises Geochelone

carbonaria) and yellow-footed tortoises G. denticulatg in northwestern Brazil

Joel N. Strong

ABSTRACT
Red-footed tortoisesgeochelone carbonar)aand yellow-footed tortoise$s(
denticulatg are of both ecological and socio-economic imparéain South America
as potential seed dispersers and important ganegespe rural and indigenous
communities. However, populations of both spearesdeclining and yet we lack
basic data on population structure and biology ¢hatassist in developing
management strategies for the conservation of theseies. | used distance
sampling along line transects and incidental cagsttw estimate density, biomass,
and population structure of tortoise populationadnthwestern Brazil from January
2002 to July 2004. Estimated densities were (hdbhia and 0.10 ind/ha f@.
carbonariaandG. denticulatarespectively, with 4.38:6. carbonaria G.
denticulatadetected. Male: female sex ratios were 4.83: Gforarbonariaand 3:1
for G. denticulataand biomass estimates were 2.87 kg/ha and 0.6&h kg/
respectively. Juveniles comprised 8% of ecarbonariapopulation, yet no

juvenile G. denticulatavas found. At my study sit§. carbonariawere slightly



larger wherea&. denticulatavere smaller than populations in the southerrg cor
regions of these species’ ranges. Combined biog&isrates are greater than those
reported for all other game species at the study Jihese data provide baseline
population data for unhunted populations of thgge®s in an area with an
undisturbed flora and fauna, an important elemeieveloping management

strategies to maintain viable populations of thseatened species elsewhere.

Key words: biomass, Brazilian Amazon, density,ahse samplingizeochelone
carbonarig Geochelone denticulatpopulation structure, red-footed tortoise,

yellow-footed tortoise



INTRODUCTION

Both the red-footed tortois&gochelone carbonar)and yellow-footed
tortoise G. denticulatd are highly frugivorous and pass viable seedbeir feces
(Moskovits 1985; Strong & Fragoso 2006), potenfialtting as important seed
dispersers. In addition, they are important conepdsin the diets of rural peoples
(Peres 2000). Therefore, maintaining viable paputa of G. carbonariaandG.
denticulatais of both ecological and socio-economic imporé&anElowever, both
species are listed in Appendix Il of the Conventioninternational Trade of
Endangered Species of Wild Fauna and Flora (CITE®RPandG. denticulatas
listed as “Vulnerable” according to The World Canvsgion Union’s (IUCN) Red
List of Threatened Species (IUCN 2000). In the Bedk of Colombian Reptiles
(Castaiio-Mora 2002);. carbonariais “Critically Endangered” at the national level
whereass. denticulatas “Endangered” in the Orinoco and Guiana Shielgions
and “Vulnerable” in the Amazon region. Habitat testion, harvesting for both
subsistence and market economies, and, to a lésgeze, collecting for the pet trade,
have all been cited as contributing factors leadingopulation declines (Pritchard &
Trebbau 1984; Walker 1989a, 1989b). Indigenousmggaocumented to consume
these species, include the Siriono of lowland Bal{Wownsend 1995), the Ka’apor
of southeastern Amazonia (Balée 1985), the Yeko&Naenezuela (Fidenci 2001),
the Siona-Secoya of northeastern Ecuador (Vicke@4 )l the Mekranoti of Brazil
(Werner 1984), the Txukamanei of Brazil (Pritchardl Treabbau 1984), the

Huaorani of Ecuador (Mena et al. 2000), the Wan#troari of northern Brazil (de



Souza-Mazurek 2001), the Macuxi of northwesterreB(&ragoso, pers. comm.),
and the Ache of Paraguay (Hill & Padwe 2000).

To maintain viable populations and prevent furitheclines, management
strategies that integrate biological and ecologieabmeters of the species are needed
(Heppell 1998; Klemens 1989). Studies that prowdseline data on natural
populations are therefore important steps in mgatiese management needs.

To contribute to a better understanding of thegeiss and provide baseline
data from unhunted populations, | stud@dcarbonariaandG. denticulata
populations at the Maracéa Ecological Station irtmeestern Brazil, an intact old-
growth forest and savanna region contiguous wighgtteater Amazon forest. The
objectives of this study are to: (1) estimate adaftulation density, and based on
captured individuals, determine (2) species ré8bsex ratio, (4) proportion of
juveniles in the population, (5) size distributiohadults, and (6) estimate adult

biomass based on density and adult mass for eaciesp

MATERIALS AND METHODS
Study Species
G. carbonariais found in southern Panama, Colombia, Veneztiata,
Guianas, northern Brazil, Bolivia, Paraguay, andhern Argentina (Walker 1989a).
It also occurs on several islands in the Caribbeduere it has been introduced as a
food source (Pritchard & Trebbau 1984). denticulatahas a somewhat smaller

range, occurring in Amazonian Colombia, EcuadoruPand Bolivia, southeastern



Venezuela, the Guianas, and northern Brazil (Parti& Trebbau 1984)G.
carbonariaoccurs more frequently along forest margins, gallerests, and
savannas, where& denticulatatends to be restricted to the moister forest iotsr
of the Amazon Basin (Pritchard & Trebbau 1984).widwer, the two species occur
sympatrically in many areas, including northernAréBalée 1985; de Souza-
Mazurek et al. 2000; Moreira 1991; Moreira 1989;dkavits 1988) , and Colombia
(Castafo-Mora & Lugo-Rugeles 1981). Although thergome geographic variation
in size,G. carbonariatends to be smaller th& denticulatawith average linear
carapace lengths (LCL) of 30 cm and 40 cm, respelgt{\Walker 1989a, 1989b).
Home ranges vary from 0.6 ha to 117.5 haG3orcarbonariaand 5.1 ha to 35.5 ha for
G. denticulata(Moskovits & Kiester 1987). Both species are hyghugivorous, but

also eat flowers, leaves, carrion, and some ingbtiskovits & Bjorndal 1990).

Study Site

Maraca Ecological Station is a 110,000 ha rivershend formed by the
branching of the Rio Uraricoera, a tributary to Rie Branco. In 1978 it was
designated an ecological reserve and receivedgientstatus (Milliken & Ratter
1998). Situated in northwestern Brazil in theestatRoraima (3° 20’N, 61° 20'W),
the island is located on the Guiana Shield regidhexnortheastern edge of the
Amazon basin where it meets the Rio Branco-Rupisamanna (Moskovits 1985).
Thus, the area consists of an ecological convemehlmwland Amazonian/Guiana

Shield forest with savanna vegetation. The stitdyis composed mainly ¢érra



firme, lowland evergreen rainforest that borders savaegatation (Milliken &
Ratter 1998). Annual rainfall ranges from 1750 2000 mm, with over 75% of
that falling during the wet season between Aprd &ugust (Moskovits 1985). Due
to its protected status as an ecological resergteadmnstory of minimal human
habitation, Maraca supports healthy populationshafracteristic megafauna for this
region (Fragoso 1998; Moskovits 1985). The stuttyis located at the eastern end
of the island where a grid system of trails essdi@d by Moskovits (1985) and later

expanded by J.M.V. Fragoso covers approximately) 1@0(Figure 1).

Distance sampling

| established ten, one-kilometer line transecisoteer the entire study area.
Transects were spaced at least one kilometer &pavbid overlapping the same
ranges of individual tortoises. Five transectsenandomly located within the grid
and another five transects were randomly locatedgasegments of the established
trail system. Trails at the reserve were aboutroater wide, used only by a small
group of researchers, and established independaintlggetation type, and thus
should yield unbiased population estimates. Tretssgere not surveyed for at least
two weeks after cutting to allow local wildlife &xclimate to the disturbance. A pair
of observers (a Macuxi indigenous assistant asdrdng or two Macuxi assistants)
then walked the transects at a rate of 0.5-1.0 kavary three weeks between 19
March and 5 July 2004. The perpendicular distaridbe tortoises to the transect

was measured using a 50 m fiberglass tape (togheest 10 cm). The location along

10



the transect was also recorded with the aid offlagced every 100 m along the
transect. In addition, time of observation, spgcsex, and body measurements were
recorded for all tortoises, as described belowndiyg estimates were generated with
the program DISTANCE 4.1 Release 2 (Thomas et0il42 Models that achieved
the lowest Akaike’s Information Criterion (AIC) amdefficients of variation were
selected as the best fit. | also radio-trackedarttiread-trailed 24 tortoises (&2
carbonariaand 5G. denticulata daily during the same period that the distance
sampling was conducted to estimate the proportidartoises above ground or not
completely concealed in debris piles. These pitop®s were used to calculate the
correction factordp) for each species, representing the proportidorbdises visible

for detection using distance sampling.

Additional captures and body measurements

To increase rates of tortoise captures, | searfirddrtoises along the trails
in the study area daily, between 0700 hrs and b8®@rom 5-26 January, 2002, and
from 16 February to 16 July 2004, spanning bothwleand dry seasons of the study
area. Tortoises were also found opportunisticalay from the trail system while
tracking other tortoises fitted with radio trangeis or thread-trailing devices as part
of another component of the study. Once a torteee found, its location was
recorded (x 10 m) with a Garmin GPS 315. Individweere marked using a unique
combination of notches filed into the marginal ssubf the tortoises after Moskovits

(1985). Tortoises were either processed in tHd &ad released immediately or

11



taken back to the station and housed overnightiteat fecal samples (for another
component of the study) before release at the capint. Sex was determined
based on secondary sex characteristics specifieetepecies (Pritchard & Trebbau
1984). Males o6. carbonariahave a dorso-lateral constriction at mid-carapace,
very pronounced concavity to the plastron, and almamaller gap between the
supracaudal and anal scutes, compared to femislekes ofG. denticulatahave a
slightly concave plastron and longer gular scutesgared to females, which have no
concavity and shorter gulars. Individuals of bgplecies with a linear carapace
length less than 20 cm could not be easily sexddaaane considered juveniles
(Pritchard & Trebbau 1984). For each tortoise fthiewing was measured: (1)
linear carapace length (LCL), (2) curved carapaogth (CCL), (3) linear carapace
width (LCW), (4) curved carapace width (CCW), (Bb)elar plastron length (LPL), (6)
curved plastron length (CPL), (7) curved plastradtiw(CPW), (8) anal gap
(measured as the distance between the midpoihedupracaudal and anal scutes),
(9) height, and (10) mass. | used tree calipersdasure linear lengths and height (to
the nearest 0.1 cm) and a flexible measuring tapedcasure curved lengths (to the
nearest 0.1 cm). Tortoise weights were measurdtetoearest 0.1 kg using 20 kg
spring scales.

Estimates of adult biomass (kg/ha) were calcultde@ach species by
multiplying the mean mass of adult males and fembletheir respective proportion
of the population (based on the ratios calculatechfdistance sampling) and then the

number of individuals per hectare.
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RESULTS

Distance sampling transects (n = 10) were survepetimes each for a total
of 60 km walked during the study period. | obser@® adultG. carbonariaand 8
adultG. denticulataalong the transects. Based on individuals withorér@nsmitters
and those thread-tracked, correction factggsdf 0.595 (SE = 0.08) and 0.714 (SE =
0.17) were calculated f@. carbonariaandG. denticulatarespectively. Correction
factors represent the proportion of individualsikade for detection during the
surveys. The raw data f@. carbonariawere grouped into 5 m intervals to generate
a best fit using a uniform cosine model with onpusitnent term (AIC = 86.34). The
raw data foiG. denticulatavere best modeled using a uniform key functiorhwihe
cosine adjustment and grouped at 3 m intervals (A7 .26). Both estimated
density and encounter rate f8r carbonaria(0.45 ind/ha and 0.58 ind/km,
respectively) were 4.5 times higher than thosédodenticulata(0.10 ind/ha and
0.13 ind/km, respectively), and estimated strig-iadith was similar for both species
(Table 1).

| detected a ratio of 4.38@. carbonaria G. denticulata The male: female
sex ratio of 4.83:1 fo6. carbonariawas male-biased, while the sex ratio @r
denticulatawas not different from parity (Table 2). No juvles from either species
were encountered along line transects.

The estimated biomass fGr. carbonaria based on a male: female sex ratio of

4.83:1is 2.87 kg/ha (1.99 — 4.56, 95 % CI) and thaG. denticulatabased on a 3:1

13



sex ratio, is 0.61 kg/ha (0.14 — 1.14, 95% CIl).ug ithe two species attain a
combined biomass value of 3.48 kg/ha (2.13 — 230 ClI).

An additional 159G. carbonaria(83 males, 59 females, and 17 juveniles) and
41 G. denticulata(34 males, 7 females, and no juveniles) were cagtincidentally
while searching trails and tracking other tortoi€Esble 2). The resulting
G.carbonaria G. denticulataspecies ratio of 3.87:1 is not different from 4138om
distance sampling<€ = 0.08, df = 1p = 0.779). The pooled species ratio for all
captures (204. carbonariaand 49G. denticulatdis 4.16:1. Juveniles detected
represented 8% and 0% of the population& ofarbonariaandG. denticulata
respectively. The resulting male: female sex ratit.41:1 forG. carbonariawas
not different from parity, but the sex ratio of .8 for G. denticulatavas different
from parity (Table 2). When distance sampling amuidentals are pooled, the sex
ratios for both species are different from unitglgle 2).

Males ofG. carbonariawere larger than females for all body measurements
except for anal gap (females significantly largem)l height (no difference). Mat&
denticulatawere larger than females for only linear caragangth (LCL), curved
carapace length (CCL), and curved plastron lengfL{ Table 3, Figure 2).

Mean linear carapace length (LCL) for both male femdaleG. carbonariais
somewhat larger at my study site than for two papohs measured in Colombia and
Venezuela (Table 4). F@. denticulatahowever, populations from the periphery of

their range, such as the present study, Frencln@u#and Venezuela, had smaller
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individuals than populations located in the cenpaatt of the species’ range, such as

those from western Brazil, Peru, and Colombia (&bl

DISCUSSION

Notably, the density and biomass valuesGorcarbonaria(0.45 ind/ha; 2.71
kg/ha) ands. denticulata(0.10 ind/ha; 0.61 kg/ha) are high with respedaitteer
vertebrates found in the study area. Knowing hawoise biomass compares to that
of other vertebrates on Maracé allows us to bettelerstand their potential
ecological role in neotropical communities and jdeg a standardized comparison to
other species and communities. Silvius and Fra¢@303) estimated adult red-
rumped agoutiasyprocta leporinadensity at Maraca to be ca 0.40 ind/ha. With an
average individual mass of 3-6 kg (Emmons & Fe&7)9this translates to a
biomass of 1.20-2.40 kg/ha. The lowland tapayirus terrestri¥ has a reported
density and biomass of 4.10 x1@.70 x 10° ind/ha and 0.61-0.70 kg/ha,
respectively in unhunted areas of southeasternilgazllen Jr. et al. 2001). Density
estimates for white-lippedayassu pecayiand collaredT. tajacy peccaries at
Maraca are 0.02 ind/ha and 0.01-0.03 ind/ha, réisedc (Fragoso 1999). White-
lipped peccaries attain a mass of 35 kg and callpeecaries reach 18 kg at Maraca
(Fragoso 1994, 1998), resulting in biomass valdi€sa® kg/ha and 0.18-0.61 kg/ha,
respectively. Thus, it appears that tortoisesmi@ty comprise a large portion to the

overall vertebrate biomass where they occur.
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Compared to estimates of terrestrial chelonian b&smn other region§;.
carbonariaandG. denticulataare not particularly high. Standing crop biomass
estimates for terrestrial turtles reviewed by leer§1982) ranged from 2.05 kg/ha for
Gopherus agasiz1o 583.5 kg/ha foGGeochelone giganteavith a mean biomass of
103.8 kg/ha (n = 9). However, because the datatewagly skewed left, the median
value of 10.8 kg/ha is a better representatiomefdata. Also, Iverson’s (1982)
estimates were based on the maximum value of b®mbenever a range was given.
When only the minimum values are used, the meamaadian biomass values drop
to 40.3 kg/ha and 3.1 kg/ha, respectively (ran@e58-220 kg/ha), which compares
more favorably to the estimated biomas§&otarbonariaandG. denticulata In
another study of two sympatric species, Masbal (2000) estimated angulate
tortoise Chersina angulatpbiomass to be 0.06 kg/ha and leopard tortoise
(Geochelone pardal)shiomass to be 6.02 kg/ha.

The density estimates of 0.45 ind/ha@rcarbonariaand 0.10 ind/ha foB.
denticulataare approximately half of Moskovits’(1988) estiembf 1.05 ind/haG.
carbonarig and 0.2 ind/haG. denticulata. Moskovits’ (1988) estimates for her 570
ha study site were based on the Peterson markttgeapethod for estimating closed
population sizes. Because the study spanned 2€hsydhe closure assumption was
most likely violated, resulting in an overestimafgopulation size (Lindeman 1990).
My distance sampling estimates could be underetgsnhowever, resulting from
violating the key assumption that all detectabtéoiees (those not in burrows or

debris piles) are counted (Thomas et al. 2002)s floved problematic because
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juveniles and even adults on or near the transetbe overlooked in thick forest
cover. Anderson et al. (2001) used model desedises Gopherus agasizjito test
distance sampling methods with known densitiesfandd that survey teams missed
17% of subadult models (LCL = 18 cm) and 54% otjule models (LCL = 6.5 cm)
on or near (x5 m) the centerline. Thus, densitynedes can be negatively biased
using this method, particularly for smaller sizasdes and in thick vegetation where
vision is obscured. While my correction factagg) @ccounted for concealed
tortoises, they did not account for differentiatestgability of juveniles. | met the
other assumptions that tortoise distances wereraigty measured from the
centerline and tortoises were detected at theininocation prior to any movement
in response to the observer(s) (Thomas et al. 200R)is, since distance sampling
may provide negatively biased density estimatesirile tortoise densities in the
study area most likely fall between Moskovits’ (8%&nd my distance sampling
estimates.

Density estimates from Maraca are relatively low@o carbonariain relation
to elsewhere in the species’ range. In an unpuddistudy comparinG. carbonaria
populations in protected and unprotected sitessavanna/forest mosaic in
northwestern Venezuela, Escalona (1996) usedraekécts (10 m x 2 km bands) to
estimate densities of 2.75 — 3.07 ind/Ra=2.91) for protected sites and 0.25 — 2.50
ind/ha (x = 1.13) for unprotected sites. In another Venkrustudy comparing @.
carbonariapopulation that was isolated by permanent flooding mainland

population, Aponte et al. (2003) reported densitie$2.90 and 5.51 ind/ha for island
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and mainland populations, respectively. The iskdeasity of 12.9 ind/ha, based on
the Schnabel mark-recapture method, is nearlyr38gilarger than my estimate for
Maraca. The island population was comprised of ®#dividuals younger than
the island (16 yrs) and was likely a result of @aged recruitment due to lack of egg
and hatchling predators, rather than a lingerifgecebf tortoises forced on the island
from flooding (Aponte et al. 2003). Therefore, obas in tortoise density could be
attributed to changes in predator populations. itdafuality may also play a role in
determining tortoise densities or the possibilitgttin regions of sympatry, such as
Maraca, interspecific competition betwe@ncarbonariaandG. denticulatacould

limit density.

TheG. carbonaria G. denticulataspecies ratio of 4.16:1 is not different from
Moskovits’ (1988) estimate of 4.97:1 (180 carbonaria 38G. denticulataX® =
0.028, df = 1p = 0.84). One explanation for this skewed ratiMataca, suggested
by Moskovits (1988), is that in the survey areaGha&enticulatapopulation
represents a peripheral population to the main lagipn located deeper in the forest
where they competitively displa€g carbonaria an edge/savanna species. Data
presented on game species taken by the Waimire#ttodians, located closer to the
center of the range @. denticulatanear Manaus, reported a species ratio of 0.31:1
(193G. carbonaria630G. denticulatade Souza-Mazurek 2001). The Waimiri
Atroari do not favor one species over the otherof®}, pers. obs.), and thus, the ratio
most likely reflects that in the natural populatidBoth species seem to be equally

inconspicuous and use similar habitats in the ssitdy(Moskovits 1985) and the bias
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is therefore not likely from different detectiortea among species. These results
suggest tha. denticulatabecomes relatively more abundant towards the cefte
its range, possibly as a function of distance ftbenforest-savanna ecotone.

All estimates of male: female sex ratios @rcarbonariaandG. denticulata
were biased toward males (Table 2). Possible nsafew biased sex ratios include:
(1) one sex moves more frequently and/or greattanices and is more likely to be
observed than the other sex, (2) differential mibythetween sexes, leading to bias
towards the sex with lower mortality (Gibbs & St&605; Hailey 1990), (3)
different timing in maturity between sexes, witle gex ratio favoring the faster-
maturing sex (Lovich 1996; Lovich & Gibbons 199and (4) skewed sex ratios of
the hatchlings due to environmental sex deternongieSD) (Janzen 1994;
Mrosovsky 1994). Survival rates are not knownetiner species, let alone any
differences between sexes, so the importance fefrdiftial mortality remains
unknown. Sex ratios tend to be female-biased étisg in which males are larger
than females (Lovich 1996); therefore, if thereudtide a bias in these populations,
it would be expected to favor females because naakethe larger sex for both
species, which is not what | observed. AlthouglDESn cause short-term variation
within cohorts (Janzen 1994), sex ratios tend neaiie constant over the long term
(Mrosovsky 1994) and are unlikely to cause the olekbias. The observed bias
was likely due to a sampling methodology that fadodetecting males, the more
active sex. Radio- and thread-tracking resultsmfeoseparate component of this

study (chapter IV) and Moskovits and Kiester (1987w that males tend to be more
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active in bothG. carbonariaandG. denticulataduring the wet (mating) season,
resulting in their higher detectabilities and supsnt numerical dominance in this
study. Moskovits’ (1988) work spanned both the @mgn-breeding) season when
females tend to be more active and the wet (brgg¢dimason when males tend to be
more active, and thus sampled when both sexesighdridetectabilities. The male:
female sex ratios reported by Moskovits (1988) wieg1 forG. carbonariaand

1.5:1 forG. denticulataneither of which was different from parity. lardrast, this
study occurred primarily during the wet season,@ag the population when males
were more active than females and were therefoedylto be over-represented in the
sample. Sex ratios, as determined by searchingadd®able 2), indicate that
distance sampling took place primarily during thet weason and resulted in a larger
male bias folG. carbonariathan did the incidental captures, which took placer
more of the dry season. These discrepancies inasexdemonstrate the need for
long-term studies that accommodate the seasonaramehl variability in activity by
sex and species to estimate vital rates and tneids accurately.

Juveniles represented just eight percent of2hearbonariapopulation
sampled and no juvenif®. denticulatawere found during the study period. These
numbers are likely underestimates of the actughqmteon of juveniles due to their
cryptic nature (Anderson et al. 2001).

The frequency of adult LCL fdB. carbonariamales and females is slightly
right-skewed, with a gradual increase in largertadand a sharper drop-off of very

large individuals (Figure 2). The sample sizeGodenticulatavas too small to
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properly model the size structure. Males of bgbcses were significantly larger
than females (Table 3), suggesting that maleseargéarial and engage in male-male
combat to maintain their territories (Berry & Shit@80). Although no combat was
observed betwee@. carbonariamales, it was observed on two occasions betWaen
denticulatamales (Strong, pers. obs.), supporting this tyfserual dimorphism.

The mean LCL values fd@s. carbonariaandG. denticulataTable 3) were
similar to those of Moskovits (1985), indicatingatentially stable population
structure on Maraca over the past 20 years. Baile and femal&. carbonariaare
larger at Maraca than populations in Colombia ardézuela, whereds.
denticulataat Maraca and other northerly populations are sdmésmaller than
populations located within the core range and nmtane forests of this species to
the south (Table 4). Differences in size betwegpugations can be attributed to
geographic variation (Pritchard & Trebbau 1984)aothe effects of hunters or
collectors, who select for larger individuals, nésg in a greater proportion of
smaller individuals in the population (Klemens & MtO95). It is more likely that
hunting pressure is playing a role in the diffeen€LCL forG. carbonariaamong
the three sites, rather than geographic variatemabse the three sites are within the
same contiguous range for the species in a relatsmeall geographic area (Pritchard
and Trebbau 1984). My study population is locatea region of very low human
population density and no hunting takes place atlla so the tortoise population is
not affected by human pressures, whereas for tbg isi Colombia and Venezuela,

the extent of hunting and/or collecting is unknovorG. denticulatahowever, the
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difference in size between regions could be a catigeographic variation, as sites
located in the core of this species’ range, whighaso areas of unbroken forest (i.e.
Peru, Colombia, and western Brazil) show largernme@l’s than do the regions
located on the periphery of the range, which ae tiee forest-savanna ecotone (i.e.
northwestern Brazil, French Guiana, and Venezudkgpite hunting pressure in the
Peruvian and west Brazilian sites (Fachin-Teraal.€t996; Fachin-Teran et al.
2004). Larger sample sizes across more of thesges) ranges are needed,
however, to properly assess the degree of geographiation in size throughout
their range. In addition, understanding how thgrde of hunting and/or collecting
pressure affects population density and strucgirecessary to begin development of
sound conservation strategies and managementfolatieese ecologically and socio-
economically important species.

In conclusion, | found that although carbonariaandG. denticulataachieve
high densities and biomass values on Maraca comparather vertebrate species,
these values are low in comparison to estimateshiar parts of their range. Data on
population structure and density, from an area litifle direct human impact,
provide baseline data that is important in develgpnanagement strategies
elsewhere in their ranges where populations mahiteatened. Furthermore, | show
the need for studies in other regions to betteetstdnd the geographic variation in
size and population structure, as well as long-tetundies that extend over both wet

and dry seasons to capture the seasonal variabilitytoise activity levels.
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TABLES

Table 1. Estimated strip half-width (ESW), encouméte (n/L), and tortoise density
(D) estimates generated from DISTANCE 4.1 Releafss Geochelone carbonaria

andG. denticulataat Maraca Ecological Station in northwestern Brisam March

to July 2004.
Point Standard Lower Upper
Parameter Estimate Error % CV 95% CL  95% CL
G. carbonaria
ESW (m) 10.83 0.97 8.96 9.03 12.99
n/L (tortoises/km) 0.58 0.10 17.69 0.39 0.87
D (tortoises/ha) 0.45 0.11 23.96 0.27 0.75
G. denticulata
ESW (m) 9.00 0.82 9.08 7.26 11.15
n/L (tortoises/km) 0.13 0.03 25.00 0.08 0.23
D (tortoises/ha) 0.10 0.04 35.70 0.05 0.22
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Table 2. Number of males (M), females (F), juvenil#), and resulting sex ratio
(M:F) for Geochelone carbonariandG. denticulatecaptured during distance

sampling surveys and incidentally at Maracé Ecalaigbtation between January

2002 and July 2004.

G. carbonaria G. denticulata
Capture method M F J MEX® di p MFJMF X df p
Distance sampling 29 6 0 483 8.47 1 0.004 6 20 3 1.06 1 0.302
Incidentals 83 59 17 141 204 1 04153 3470 486 997 1 0.002
Pooled 112 75 17 149 37 1 0.054 40 9 0 444 109 1 0.001
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Table 3. Summary statistics of body measurementadoltGeochelone carbonaria
andG. denticulatacaptured in northwestern Brazil between Janua®2 2ihd July
2004. Significant differences between means fdesand females are indicated by

*(p 0.05)and**f 0.001).

Males Females

Measurement (abbreviatic Mear SC Rang! n Mear SC Rangt n

Geochelone carbonaria
Linear carapace length (LCL)** 35.1 35 22.3-42.2 100 430 3.7  20.0-38.7 55
Curved carapace length (CCL)** 48.4 5.0 33.0-58.4 112 240 4.8 25.7-54.3 75
Linear carapace width (LCW)* 19.6 17 15.0-23.5 100 181 1.8 134-21.3 55
Curved carapace width (CCW)*  37.4 35 28.7-44.3 110 .835 3.9 24.7-48.6 74
Linear plastron length (LPL)** 28.0 2.6 20.0-33.0 100 23 23 17.7-28.7 55
Curved plastron length (CPL)** 30.6 4.2 3.4-45.7 111 425. 25 183-353 75
Curved plastron width (CPW)** 19.4 2.0 14.1-275 112 207. 2.0 12.2-24.9 75
Anal gap™** 3.8 0.t 2.4-6. 11C 5.7 1.3 2.3-7.¢ 7C
Height 135 12 9.5-16.5 96 134 14 9.4-16.5 50
Mass (kg)** 6.7 15 2.5-10.1 100 4.8 14 1.4-7.6 55

Geochelone denticulata
Linear carapace length (LCL)* 35.2 2.6 30.8-42.6 34 32631 26.6-36.0 9
Curved carapace length (CCL)** 44.4 3.0 38.7-50.7 40 240. 3.2 32.6-43.0 9
Linear carapace width (LCW) 211 13 18.5-23.7 34 211 1 2.17.7-23.9 9
Curved carapace width (CCW) 38.4 3.0 32.4-48.4 40 39.6 .1 431.3-43.7 9
Linear plastron length (LPL) 30.0 21 26.2-35.0 33 28.2 .8 2 225-31.5 9
Curved plastron length (CPL)** 315 2.3 26.7-36.9 40 728. 3.0 225-325 9
Curved plastron width (CPW) 215 1.8 18.0-26.2 40 19.8 3 2.15.2-22.2 9
Anal gar* 4.¢ 0.¢ 2.5-6.7 3¢ 5.€ 1.1 3.3-6.¢ 9
Height 145 10 129-164 26 14.6 13 12.1-157 9
Mass (kg) 6.2 1.1 4.4-9.1 34 5.9 1.8 2.3-7.9 9

! Distance between the midpoints of the anal anchsapdal scut:
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Table 4. Mean linear carapace length (LCL; cm)afdult male (M) and female (F)

Geochelone carbonariandG. denticulatan different regions of South America.

G. carbonaria G. denticulata
Regior MLCL(n) FLCL(n) MLCL (n) FLCL (n) Sourct
northwestern Brazil 35.1 (100) 30.4 (55) 35.2(34) 3®)Y Present study
northwestern Brazil 33.5(63) 30.5(75) 35.1(17) 33.6) Moskovits, 1985

western Brazil - - 444 (9) 42.3(9) Fachin-Teran et2004
Peru - - 36.5(10) 32.4(9) Fachin-Teran et al., 1994
Colombia 30.4 (15) 28.9 (15) 39.4 (15) 36.1 (15) Castafin Lugo, 1981
French Guiana - - 33.5(8) 29.7(8) Fretey, 1977

Venzueli 29.8 (31 29.1 (20 32.4 (12 31.0 (14 Pritchard and Trebbau, 1€
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FIGURES
Figure 1. The study region and trail system at Maracological Station in Roraima,

Brazil.

Figure 2. Size distribution of a) adult male, adeihale, and juvenil&eochelone

carbonariaand b) adult male and femdke denticulatan northwestern Brazil

between January 2002 and July 2004.
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CHAPTER II.

The scale and impact of hunting on populations ofead-footed tortoises
(Geochelone carbonaripand yellow-footed tortoises G. denticulatg in the

Mangueira Macuxi Indigenous Reserve, northwestern Eazil

Joel N. Strong

ABSTRACT
The neotropical tortoise§eochelone carbonariandG. denticulataare important
game species to both indigenous and non-indigepeaogles in South America, yet
little is known about the demographic impacts amstanability of hunting on their
populations. To assess the impact of huntinGeachelongopulations in
northwestern Brazil, | conducted distance samgilogg line transects in an
unhunted site at Maraca Ecological Station andrddtlsite at the Mangueira
Macuxi Indigenous Reserve. | compared densitynbs, size structure, age
structure, sex ratios, and species ratios betweeiwo sites. | also conducted
interviews with villagers and measured harvestetbitges to compare structure of the
harvested population to that in the standing pdpmna | found no detectable effect
of hunting on density and biomass. However, simbage structure were skewed
towards smaller and younger individualsGxfcarbonariain the hunted site and had

a reduced bias towards males compared to the usdhpopulation. Based on
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interviews,G. carbonariawas the most important species numerically artdrnms of
harvested biomass to the Macuxi in Mangueira aadike structure of harvested
tortoises was representative of the standing ptipula Hunting may be leading to
changes in the population structureGd#ochelondortoises and a skew towards
younger animals could lead to reduced recruitmaotthe population. To more
accurately assess the sustainability of tortoisedsts and develop sound
management strategies, however, a better undenstpofitheir reproductive biology

and population growth rates are needed.

Key words: biomass, Brazillensity, distance samplinGeochelone carbonarja

Geochelone denticulatandigenous hunting, population structure, redtdodortoise,

yellow-footed tortoise
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INTRODUCTION

Overhunting is one of the most serious threatstauiildlife in the neotropics
(Bodmer et al. 1997; Redford 1992; Robinson & RetlftP91) and potentially
affects up to 98.8 % of the 3.7 million kfBrazilian Amazon (Peres & Lake 2003).
Within the Brazilian Amazon, approximately 20 %tlé land area is designated as
indigenous reserves (Peres & Terborgh 1995). Viéldif these areas sustain large
populations of indigenous people, but the valuthe$e lands as conservation tools
remains debatable as some tribes are known totddpleir natural resources through
overhunting, overfishing, and overharvesting ofian(Peres 1994). Therefore,
understanding the impacts of hunting on game peipakand developing
management strategies for sustainable wildlifeawsamportant, particularly on
lands controlled by indigenous peoples. Impactsupiting on mammalian
population density and demography have been wellmented in the neotropics
(Alvard et al. 1997; Cullen Jr. et al. 2001; P2660; Robinson & Redford 1991),
yet similar data on chelonian populations, partidyltortoises, are lacking.

At the international level, both the red-footeddse Geochelone
carbonarig and yellow-footed tortoised. denticulatq are listed in Appendix Il of
the Convention on International Trade of Endang&eekcies of Wild Fauna and
Flora (CITES 2002) an@. denticulatas listed as “Vulnerable” according to The
World Conservation Union’s (IUCN) Red List of Thteaed Species (IUCN 2000).
Habitat destruction, harvesting for both subsistesnad market economies, and to a

lesser degree, collecting for the pet trade, h#iveean cited as contributing factors

33



leading to population declines (Pritchard & Trebli&84; Walker 1989a, 1989b).
Numerous indigenous and rural, non-indigenous @sopbnsume these species, and
rural peoples of the Brazilian Amazon are estimavecbnsume between 404,634 and
992,065 tortoises annually, equaling 1,820.9 - 4.36ons of meat (Peres 2000).
These estimates do not include harvesting of ®e®from savanna habitats along the
periphery of the Amazonian rainforest, wh&ecarbonariaare most prevalent and
more accessible to hunters. In addition to bemmgartant in the diet of rural peoples,
both tortoise species are potentially important gonents of forest and savanna
ecosystems, as they are highly frugivorous and yias$e seeds in their feces
(Moskovits 1985; Strong & Fragoso 2006), potenfialtting as important seed
dispersal agents. Therefore, maintaining viableupattions ofG. carbonariaandG.
denticulatais of both socio-economic and ecological impore&an€o maintain viable
tortoise populations and ensure they continue iy @aut their socio-economic and
ecological roles, management strategies that imcate both the biological
limitations of tortoise populations and the huntimegds of people are needed.
Studies that aim to provide baseline data on ngpaaulations in comparison to
hunted populations, are therefore, important fteps in addressing these needs. To
date, | am aware of no such published studiesqiirantify the scale and impact of
hunting onGeochelongopulation density and demographics in the neatsop

To document the impact of hunting @Gn carbonariaandG. denticulata
populations, | carried out distance sampling allomg transects at an unhunted site

(Maraca Ecological Station) and a hunted site (Mi&rg Macuxi Indigenous
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Reserve) in northwestern Brazil to compare: (1)sttgrand biomass (2) size
structure, (3) age structure, (4) sex ratio, andggcies ratio between unhunted and
hunted areas. These data were used to evaluasagtenability of tortoise hunting
in Mangueira village, a Macuxi community in the Aroa forest-savanna ecotone
region of northwestern Brazil. | examined the tielaship between tortoise
abundance on transects as a function of the distaom a Macuxi population center.
To document the scale and importance of tortoisgihg at Mangueira, | conducted
weekly game harvesting interviews throughout thlage and measured harvested

tortoises to compare these to the wild populatiothe hunted area.

METHODS AND M ATERIALS

Study Species

G. carbonariais found in southern Panama, Colombia, Veneztiata,
Guianas, northern Brazil, Bolivia, Paraguay, andhern Argentina (Walker 1989a).
It also occurs on several islands in the Caribbeduere it was likely introduced as a
food source (Pritchard & Trebbau 1984). denticulatahas a somewhat smaller
range, occurring in Amazonian Colombia, EcuadoruPand Bolivia, southeastern
Venezuela, the Guianas, and northern Brazil (Paitt& Trebbau 1984)G.
carbonariaoccurs more frequently along forest margins, gallerests, and
savannas, where& denticulatatends to be restricted to the moister forest ioter
of the Amazon Basin (Pritchard & Trebbau 1984).widwer, the two species occur

sympatrically in many areas, including northernAiréBalée 1985; de Souza-
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Mazurek et al. 2000; Moreira 1991; Moreira 1989;dkavits 1988) , and Colombia
(Castafo-Mora & Lugo-Rugeles 1981). Although thergome geographic variation
in size,G. carbonariatends to be smaller th& denticulatawith average linear
carapace lengths (LCL) of 30 cm and 40 cm, respelgt{\Walker 1989a, 1989b).
Home ranges vary from from 0.6 ha to 117.5 h&3ocarbonariaand 5.1 ha to 35.5
ha forG. denticulata(Moskovits & Kiester 1987). Both species are hygh
frugivorous, but also eat flowers, leaves, carraam] some insects (Moskovits &
Bjorndal 1990). Indigenous and rural, non-indigemgroups have been documented

to consume both species (Table 1).

Study Sites

Maraca Ecological Station (Maraca) is a 110,006vexine island formed by
the branching of the Rio Uraricoera, a tributaryhte Rio Branco (Figure 1). In 1978
it was designated an ecological reserve and redgix@ected status (Milliken &
Ratter 1998). Maraca is located in northwestereBin the state of Roraima (3°
20'N, 61° 20'W), situated in the Guiana Shield cggat the northeastern edge of the
Amazon basin where it meets the Rio Branco-Rupisamanna (Moskovits 1985).
Thus, the area consists of an ecological convemehlowland Amazonian/Guiana
Shield forest with savanna vegetation. The stitgdyis composed mainly ¢érra
firme, lowland evergreen rainforest that borders savaegatation (Milliken &
Ratter 1998). Annual rainfall ranges from 1750 tor2000 mm, with over 75% of

that falling during the wet season between Aprd Amugust (Moskovits 1985). Due
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to its protected status as an ecological resergteadmnstory of minimal human
habitation, Maraca supports healthy populationshafracteristic megafauna for this
region (Fragoso 1998; Moskovits 1985). The stuttyis located at the eastern end
of the island where a grid system of trails essdi@d by Moskovits (1985) and later
expanded by J.M.V. Fragoso covers approximated 1G0

Mangueira Macuxi Indigenous Reserve (Mangueira)4s238 ha indigenous
reserve located 5 km to the south of Maraca (Figlwrderra firme lowland,
evergreen rainforest covers approximately 60 %mefreserve and is contiguous with
the forests covering Maraca, separated only byribdJraricoera. Manguiera is
composed of ten families totaling 65 individuaome livestock and poultry are
raised for trade and consumption, but the majarftgtietary protein is procured from
hunting (J.M.V. Fragoso, pers. com.). There isessobsistence farming of corn,
rice, and manioc by households on the reserve hssva small coffee plantation as

a cash crop.

Distance sampling

Ten, one-kilometer line transects were establishéke forested areas at each
site. Transects were spaced at least one kiloraptat to avoid overlapping the
ranges of the same individual tortoises. At Maydieé transects were randomly
located using a random number generator for stppaint locations and directions.
The other five transects were randomly locatedgtbe established trail system.

These trails were approximately 1 m wide, used bgla small group of researchers,
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and established independently of vegetation type thus could be surveyed without
biasing population estimates by vegetation typ#.trAnsects in Mangueira were
located perpendicularly to any established traibsthey were not negatively biased
by hunting activities of the Macuxi and game avaiaof trails. The distance of
transect midpoints to the research station or tlhege ranged from 1.1 — 5.9 km at
Maraca and 1.2 — 8.8 km at Mangueira, allowingousxamine the relationship of
tortoise abundance and distance from the humanlgiogu centers. After opening
the transects, they were not surveyed for at ®astveeks to allow the local wildlife
to acclimate to the disturbance.

A pair of observers (a Macuxi assistant and J.horfgt or two Macuxi
assistants) walked the transects at a rate of.0.&+fi/hr every three weeks between
19 March and 5 July 2004. The perpendicular destasf each tortoise detected to
the transect line was measured using a 50 m fiagsghpe (to the nearest 10 cm).
The location along the transect was also recordedyilags placed every 100 m
along the transect. Individual-specific notchesenfded into the carapace of each
individual after Moskovits (1985). In additionite, species, sex, and body
measurements were recorded for all tortoises. oism$ were easily identified to
species and sex was determined based on secomdtarhiaacteristics specific to the
species (Pritchard & Trebbau 1984). Malesotarbonariahave a dorso-lateral
constriction at mid-carapace and a very pronoucoadavity to the plastron
compared to females. Males also have a much angafebetween the supracaudal

and anal scutes. Males@f denticulatahave a slightly concave plastron and longer
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gular scutes compared to females, which have noaxaty and shorter gulars.
Individuals of both species with a linear caraplaogth less than 20 cm could not be
easily sexed and were considered juveniles (PritcRalrebbau 1984). A series of
body measurements were taken for each tortoisenahdled: (1) linear carapace
length (LCL), (2) curved carapace length (CCL),l{B¢ar carapace width (LCW),
(4) curved carapace width (CCW), (5) linear plastiength (LPL), (6) curved
plastron length (CPL), (7) curved plastron widthP{&), (8) anal gap (measured as
the distance between the midpoint of the supradamhanal scutes), (9) height, and
(10) mass. | used tree calipers to measure laistances to the nearest 0.1 cm and a
flexible measuring tape to measure curved distatactee nearest 0.1 cm. Tortoise
mass was measured to the nearest 0.1 kg using orikgy scales.

The program DISTANCE 4.1 Release 2 (Thomas et(fl4Pwas used to
generate density estimates. The models that asxthithe lowest Akaike’s
Information Criterion (AIC) and coefficients of vation were selected as the best fit.
To calculate a correction factayy for the density estimates, | radio-tracked and/or
thread-trailed 24 tortoises (I®. carbonariaand 5G. denticulata daily, during the
same period that transects were conducted. Forteaoise located, | recorded its
visibility (i.e. if it was completely concealed &ndebris pile, burrow, or hollow log).
The mean proportion of visible locations for eaathividual was then used to
calculate the overat], for each species. We used simple linear regnessimodel
the relationship between tortoise abundance andigi@nce from the research station

at Maracé or the village in Mangueira.
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Chi-square analyses were used to compare sex,nat@sortion of juveniles,
and species ratios between sites. Tortoise LCLsareanents were broken down into
four size classes (<30 cm, 30-35 cm, 35-40 cm>eifidcm) to perform a chi-square
analysis comparing size structure between sitesed t-tests to compare mean body
measurements between sites for species by sex.

Adult biomass (kg/ha) was calculated for each ey multiplying the
mean mass of adult males and females by their cégpgroportion of the

population and the number of individuals per hextar

Interviews

Interviews were conducted weekly between 15 MarchE8 July 2004. Two
male Macuxi assistants from Mangueira were respéa$or conducting the
interviews with the head of each household and thdng periodically checked
reported hunting returns with the actual huntengetafy the data reported were
accurate. Data were collected on the speciesaseixage of all harvested tortoises
and other game species. When possible, tortorsg@aee and plastron measurements
were recorded to compare size structure of hargdstéoises to those encountered
along the transects. Chi-square analyses weretagesdt for differences between sex
ratios, species ratios, and size structure of Iséedetortoises versus tortoises

encountered along the transects.
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RESULTS

Distance sampling

We walked each transect six times at a both sitea fotal of 60 km at each
site. We encountered & carbonariaand 8G. denticulataalong transects at
Maraca and 2G. carbonariaand 11G. denticulatan Mangueira. The only
juveniles encountered were fo@r carbonariaat Mangueira, reflecting a greater
proportion of juveniles (19 %) in the Mangueira plaion (* = 7.18, df = 1p <
0.01). The resulting. carbonaria G. denticulataspecies ratios of 4.38:1 and 1.91:1
for Maraca and Mangueira, respectively, were nffedint (° = 2.41, df = 1p =
0.12).

Based on radioed and thread-tracked individualsection factorsdp) of
0.595 (SE =0.08) and 0.714 (SE = 0.17) were use@ fcarbonariaandG.
denticulata respectively, representing the proportion ofwdlials available for
detection on the line transects. Data®orcarbonaria were best modeled using a
uniform key function with one cosine adjustmengugping the data into 5 m intervals
and truncating at a width 20 m, to eliminate ousliand better model the detection
function. This resulted in a density estimate@orcarbonariaof 0.45 ind/ha (0.29 —
0.69 ind/ha, 95 % CI) at Maraca and 0.29 ind/h296- 0.45 ind/ha, 95 % CI) at
Mangueira (Table 2). Data f@. denticulatavere modeled using a uniform key
function with one cosine adjustment, grouping thtadnto 3 m intervals, and
truncating the data at 18 m. The resulting derestymates for Maraca and

Mangueira were 0.10 ind/ha (0.06 — 0.18, 95 % @t) @.13 ind/ha (0.06 — 0.27, 95
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% CI), respectively (Table 2). Densities for b@&hcarbonariaandG. denticulata
were not different between Maraca and Mangugira Q.23, df = 23.32p = 0.70, df
= 18.13, respectively). | developed curves fohlsgecies representing: 1) change in
p-value as a function of coefficient of variation fensisty (% CV), while holding
the observed effect size (difference in densityeen unhunted and hunted site)
constant, 2) change prvalue as a function of effect size, while holdthg observed
% CV constant, and 3) necessary total transecthgihg required to achieve a
desired % CVG. carbonaria Figure 2a,b,c(5. denticulataFigure 3a,b,c).
Equations and calculations used to estimate tratesegth for the desired % CV are
presented in Appendix I.

More tortoises were found with increasing distafioen the village at
Mangueira f = 0.01), but at Maraca, abundance was indepemdeligtance from
the research statiop € 0.11; Figure 4).

Male: female sex ratios were male-biased@orcarbonariaat Maraca, but
not at Mangueira (Table 3). Sex ratios @Grdenticulatavere not different from
parity at either site. No difference was detedtesex ratios for either species
comparing the unhunted site to the hunted site.

The Mangueira population &. carbonariacontained more individuals in
smaller size classes than the Maraca populatiqu(és 5a, 6). Chi-square analysis
revealed that the proportion of individuals in eatde class was dependent on site
(X? = 8.48, df = 3p = 0.04). Sample sizes f&. denticulatavere too small to allow

valid chi-square analyses (Figure 5b). When compaexes between sit&s,
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carbonariamales and females were generally larger for m@stsurements, but not
significantly so (Table 4). Body measurementsdodenticulataalso tended to be
greater for individuals at Maraca compared to Mamgy except for the anal gap.
For this measurement, the mean was smaller for ddafBable 4).

The biomass values f@. carbonariaandG. denticulateat Maracéa were 2.98
(1.99 — 4.56, 95% CI) and 0.63 kg/ha (0.14 — 19585 CI), respectively, for a total
of 3.61 kg/ha (2.13 — 5.70, 95% CI). At Manguewalues were 1.72 (1.13 — 2.68,
95% CI) forG. carbonariaand 0.77 kg/ha (0.36 — 1.59, 95% CI) @&rdenticulata

for a total of 2.49 kg/ha (1.49 — 4.27, 95% CI).

Interviews

A total of 69 tortoises (5&. carbonaria 11 G. denticulataand four
unrecorded) were harvested at Mangueira betweénat&h and 18 July 2004 during
the interview period. Tortoises represented 34d®¥arvested game species and
29.6% of the total biomass harvested (Table 5)th©®64G. carbonariaharvested
(45 males and nine females), nine were juvenil®8a)l This ratio was not different
from the line distance sampl¥*(= 0.002, df = 1p = 0.965). The resulting 5:1 male:
female sex ratio was different from pari? & 13.50, df = 1p < 0.001), but was not
different from the standing population in MangugXa = 1.33, df = 1p = 0.25).
ElevenG. denticulata(six males and five females) were harvested, tieguih a sex
ratio of 1.2:1. This was not different from par{? = 0.05, df = 1p = 0.83) or from

the standing populatiorxt = 1.69, df = 1p = 0.19). Thes. carbonaria G.
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denticulataspecies ratio of 4.9:1 was more biased tow&dsarbonariacompared
to the sampled population in Mangueiks € 3.72, df = 1p = 0.054).

Mean LCL was not different between harvested tse®and the standing
population, except foB. denticulatamales (Table 6). The mean carapace linear
length for harveste®. denticulatamales was 39.05 cm (n = 4) and the mean
carapace linear length for the standing populatras 32.79 cm (n = § < 0.01).
When linear carapace length was broken into fae slasses to compare proportion
of G. carbonariain each class there was no relationship betwesencéass of
harvested tortoises or those measured along hmsects at MangueirX{= 1.52, df

= 3,p = 0.68; Figure 7).

DISCUSSION

Although hunting at Mangueira did not appear tuce the density db.
carbonaria(Table 2), differences in the population structainel a positive
relationship between tortoise abundance and distiom the village suggest that
hunting is impacting the population and that it lha@yunsustainable (Table 3; Figures
4,5, and 6). Sample sizes fer denticulatavere restrictively small and no
differences between the unhunted and hunted sites detected. | also failed to
detect any difference in species composition beatvtike unhunted and hunted sites,
suggesting that the Macuxi show no preferenceitbeespecies.

The density and biomass estimates@orcarbonariaat Mangueira (0.29

ind/ha; 1.72 kg/ha) were 36% and 42% lower, re$palgt than at Maraca (0.45
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ind/ha; 2.98 kg/ha), but not significantly so. Te&tively small sample sizes fGr.
carbonaria(35 at Maracé and 21 at Mangueira) make it diffitndetect any subtle
changes in density. Based on our values for te#ficent of variation (% CV) for
the density estimate (Table 2) we would have béémta detect a difference in
density of 0.24 ind/ha at alpha = 0.05 (Figure Ralhis represents a 53 % reduction
in density (Figure 2b). In an unpublished studgnparingG. carbonariapopulations
in protected and unprotected sites in a forestrsavanosaic in northwestern
Venezuela, Escalona (1996), using belt transestsnated densities of 2.75 — 3.07
ind/ha (x = 2.91) for protected sites and 0.25 — 2.50 in@#ha 1.13) for unprotected
sites. This represents a 61% reduction in defsitynprotected sites. However,
hunting intensity and the contribution of differesan vegetation type to changes in
density were not known.

If there was a true reduction in the densityzofcarbonariain Mangueira
however, it does not necessarily reflect overhgntas harvested populations are
expected to have lower density and biomass estimdather, comparisons of
density and biomass are useful in determining tiseeptibility of a species to
overhunting (Bodmer & Robinson 2004). Long-livgeksies with low intrinsic rates
of natural increase (k) and long generation times are more vulnerable to
overhunting than short-lived species of highand shorter generation times
(Bodmer et al. 1997). Although some studies sugtpas chelonians may be
particularly vulnerable to chronic adult mortaligych as hunting, due to their

extreme longevity and very long generation time®¢Rs et al. 1990; Congdon et al.

45



1993), these studies take place in temperate regwere turtles are only active a
few months out of the year. Demographic data feopopulation of spur-thighed
tortoises Testudo graecan northern Greece suggest tortoises can aclhigye
population growth rates (Hailey 2000). Over ayear period, the study population
achieved annfax value of 0.137, resulting in a doubling time dftjtive years. This is
comparable to many neotropical primate speciedaids {Tapirus terrestri
(Robinson & Redford 1991), suggesting that sustdebarvesting may be possible
for some chelonian populations, particularly irpical regions where the growing
season is year-long.

An advantage of distance sampling over other teglas is that all objects
need not be detected in order to reliably estirdatesity, provided that three critical
assumptions are met: (1) all tortoises on the cleméethat are not completely
concealed in burrows or debris piles are detedgd (), (2) perpendicular distances
from the centerline to the detected tortoise arasueed accurately, and (3) tortoises
are detected at their initial position (Thomasle2@02). | was confident in my
ability to satisfy assumptions (2) and (3) becapegpendicular distances were
measured with a fiberglass tape from a clearly e@ddenterline and tortoises tend to
freeze once they become aware of the observel&umption (1) was a likely cause
for bias however, because tortoises, especiallgiialer juveniles, can remain
undetected at very close range (Anderson et all)2@0problem exacerbated by thick
forest vegetation. Therefore, my density estimatedikely to be underestimates of

the actual population. For comparative purposésden the unhunted and hunted
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sites however, the bias should be equal across aitel therefore are valid
comparisons.

While the unhunted population showed a normallyriiisted size structure
and no juveniles, the hunted population containkdher proportion of smaller size
classes and more juveniles. The skew towards jl@égeim the population is a
possible consequence of hunters selectively takiadarger, older adults at
Mangueira. This selective taking could lead tardhfer decrease in density by
reducing the number of reproductive adults in thpypation, thus limiting
recruitment. Escalona’s (1996) study also showesdadionship between size class
and protection status, with a higher proportiosrmgller size-classed individuals in
the unprotected sites.

However, interpreting changes in age structuredulation can be
problematic. Other reasons for increased propodiguveniles could be: (1)
increased recruitment rates as a density-depenegndnse, (2) behavioral shifts
making older individuals less vulnerable to detatti(3) reduction in predators in the
hunted area, resulting in less egg and hatchlingatity, or (4) increased
immigration of younger animals into depressed hdiateas from outside source
areas (Bodmer & Robinson 2004). Density-dependestonses on recruitment may
be a possibility folG. carbonariaandG. denticulata In a study comparinG.
carbonariapopulations on an island recently created by fiogdo a mainland
population in Venezuela, Aponte et al. (2003) shobtat growth rates were

considerably smaller for the high-density islangydation (12.9 ind/ha). This could
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lead to changes in female reproduction and dembgramanges, as age of maturity
for chelonians is associated with size (Shine &dva 1995). Behavioral differences
between juveniles and adults should favor the dieteof adults, rather than
juveniles, as mentioned previously. The Macuxhdovest species that act as
predators on tortoise eggs and hatchlings, sutihaads {Tupinambis teguxin large
birds Crax alectorandPsophia crepitans crepitahseccaries{ayassu tajacand

T. pecar), and small felinesHelis pardalis Table 5), whose decreased densities
could result in increased tortoise recruitmentahly, dispersing juveniles moving
into the hunted area from outside source areasatsayincrease the number of
juveniles in the area. Mangueira’s forests ardiganus with a large tract of
rainforest that includes that of Maracé (Figure Thus, distant areas are available as
a possible source for the Mangueira populatiorior-term mark-recapture study
using the Jolly-Seber open population model, wieistimates immigration and death,
may address this issue.

When comparing population morphometrics based enigp and sex, no
difference in size was evident (Table 4), sugggdivat the difference in size
structure between sites is attributable to theediffice in sex ratios and age structure.
Females and juveniles are smaller than males fibr $ymecies (chapter 11). Therefore,
a population with a greater proportion of femaled mveniles, as seen at Mangueira,
should be composed of smaller size-classes thapuaation that is more adult male-

biased, as | observed.
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The sex ratios | report are strongly male-biasedpared to other studies.
Moskovits’ (1988) reports male: female sex ratib4.8:1 and 1.5:1 fo6.
carbonariaandG. denticulatarespectively. Escalona’s (1996) study showed no
difference in sex ratios between protected andatepted sites (0.86:1 and 0.75:1 for
protected and unprotected populations, respeciivétya study documenting hunting
by the Waimiri Atroari of northern Brazil, de Soulazurek (2001) reported sex
ratios of and 2:1 and 1.67:1 for harvest&dcarbonariaandG. denticulata
respectively. At the Mamiraua Sustainable DevelepiniReserve in the western
Amazon, Fachin-Teran et al. (2004) reportéal alenticulataharvest sex ratio of
1.4:1 for three villages. My estimates may be mmate-biased because | conducted
the distance sampling primarily during the wet seasvhen tortoises are breeding
and males move longer distances than females (Mdsk& Kiester 1987), thereby
giving the males a higher detection probabilittheTact that most other studies
document male-biased sex ratios could suggestieatyas in natural populations or
be the result of a sampling strategy that tendketect more males.

The decrease in sex ratio from the unhunted tttimed site to favor females
may appear favorable from a population standpaotbse one male can mate with
multiple females, and the female is therefore tleenimportant sex in terms of
population growth. In fact, artificially producirfigmale-biased populations by
manipulating incubation temperatures of turtle sgethat exhibit temperature-
dependent sex determination (TSD) has been sugiesia possible conservation

strategy (Vogt 1994). However, greatly altering sstios from those in natural
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populations can have negative demographic and gicaloconsequences on the
tortoise population by limiting sperm competitiomdamultiple paternity, decreasing
female fertility, and disrupting patterns of resmipartitioning between the sexes
(Lovich 1996).

The increase in tortoise abundance with increadisigince from the village
of Manguiera, and a lack of a similar relationshifMaraca (Figure 4) suggests an
incipient negative change due to hunting. Bothvilage and the research station
are located on the forest edge and transects weageld at increasing distances from
this edge into the forest. Thus, the increasistadice from the forest-savanna edge
could be a cause for a change in tortoise abundadowever, because no distance
effect was seen at Maraca, this factor can likelydded out as being responsible for
the observed differences between the sites. IngMiana, tortoises are not always
actively hunted by the Macuxi, but rather are opypastically captured during other
game hunts or while traveling to work their gardé®isong, pers. obs.). Therefore,
increased activity near the village and the adjagardens is likely to cause the
observed gradient in tortoise abundance.

The structure of the harvested and the standipglgation of tortoises at
Mangueira was similar, the only difference beirgyeater proportion db.
carbonariato G. denticulataand a male-biased sex ratio in the harvested ptpnl
The greater proportion @. carbonariamay be a reflection of hunting that takes
place in the adjacent savanna region (Figure 1yevBedenticulatamay occur at

much lower densities or be absent altogether. male-biased sex ratio supports the
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hypothesis that because males are more activegdilminbreeding season, they have a
greater detectability and harvest rate than femalé® proportion of juveniles and
size structure were comparable to the standinglptipo. | expected a higher
proportion of adults and larger size classes irhdrgested sample as these would be
selectively harvested by hunters. The fact thatidwrvested sample is relatively
similar to the standing population sample in Mangumight suggest that larger
individuals and adults are at a lower proportiod #rerefore hunters are forced to
harvest more younger and smaller tortoises.

| used multiple harvesting models to measure thgacts of hunting ofs.
carbonariaandG. denticulatgpopulations. Although each by itself does notvte
a convincing argument for overharvesting, the faat multiple models were
affected, including: 1) size structure, 2) agedtrte, 3) sex ratio, 4) and tortoise
abundance in relation to distance from the villayggests that hunting may not be
sustainable and may lead to demographic and stalathifts in the population.
Notably, this study is a five-month “snapshot” alynamic and long-term
relationship between hunting activity by the Macard tortoise population
dynamics. Longer-term studies are necessary ioraisdy assess the severity and
sustainability of harvesting. In addition, to leetevaluate the sustainability of
hunting tortoises, we need to estimate basic rejmtoge parameters of these
tortoises. Data such as age of first and lasbdrprtion and egg and hatchling

mortality are necessary to estimate reproductieeyoetivity and population growth
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rate to allow the use of harvest and productioneteo(Bodmer & Robinson 2004;

Heppell & Crowder 1996)
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TABLES

Table 1. Indigenous and non-indigenous peopleardeated to harveg&eochelone

spp. and their respective region in South America.

Groug Regior Sourct
Indigenous Groups
Siriono lowland Bolivia Townsend 1995
Ka'apor southeastern Amazonia Balée 1985, 2000
Yekuana Venezuela Fidenci 2000
Siona-Secoya northeastern Ecuador Vickers 1980, 1991
Mekranoti Brazil Werner 1984
Txukamanei Brazil Pritchard and Treabbau 1984
Huaorani Ecuador Mena V. et al. 2000
Ache Paraguay Hill and Padwe 2000
Waimiri Atroari northcentral Brazil Souza-Mazurekatt 2000, Souza-Mazurek 2001
Macuxi northwestern Brazil Fragoso, pers. obs.
Non-indigenous Groups
caboclos Amazonas, Brazil

lumberman and goldminers

Fachin-Teran et al. 2004

Venezuela Gorzula 1989
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Table 2. Estimated strip half-width (ESW), encoumée (n/L) and density (D)
estimates foGeochelone carbonariandG. denticulatan an unhunted (Maracda) and

hunted (Mangueira) site in northwestern Brazil et 19 March and 5 July 2004.

Maraca Mangueira
Coefficient 95 % ClI Coefficient 95 % ClI

Paramete Estimat« of Variatior Lower Uppel Estimatc of Variatior Lower Uppel

G. carbonaria
ESW (m) 10.83 8.96 9.03 12.99 10.04 7.58 8.57 11.76
n/L (tortoises/km) 0.58 17.69 0.39 0.87 0.35 18.03 0.23 20.5
D (tortoises/ha) 0.45 23.96 0.27 0.75 0.29 23.73 0.18 0.49

G. denticulata
ESW (m) 9.00 9.08 7.27 11.15 9.00 8.12 7.49 10.81
n/L (tortoises/km) 0.13 25.00 0.08 0.23 0.17 33.33 0.08 50.3
D (tortoises/ha) 0.10 35.70 0.05 0.22 0.13 41.76 0.05 0.32
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Table 3. Distance sampling sex ratios and chi-sguesults folGeochelone
carbonariaandG. denticulataor an unhunted (Maracd) and hunted (Mangueira) sit

in northwestern Brazil between 19 March and 5 2094.

Site Males Females M:F Sex Ratio Parityp® Between-site
Geochelone carbonaria
Maraca 29 6 4.83 <0.01
Mangueira 12 5 2.4 0.23 0.31
Geochelone denticulata
Maraca 6 2 3.00 0.30
Mangueira 8 3 2.67 0.27 0.91

Testing if M:F sex ratio differs from 1:1
2 Testing if M:F sex ratios differ between Maracé atangueira

55



Table 4. Mean, standard deviation (SD), sample (sigzeandp-value, of body

measurements faeeochelone carbonariandG. denticulatan an unhunted

(Maracd) and hunted (Mangueira) site in northwesBrazil between 19 March and

5 July 2004.

Males Females

Maraca Mangueira Maraca Mangueira

Measurement (abbreviatic Maraci SD n Mangueiri SO n p Maraci SD n Mangueiri SD n p

Geochelone carbonaria
Linear carapace length (LCL) 35.43 3.08 29 34.72 3.64 1290 32.75 3.07 6 31.24 6.86 5 0.33
Curved carapace length (CCL) 49.06 5.52 27 4750 643 P50 4195 181 6 39.36 724 5 0.24
Linear carapace width (LCW) 38.09 3.40 27 36.10 4.02 1080. 38.23 5.18 6 35.22 4.79 5 0.17
Curved carapace width (CCW) 19.78 1.68 27 2201 427 D60 1830 0.59 6 17.48 237 5 0.25
Linear plastron length (LPL) 28.71 2.04 27 25.43 6.92 1070 23.77 2.08 6 24.32 4.38 5 0.40
Curved plastron length (CPL) 30.29 6.29 27 33.09 463 1070 2593 122 6 25.70 3.93 5 0.45
Curved plastron width (CPW) 18.83 1.43 27 18.75 2.18 1450. 17.12 1.07 6 15.88 2.36 5 0.16
Anal gag 3.76 0.62 27 3.62 0.50 11 0.24 575 0.71 6 5.20 1.70 5 0.26
Height 13.56 1.28 27 13.36 1.00 11 0.31 13.83 0.29 6 12.52 156a.08
Weight (kg) 6.90 1.50 27 6.20 1.74 11 0.13 523 0.62 6 5,54 1290.38

Geochelone denticulata
Linear carapace length (LCL) 3477 219 6 32.79 419 840.1 33.70 2.55 2 33.17 10.39 3 0.47
Curved carapace length (CCL) 44.20 3.36 6 4298 3.74 8 0.241.50 0.71 2 34.70 12.56 3 0.22
Linear carapace width (LCW) 3858 5.62 6 36.89 3.89 8 0.2739.40 2.12 2 33.30 12.24 3 0.24
Curved carapace width (CCW) 20.77 1.25 6 20.69 3.26 880.420.90 1.27 2 19.63 4.05 3 0.32
Linear plastron length (LPL) 2958 226 6 28.71 5.05 840.3 29.05 2.62 2 26.10 562 3 0.24
Curved plastron length (CPL) 30.68 2.46 6 28.49 421 820.1 29.20 1.84 2 23.67 4.98 3 0.09
Curved plastron width (CPW) 20.12 148 6 21.73 7.39 8 0.2820.05 1.77 2 23.40 9.57 3 0.31
Anal ga;1 433 036 6 5.11 0.76 8 0.01 6.0t 0.212 4.6( 1.28 3 0.0¢
Height 1458 1.22 6 1410 246 8 0.32 15.00 0.00 2 13.27 2.83.28 0
Weight (kg) 580 0.85 6 6.10 1.42 8 0.32 740 0.71 2 5.30 2.10.19

! Distance between the midpoints of the anal andasapidal scutes
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Table 5. Number and biomass of game species had/bstween 15 March and 18

July 2004 in Mangueira Macuxi Indigenous Reseregthhwestern Brazil.

Proportion Mean body Total Proportion
Species Common name Tally  of Totalmass (kg) biomass (kg) of Total
Reptiles
Caiman crocodilus spectacled caiman 15 0.078 15.10 226.50 0.163
Geochelone carbonaria  red-footed tortoise 54 0.281 5.99 323.46 0.232
Geochelone denticulata  yellow-footed tortoise 11 0.057 5.88 64.68 0.046
Geochelone spp. tortoise spp. 4 0.021 5.93 23.72 0.017
lizard spp. lizard spp. 1 0.005 0.50 0.50 0.000
Podocnemis sp. turtle spp. 1 0.005 4.10 4.10 0.003
Mammals
Agouti paca paca 2 0.010 8.23 16.45 0.012
Ateles belzebuth long-haired spider monkey 1 0.005 7.50 7.50 0.005
Dasyprocta leporina red-rumped agouti 27 0.141 2.13 57.43 0.041
Dasypus noveminctus nine-banded armadillo 25 0.130 3.54 88.60 0.064
Felis pardalis ocelot 2 0.010 10.46 20.92 0.015
Hydrochaeris hydrochaeris capybara 2 0.010 31.50 63.00 0.045
Mazama americana red-brocket deer 3 0.016 26.10 78.30 0.056
Odocoileus virginianus whitetail deer 1 0.005 40.00 40.00 0.029
Tayassu pecari white-lipped peccary 2 0.010 28.55 57.10 0.041
Tayassu tajacu collared peccary 16 0.083 17.52 280.32 0.201
Birds
Ara ararauna blue and gold macaw 3 0.016 1.10 3.30 0.002
Ara spp. macaw spp. 3 0.016 1.10 3.30 0.002
Crax alector curassow 6 0.031 3.10 18.60 0.013
Dendrocygna autumnalis  black-bellied duck 1 0.005 0.74 0.74 0.001
Ortalis motmot little chachalaca 1 0.005 0.45 0.45 0.000
Penelope purpurascens  crested guan 6 0.031 1.70 10.20 0.007
Pipile pipile common piping guan 1 0.005 1.20 1.20 0.001
Pionus sp. parrot spp. 2 0.010 0.40 0.80 0.001
Psophia crepitans grey-winged trumpeter 1 0.005 1.30 1.30 0.001
Tinamus major grey tinamou 1 0.005 1.10 1.10 0.001
Total 192 1393.57

lBody mass based on Robinson and Redford 1986, uleaSdazurek 2001, Hilty 2003, and this study

Geochelon spp
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Table 6. Morphometric data of ad@eochelone carbonariandG. denticulata

harvested in Mangueira between 15 March and 182I04.

Males Females
Measurement (abbreviatic Mear SD n Mear SD n
Geochelone carbonaria
Linear carapace length (LCL) 33.63 4.85 20 35.18 3.18 5
Curved carapace length (CCL) 43.65 7.98 19 38.78 12.41 5
Linear carapace width (LCW) 34.69 5.07 20 35.76 0.42 5
Curved carapace width (CCW) 20.46 3.79 20 19.88 2.43 5
Linear plastron length (LPL) 25.62 4.09 20 25.94 3.01 5
Curved plastron length (CPL) 27.39 4.01 20 26.78 2.94 5
Curved plastron width (CPW) 18.11 2.08 20 19.94 1.78 5
Anal gag 3.63 0.80 20 3.90 0.62 5
Height 12.40 2.54 20 13.06 2.83 5
G. denticulata
Linear carapace length (LCL) 39.05 2.33 4 35.57 2.14 3
Curved carapace length (CCL) 41.08 12.14 4 43.70 4.20 3
Linear carapace width (LCW) 40.68 2.97 4 33.60 8.06 2
Curved carapace width (CCW) 24.98 5.30 4 24.80 4.53 2
Linear plastron length (LPL) 29.30 2.00 4 23.95 2.76 2
Curved plastron length (CPL) 31.68 2.82 4 28.00 2.40 2
Curved plastron width (CPW) 21.55 1.84 4 19.25 0.50 2
Anal gap 4.50 0.88 4 3.53 0.06 3
Height 13.05 1.28 4 14.50 0.57 2

! Distance between the midpoints of the anal and supracaudal scutes



FIGURES
Figure 1. Locations of Maraca Ecological Statiod &angueira Macuxi Indigenous

Reserve in Roraima, Brazil.

Figure 2. Curves generated far carbonariarepresenting the: a) changepivalue

as a function of the coefficient of variation (% XCér density, while holding
observed effect size (0.16 ind/ha) constant, bhghanp-value as a function of
effect size, while holding observed % CV (23.85)stant, and c) transect length (L)
required to achieve desired % CV. Dashed linesesgmt our observed values from

distance sampling.

Figure 3. Curves generated far denticulatarepresenting the: a) changepivalue

as a function of the coefficient of variation (% JCér density, while holding
observed effect size (0.03 ind/ha) constant, bhgbanp-value as a function of
effect size, while holding observed % CV (38.73)&t@ant, and c) transect length (L)
required to achieve desired % CV. Dashed linesessmt our observed values from

distance sampling.

Figure 4. Relationship between tortoise abundancedistance from research station

(Marac@; a) and the village (Mangueira; b).
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Figure 5. Size structure (linear carapace leng@L;)Lof Geochelone carbonariéa)
andG. denticulatalb) at unhunted (Maraca) and hunted (Mangueita} $n

northwestern Brazil between 13 March and 5 July5200

Figure 6. Frequency @eochelone carbonarim four size classes for populations
sampled at an unhunted site (Maraca) and a huiiee(Mangueira) northwestern

Brazil between 19 March and 5 July 2004.

Figure 7. Frequency @eochelone carbonaria four size classes for harvested

individuals and those sampled using line-distamee@ing (LDS) in Manguiera,

northwestern Brazil between 19 March and 5 July4200
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a) Maraca R-Sq = 28.8 %; P = 0.110
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CHAPTER |V.

Seed dispersal and the ecological implications oihvesting red-footed tortoises
(Geochelone carbonaripand yellow-footed tortoises G. denticulatg in

northwestern Brazil

Joel N. Strong

ABSTRACT
Red-footed Geochelone carbonarjand yellow-footed tortoise€3( denticulaty are
an important food source for humans across thageand are experiencing
population declines. Both species are highly fraghus and may play important
roles as seed dispersers in plant communitiesvektigated the effectiveness of
these tortoises as seed dispersal agents and phieations of hunting these species
on the seed dispersal process. Studies occurtbd dtaraca Ecological Station and
Mangueira Macuxi Indigenous Reserve in the Brazilanazon. | determined the
impact of hunting on population density and dempgyaby conducting distance
sampling along line transects in an unhunted di@écd) and a hunted site
(Mangueira) to compare density, size/age strucamd,sex ratios of captured
tortoises. | determined the role of tortoiseseexisdispersers by analyzing movement
patterns of radio- and thread-tracked individuasdimating gut retention time of

seeds in captive tortoises, and analyzing fecaptesrior abundance, diversity, and
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viability of seeds. | failed to detect a signiftahange in population density
between unhunted and hunted populations, but thasean increase in the proportion
of smaller size classes, juveniles, and femaléseathunted compared to the unhunted
site. Tortoises appear to be efficient and impursaed dispersers. Of 113 fecal
samples, 92 % contained seeds of 19 plant speEmsal clumps averaged 2.2
species (range 0-5) and 179 seeds per sample (@ahbé0). Seventeen of the 19
seed species sampled were viable. Movement mgdsliggests that a long gut
retention time of 10-28 days for seeds, combindd {eng daily tortoise
displacements:{ =103 m), generate seed shadow curves that peakeedn 350 m
(females) and 450 m (males) and extended beyomd ftdm the seed source.
Despite no difference in tortoise abundance at otgtuvs. hunted sites, hunting still
can compromise the role of tortoises as seed dispeby reducing the quantity of

seeds handled and shifting the peak of the seatbsheloser to parent trees.

Keywords: empty foresGeochelone carbonarj&eochelone denticulataeed

germination, hunting, red-footed tortoise, seeg@elisal, seed shadow, thread trails,

vertebrate movements, yellow-footed tortoise
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INTRODUCTION

The neotropical tortoise§eochelone carbonari@ed-footed) ands.
denticulata(yellow-footed), may be important seed dispersdrsre they occur due
to their highly frugivorous diet, long retentiomi of seeds, and defecation of a high
percentage of viable seeds (Strong & Fragoso 20@86yvever, both species are
important food sources for humans throughout tlatropics. The pressure of
hunting, combined with habitat destruction anda tesser degree, collection for the
pet trade, have been cited factors leading to @dioun declines (Pritchard & Trebbau
1984; Walker 1989a, 1989b). It is important to enstand how hunting may be
impacting tortoise populations and the cascadiferts this may have on ecosystem
function and biodiversity patterns due to the laspopulation reduction of an
important seed disperser.

Seed dispersal is the first step after seed pramutiat limits seedling
recruitment for plants. Dispersal leads to spai#terning of seeds in the
environment and determines the microhabitat in tvseeds must survive, germinate,
and establish themselves (Wenny 2000). This psogkisnately contributes to the
spatial structure and species diversity of plamimmnities (Fragoso et al. 2003;
Hubbell 1979; Schupp et al. 2002; Silvius & Frag@603).

The effectiveness of a seed disperser dependsayutintity of seeds
dispersed and the quality of dispersal (Herrera&ldno 1981; Schupp 1993; Sun et
al. 1997; Wehncke et al. 2003). Seed dispersditguimdetermined by the

probability that a viable seed is deposited atfa siée, usually a location beyond the
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crown of conspecifics (Janzen 1970) or beyond ehpat conspecifics (Fragoso et al.
2003). Thus, seed dispersal quality is determinethe movement patterns and
digestive characteristics of the disperser (Flendirtgstrada 1993; Westcott et al.
2005; Westcott & Graham 2000). Dispersal quamgityffected by the disperser’s
metabolism, diet, and population density in thelsape, along with feeding
behavior, and probability of dispersing a viabled&éSchupp 1993).

While most seed dispersal studies have investigatedole of birds and
mammals as seed dispersers, saurochory, or sqesiitby reptiles, has received
limited attention (Moll & Jansen 1995; Travaset &du 2002). Although some
studies have investigated the potential role ofarhians as agents of seed dispersal
based on fecal analyses and/or seed germinaties (ldhatiuk 1978; Milton 1992;
Rick & Bowman 1961; Rose & Judd 1982; Woodbury &tal1948) or the retention
times of seeds (Birkhead 2001; Braun & Brooks 1980ho & Andreu 1988; Varela
& Bucher 2002), there are few studies that comthieinformation with movement
patterns of the seed disperser (but see Moll anzedal995). By including the
movement patterns of a species with informatiothenquantity and diversity of
seeds consumed, the retention time of seeds idiglestive tract, and the viability of
defecated seeds, we can better quantify a speaxffestiveness as a seed disperser
(Wehncke et al. 2003).

| investigated the role déeochelone carbonariandG. denticulataas seed
dispersers at Maraca Ecological Station in norti@resBrazil and examined how

hunting of their populations by humans may imphis process. Specifically, | used
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radio telemetry and thread-trailing of tortoisesl&termine daily displacement and
movement patterns and combined these data withuheetention time of seeds to
model tortoise-generated seed shadows. Additipnlatiollected tortoise fecal
samples to determine the diversity and quantityeefds ingested and their viability
after defecation. | combined this information wiliita on changes in tortoise density
and population structure due to hunting by humansédict how hunting may be

affecting seed dispersal and discuss the ecolomgadications of these impacts.

MATERIALS AND METHODS

Study species

G. carbonariais found in southern Panama, Colombia, Veneztiata,
Guianas, northern Brazil, Bolivia, Paraguay, andhesn Argentina (Walker 1989a).
It also occurs on several islands in the Caribbedwere it was likely introduced as a
food source (Pritchard & Trebbau 1984). denticulatahas a somewhat smaller
range, occurring in Amazonian Colombia, EcuadoruPand Bolivia, southeastern
Venezuela, the Guianas, and northern Brazil (Paitt& Trebbau 1984)G.
carbonariaoccurs more frequently along forest margins, gallerests, and
savannas, where& denticulatatends to be restricted to the moister forest ioter
of the Amazon Basin (Pritchard & Trebbau 1984).widwer, the two species occur
sympatrically at my study sites whege carbonariais approximately five times
more abundant tha@. denticulata(Moskovits 1988). The two species are also

sympatric in other parts of northern Brazil (Bal&385; de Souza-Mazurek et al.
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2000; Moreira 1991; Moreira 1989) and Colombia t@as-Mora & Lugo-Rugeles
1981). Although there is some geographic variatnosize,G. carbonariatends to
be smaller tha®. denticulatawith average linear carapace lengths (LCL) oEB0
and 40 cm, respectively (Walker 1989a, 1989b). eloamges vary from 0.6 ha to
117.5 ha folG. carbonariaand 5.1 ha to 35.5 ha f&. denticulata(Moskovits &
Kiester 1987). Both species are highly frugivordus also eat flowers, leaves,

carrion, and some insects (Moskovits & Bjorndal @R9

Study site

Maraca Ecological Station (Maraca) is a 110,006vexine island formed by
the branching of the Rio Uraricoera, a tributaryite Rio Branco (Figure 1). In 1978
it was designated an ecological reserve and redgikaected status (Milliken &
Ratter 1998). Maraca is located in northwestemeBin the state of Roraima (3
20'N, 61 20'W), situated in the Guiana Shield regai the northeastern edge of the
Amazon basin where it meets the Rio Branco-Rupisamanna (Moskovits 1985).
Thus, the area consists of an ecological converyeaone of lowland
Amazonian/Guiana Shield forest with savanna vemetatThe study site is
composed mainly dkrra firme lowland evergreen rainforest that borders savanna
vegetation and is relatively species-poor with @8cses 10 cm dbh recorded for a
1.5 ha plot (Milliken & Ratter 1998). Annual raaifranges from 1750 mm to 2000
mm, with over 75% of that falling during the wetisen between April and August

(Moskovits 1985). Due to its protected statusras@logical reserve and a history
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of minimal human habitation, Maraca supports hggtthpulations of characteristic
megafauna of this region (Fragoso 1998; Mosko\W&5). The study site is located
at the eastern end of the island where a grid syefdrails established by Moskovits
(1985) and later expanded by J. M. V. Fragoso coapproximately 1000 ha.

Mangueira Macuxi Indigenous Reserve (Mangueira)4s238 ha indigenous
reserve located 5 km to the south of Maraca (Figlrd erra firme lowland,
evergreen rainforest covers approximately 60 %mefreserve and is contiguous with
the forests covering Maraca, separated only byoter fork of the Rio Uraricoera.
Manguiera is composed of ten families totaling iedividuals. Some livestock and
poultry are raised for trade and consumption, bethajority of dietary protein is
procured from hunting (Fragoso, pers. obs.). Tieeseme subsistence farming of
corn, rice, and manioc by households on the resaes/ell as a small coffee

plantation as a cash crop.

Tortoise daily displacement and movement patterns

| radio-tracked and thread-trailed tortoises fro8nMarch to 8 July 2004. |
glued a radio transmitter to the fourth costal s@nd covered it with duct tape to
provide a durable seal. Thread-trailers consisfedplastic cylindrical jar (10 cm
long x 4.5 cm diameter) containing approximatekni of polyester thread. The
thread was wound on a plastic axle and fed thr@ugimall hole in the side of the
container. The loose end of the thread was tiag¢@tation so that as the tortoise

traveled, the spool unwinds and leaves a threddftar the tortoise. Thread trailers
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were attached with duct tape on the posterior beatescute of the tortoises where it
would not interfere with movement through thick g&gion. | located tortoises daily
and recorded their location (x 10 m) using a haeld-slobal Positioning System
(GPS) device. In addition, for thread-trailed ooses, | used a 50 m fiberglass tape
and compass to map each segment of the threatbtth nearest 10 cm. | also
recorded time of observation, activity, visibilignd type of shelter used if the
tortoise was inactive. | used a chi-square cosetiiey table to test whether sex/age
class (adult males, adult females, and juvenil#setied activity (i.e. if a tortoise
moved from the previous location or remained ingame position). For active
tortoises, | tested for an effect of species andage class on daily displacement
using a one-way analysis of variance (ANOVA) on-taansformed mean daily

displacement distances of each tortoise.

Fecal analyses and seed viability

| searched the trail system daily at Maraca fdaiotses and brought captured
individuals back to the research station to colfecal samples. Tortoises were
housed in large plastic basins (0.6 m x 0.6 m x@).4vernight and their feces
collected the following day, after which tortoisgsre released at their original
capture site. Each fecal sample was washed thnmaghl screening (1 mm x 1mm
opening size) to remove bolus material and separgteeeds and other food
materials. Seeds were identified to the lowesbnaic level using a reference

collection at Maraca, guides to fruits of the reg(Ribeiro et al. 1999; van
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Roosmalen 1985), and by comparing defecated sedtsge in fruits beneath

marked trees of known species. For each fecal lsaini@corded seed abundance per
species and species diversity. | tested for effettortoise species and sex/age class
on defecated seed diversity and abundance using-avay ANOVA on log-
transformed seed abundance data and a Kruskals/Mailti-parametric test on seed
diversity. | also performed a linear regressiotogttransformed seed abundance on
tortoise size, as measured by linear carapacehdh@i).

A subset of seeds was randomly selected from et $ample to test for
viability. | tested seed viability by first plagirseeds on moist filter paper in covered
petri dishes, and re-wetting the filter paper asdeel to maintain moisture in the petri
dishes. Germination was considered successful whiadical emerged from the
seed coat. If seeds did not germinate by the étitecstudy period, they were cut
open and the endosperm visually examined to determability based on coloration

and physical appearance. | present the percenfagable seeds for each species.

Retention time

To determine the retention time of seeds in digedtacts of tortoises,
captured individuals were housed in 1.5 m x 1.5utd@or enclosures at the research
station. These were fed marked seeds and seea$rioniletermine passage rates.
Seeds ofzenipa americanandDuroia eriopila (Rubiaceae) were marked with small
pieces of dental floss (1 cm long) sewn throughtédlaround the seed coat and fed

to the captive tortoises. They were also fed gssgaels and small plastic beads (5
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mm) to assess retention time. The seeds and mieics offered to tortoises in a
mixture of chopped mangd@ngifera indicd and remained with the tortoises for
approximately one hour before they were removestaFsamples were checked
once daily. For each trial, tortoises were fednariilly mangos an. americana

fruit every other day until all seeds and mimicseveecovered or at least five days
passed with no seeds detected in their feceseskpt retention time as the proportion

of seeds defecated since ingestion in five-dayvats.

Estimating seed shadows

| generated a tortoise-derived seed shadow usmgv@ment simulation
model that incorporated the parameters of obsesged retention time, daily
displacements, and turning angles of tracked we®i Daily displacements were
plotted as the proportion of daily movements fglwithin 50 m intervals (including
one interval for zero meters for inactive tortojseurning angles were plotted as the
proportion of daily movement angles falling witlB° increments between 0° and —
180° (left-hand turns) and 0° and 180° (right-hturdis). Daily displacement values
and turning angle values each corresponded to alatirre proportion (0-1), based
on their frequency in the distribution (e.g. digi@ment class “0 m” corresponded to
0-0.220, “50 m” corresponds to 0.221-0.313, andrgo A uniform random number
was generated that corresponded to the cumulatopopion for each daily
displacement and turning angle, and used to represmrtoise’s daily movement

and the corresponding proportion of seeds defedatdtiat day. The process was
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repeated for 30 days (the maximum retention timseefds observed) to model
movements of one tortoise and simulated 1000 tim@soduce a statistical

description of tortoise-generated seed shadows.

Estimating tortoise densities and population stouet

Ten one-kilometer line transects were establisheéte forested areas at each
site with at least one kilometer between transtecés/oid overlapping the same
tortoise home ranges. All transects in Mangueigaewocated perpendicularly to any
established trails, so they were not negativelgdiaby hunting activities of the
Macuxi. After the transects were cut, they weresuoveyed for at least two weeks,
giving local wildlife time to acclimate to the disbance.

A pair of observers walked transects at a rate®fl00 km/hr every three
weeks between 19 March and 5 July 2004. The pdipear distance of each
tortoise detected to the transect was measurduktodarest 10 cm using a 50 m
fiberglass tape. The location along the transex also recorded using flags placed
every 100 m along the transect. Individual-speaifitches were filed into the
carapace of each individual based on Moskovits§1.9& addition, time of
observation, species, sex, and body measuremergsrearded for all tortoises.
Individuals with a linear carapace length (LCL)deéksan 20 cm could not be easily
sexed and were considered juveniles for both spdBigtchard & Trebbau 1984). |
recorded linear carapace length (LCL) and othélyboeasurements (Chapter III).

Tree calipers were used to measure LCL to the se@rg cm.
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The program DISTANCE 4.1 Release 2 (Thomas et(fl4Pwas used to
generate density estimates. The models that asxthithe lowest Akaike’s
Information Criterion (AIC) and coefficients of vation were selected as the best fit.
To calculate an independent correction facggy for the density estimates, |
calculated the proportion of tortoises above groomndot completely concealed in
debris piles for radio- and thread-tracked torteiskestimatedy, for each species.
Sex ratios, age structure (proportion of juvenijlesd size structure were compared

between sites using chi-square contingency tables.

RESULTS

Tortoise daily displacement and movement patterns

| radio-tracked sixXG. carbonaria(two males, one female, and three juveniles)
and two malés. denticulataand | thread-trailed 1&. carbonaria(seven males and
five females) and thre®. denticulatalone male and two females) for two to 36 days
each for a total of 276 tortoise tracking days.i-§&juare analysis for adult males and
females and juveniles revealed that the propouiaactive tortoises is dependent on
sex/age class fd. carbonaria(X? = 9.32, df = 2p = 0.009), but not fo6.
denticulata(X? = 0.05, df = 1p = 0.831). For active tortoises, there was no
difference between sex/age class and distance nfov&l carbonaria(F,17=1.6,p
=0.231) orG. denticulata(F; 3= 1.18,p = 0.356). The distribution of daily

movements is skewed right with short-distance mammoccurring more frequently
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than long-distance movements (Figure 2). The watiotal daily distance traveled

(measured from thread trails) to the daily disptaeet was 2.7:1.

Fecal analyses, seed viability, and retention time

| analyzed 113 fecal samples from 94 differentoises (785. carbonaria
and 16G. denticulaty. | identified 19 seed species representingastl8 plant
families (Table 1). Of 113 fecal samples, 104 aored seeds (92 %) ranging from 1
to 1140 seeds per sampte £ 179 seeds/fecal clump). Fecal samples averag@&d
species of seeds per sample (range 0-5). Peradnlity ranged from zero to 82 %
for seeds in germination trials and zero to 10®%sEeds whose endosperm was
visually examined (Table 1). Seed abundance ial fsa@mples and size (LCL) of
tortoises was positively relategd € 0.001; Figure 3). Seed abundance per feces was
not affected by tortoise specieg b= 0.43,p = 0.511) or by sex/age class ¢-=
0.85,p = 0.43). Seed diversity was also not affectetbbtpise species (H = 0.28,
= 0.595, df = 1) or by sex/age class (H = 1i8%,0.394, df = 2). | offered five
tortoises (twdG. carbonariaand threds. denticulata a total of 538 seeds and/or
mimics. Retention time for the 240 recovered seadged from 10 to 28 days, with

a peak at 11-15 days (Figure 4).
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Seed shadows
Seed shadow curves peaked at approximately 350 farhales and 450 m
for males, with a higher proportion of the male-g@ted shadow extending farther

from the parent tree in comparison to the femaleegmted seed shadow (Figure 5).

Tortoise density estimates and population structure

| walked each transect six times at both sitesifutal of 60 km at each site.
| encountered 3&. carbonariaand 8G. denticulataalong the transects at Maraca
and 21G. carbonariaand 11G. denticulatan Mangueira. The only juveniles
encountered were fo@. carbonariain Mangueira, resulting in a greater proportion
of juveniles (19 %) in the Mangueira populatioff € 7.18, df = 1p < 0.01). The
resultingG. carbonaria G. denticulataratios of 4.38:1 and 1.91:1 for Maraca and
Mangueira, respectively, were not differeXf € 2.41, df = 1p = 0.12).

Estimated density db. carbonariawas 0.45 ind/ha (0.29 — 0.69 ind/ha, 95 %
Cl) at Maraca and 0.29 ind/ha (0.19 — 0.45 ind#%&p CI) in Mangueira, based on a
correction factor of 0.595 for radioed and thredle¢d individuals. Estimated
density ofG. denticulatawas 0.10 ind/ha (0.06 — 0.18 ind/ha, 95 % CI) atat4 and
0.13 ind/ha (0.06 — 0.27 ind/ha, 95 % CI) for Magiga, based on a correction factor
of 0.714.

Sex ratios ofs. carbonariawere male-biased at Maracd, but not in
Mangueira. Sex ratios f@. denticulatavere not different from parity at either site.

Between sites, the sex ratios were not differenefier species (Table 2). The
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Mangueira population db. carbonariacontained more individuals in smaller size
classes than the Maraca population (Figure 6) lamgtoportion of individuals in
each size class was dependent on Xfte=(8.48, df = 3p = 0.04). Sample sizes for

G. denticulatavere too small to allow valid chi-square analyses.

DISCUSSION

Geochelone carbonariandG. denticulataare important seed dispersers at
Maraca and likely influence plant recruitment swscand spatial structure in plant
communities of neotropical ecosystems at smallediom scales (sensu Holling
1992). Interms of quantity of seeds dispersediyidual tortoises ingest numerous
seeds of many species. Because tortoise popudatmur at high densities, large
amounts of seeds are moved by these animals. i3estoan be characterized as high
guality seed dispersers for several reasons: Erakspecies of ingested seeds
showed high germination rates, 2) they generate@ $eed shadow sometimes
extending beyond 1 km from the source of seedsy@) long dispersal distances
have been shown to provide escape from distanckdansity-dependent seed
predators, and 4) they potentially increase theetyaof habitats where seeds can be
deposited. Therefore, the impacts of hunting, ifipally the increased proportion of
females, smaller size-classed individuals, andrjigs, and a possible reduction in
density, all have important ramifications for theqess of seed dispersal. Hunting
decreased the effectiveness of tortoises as sepdrders, in terms of both quantity

and distance that seeds are moved.
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Quantity of seed dispersal

TheGeocheloneortoises, particularlys. carbonariaachieve very high
densities at Maraca compared to other vertebrategpter II), thus making them an
important dispersal agent, in that they intera¢hwai high proportion of plants in the
landscape and disperse a large quantity of theatsseWhile other important seed
dispersal agents such as the lowland ta@ap(rus terrestriy may be handling large
numbers of seeds per animal (Fragoso & Huffman Q@06 higher density and
biomass of tortoises could make them comparabierms of number of seeds
handled at the population level. My density esteadorG. carbonariaare low
compared to previous estimates by Moskovits (1983 ind/ha) and for other sites
in South America. For example, in Venezuela, desssas high as 12 ind/ha have
been reported (Aponte et al. 2003), whereas t@jpwe reported densities of 0.003-
0.0041 ind/ha in protected areas of the Atlantreso (Cullen Jr. et al. 2001). By
occurring at such high densities, tortoises areertikely to encounter and disperse
seeds of a greater number of individual plants@adt species, thereby making them
a highly reliable disperser (Schupp 1993).

Although the density estimate f&. carbonariawas 36 % lower in the hunted
population, this was not a significant differendéhis is likely a function of the small
sampling effort from line transects that resulte@ ihigh sampling variance
component (chapter Ill). In addition, Mangueirisest is contiguous with the

greater Amazonian forest, including that of Maréi€igure 1) and this connectivity
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probably allows dispersal of individuals from unktethpopulations into Mangueira’s
hunted population. Nevertheless, | generated seadows for the unhunted Maraca
population, one with a 28 % reduction in tortoigmsity, as seen at Mangueira, and
one with a 50 % reduction in density, to demonsttae effects of different levels of
hunting (Figure 7). These models assume that th#irbe no compensatory
response by other seed dispersers. Although tle gdfethe curve does not shift
directionally, there is substantial reduction ia thagnitude of the seed shadow
curve. Thus, a reduction in tortoise density resdutie magnitude of the seed
shadow, in terms of quantity of seeds handled,raddces the number of individual
plants that tortoises can interact with. Tortoiteseby become a less reliable seed
disperser because fewer plants and plant speciiesenaffected and benefit from
tortoise seed dispersal. Furthermore, there wereral species of seeds found in
only one or two fecal samples (Table 1), so theicgdn in tortoise density can also
reduce the diversity of rarely occurring seeds #natdispersed.

Most tortoise feces (92 %) contained seeds, anthéme that did, the mean
number of seeds per sample was high=(179 seeds). If | excludécussp. from the
samples to make them comparable to tapir fecal Esngmalyzed by Fragoso and
Huffman (2000), tortoise feces contain a greatendbnce of seeds per fecal clump
(x = 143.0) than those of tapirs £ 101.6). Although tortoises disperse a higher
proportion of small-seeded species sucfsasipa americangRubiaceae) and
Brosimum latescen®Moraceae), | did record one seedMzximiliana maripa a

large palm seed (5.5 cm in length) for which tapis important dispersers (Fragoso
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1997). Thus, tortoises are capable of dispersirgel seeds. To quantify the volume
of seeds handled by tortoises at a temporal sccadeyld have to determine their
daily defecation rates. Because tortoises hawe sietabolic rates and long gut-
retention times (Birkhead 2001; Bjorndal 1989; 8¢ & Fragoso 2006), they may be
handling seeds at a much slower rate than endoiheartebrate dispersers such as
mammals and birds. However, when | housed tortarsernight to collect fecal
samples, they usually defecated by the following daggesting they defecate at
least once or more per day.

Larger tortoises tend to consume a greater abuedaireeeds than smaller
tortoises (Figure 3), and thus, may be more impbdaed dispersers. Analysis of
size structure between Mangueira and Maracéa shtiveedhe hunted population was
composed of a higher proportion of smaller sizes#da and juveniles. Therefore,
hunting could affect the quantity of seeds dispgtseremoving larger individuals
that disperse more seeds. This would also redwecmagnitude of the seed shadow
(Figure 7) by reducing the number of seeds conswuahddy zero.

Tortoises are also dispersing a relatively higlediity of seed species. |
documented 19 species in a five-month period, wregnesents approximately 24 %
of tree species found in a 1.5 ha plot at the easted of Maracé (Milliken & Ratter
1998). In addition, | documented an additionakcsg®e Aechmeasp.; Bromeliaceae)
during the dry season in January 2002 (Strong &®&sa 2006) and Moskovits
(1985) identified an additional 16 fruit speciesisomed and possibly dispersed by

tortoises in a two-year study at Maraca. Thudpiees may be dispersing seeds of at
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least 36 species at Maraca, a number comparabie 89 species of seeds dispersed
by tapirs over a 14 month period (Fragoso & Huffr2@00). Furthermore, my study
site is considered relatively species poor (Millik& Ratter 1998), and a study at the
floristically richer western end of Maracé or madlieerse western Amazon region,
would likely reveal many more species of seedsaisgl by tortoises. | did not
detect any relationship between size or sex oftais® and number of seed species

per fecal clump, so this may not be affected bytingrpressure on the population.

Quiality of seed dispersal

Tortoises dispersed viable seeds for all but thib® 19 species tested, and
for 13 species, the percentage of viable seededrde80 %. In addition, | found
very few seed fragments in fecal samples, so &@tdo not appear to be significant
seed predators. For one of the species that digarminateVitex schomburkiana
(Verbenaceae), all the seeds examined appeared/¢odeen attacked by insects
before they were ingested, as they had insechelas and were easily crushed
between two fingers. The other species, “morph®# only had a sample size of
two seeds. Because | did not compare viabilitgyemination rates of seeds digested
by tortoises to undigested seeds, it remains unkribpassage through tortoises
enhances, inhibits, or has no effect on germinatiamtess and rate. This said, the
high germination success of several species swgytiestseed ingestion by tortoises
does not inhibit germination. The potential fartéises to affect germination rate is

an important aspect to examine, however, as a ehangermination rate affects the
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length of time a seed is exposed to predatorstang@robability of the seed
encountering an ephemeral germination site (Sci98g), thus, influencing its
probability of survival.

Viability and germination rate can be effectedgoy retention time (Murrray
et al. 1994), and the long retention time of taéasi (10-28 days) could have serious
negative implications. As already discussed howewg high germination
percentages for almost all species suggest thabhigegut retention times do not
have a serious negative effect on seed viabiktyong gut retention time also means
that seeds experience a higher probability of bdisgersed over a greater variety of
habitats and farther distances from the parent(iMegrray et al. 1994). This was
exemplified in the modeled tortoise-generated stediow that peaked at 350 m for
females and 450 m for males and the long tail efdispersal curve that extended
beyond one kilometer. Tortoises kept in captivity,ours were, may exhibit altered
retention times since they were prevented fromdimigifor food, may be under
greater stress, and ate a different diet thanrfvagiing tortoises. Diet can effect
retention time of seeds (Murrray et al. 1994),hés tould have altered retention
times for captive tortoises.

Gut retention time in tortoises is considerablyafee than the retention times
reported for bird and mammal dispersers. For bituslongest retention times range
from 108 min for African turacos (Sun et al. 198 pver 12 hours for African
hornbills (Holbrook & Smith 2000). Mammals such@Isl World fruit bats can

retain seeds for over 12 hours (Shilton et al. J99%e long retention time of seeds
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by tortoises promotes the escape of a seed in spadeossibly in time. Some tree
species are characterized by short-duration burdtsit production, lasting only a
few days to a week (i.&cclinusa guianensjsstrong, pers. obs.). Density- and
distance-dependent seed predators may concerfteatacttivities during this peak in
fruit production. Therefore, by retaining seedsheir digestive system for up to four
weeks, tortoises may protect seeds from seed psdahen the predators are most
active. The seeds are then defecated by tortorses predator behavior may have
subsided.

The seed shadows generated by male and femadesestshow that the
majority of seeds escape beyond 100 m from thenptmee, where distance- and
density-dependent seed predators are less likalgiuse seed mortality (Clark &
Clark 1984; Fragoso et al. 2003; Hubbell 1980; éart®70). Furthermore, the tail
of the seed shadow extends well beyond 1 km, tgarelbeasing the variety of
habitats where a seed can be deposited and pditeptiavide escape from the
confines of conspecific tree patches (sensu Fragbab 2003). Thus, in comparison
to other vertebrate seed dispersers, tortoises aanfpvorably. Many bird and
rodent species are characterized as generatingshaddws that peak no more than
100 m from the parent tree (e.g. Forget 1990; Rat§82; Murray 1988; Westcott &
Graham 2000). Escape distances of 100 m are dyoimslifficient to remove seeds
from the high mortality zones in and around patesg aggregations (Fragoso et al.
2003). Seed dispersers that deposit seeds belgmnithteshold are vital to the

regeneration of plant species and structuring plantmunities at the larger meso-
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scale or landscape level (sensu Fragoso et al)20UBile tortoises may not always
disperse seeds over many kilometers as do tapag@so 1997; Fragoso et al. 2003),
they do appear to reliably disperse seeds beyanthibro-scale of agoutis
(Dasyprocta agoujiand other small rodents, as tortoises have hamges that
extend over 100 ha (Moskovits & Kiester 1987) araenthe majority of seeds
beyond 400 m from their source (Figure 5). Todsjgherefore, appear to be
operating at a scale intermediate between rodewts$agirs. This is particularly
important at the forest-savanna ecotone at my stitdywhere tortoises likely play an
important role in transporting seeds from the fome® the savanna or forest islands
and vice versa. | tracked tortoises of both sggettiat spent time in both the forest
and savanna and traversed up to several hundreutsrtetough the savanna to access
a forest island in the savanna (Strong, pers. ofi%is behavior has important
implications for the maintenance of plant diversitfragmented landscapes where
tortoises could be transporting seeds over gaps\waral hundred meters.

Because males tend to be more active than fenthlsdeposit a greater
proportion of seeds farther from the parent tre@m lemales (Figure 5). For the same
reason, however, males are also more likely todbteatied and harvested by hunters,
causing a higher proportion of females to remaith@population, as | observed.
Therefore, hunting may cause a shift in the toet@jenerated seed shadow to a curve
resembling that of females, with a higher proporid seeds deposited at closer

distances to the parent tree.
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CONCLUSION

Tortoises are important and effective seed dispaggants. The combination
of long gut retention times and relatively largertgoranges results in a tortoise-
generated seed shadow extending several hundredstetover one kilometer from
seed sources. Due to their high densities andyhfglgivorous diet, tortoises are
handling a large number and diversity of viabledsea number and diversity that
may be comparable to tapirs, another important degzkrsal agent in the neotropics.
However, changes in population structure causedulinying; that is, specifically a
shift towards smaller size classes, more femaldgwareniles, and a possible
reduction in density, potentially compromise tosts’ roles as seed dispersal agents.
These structural changes in tortoise populatiossltrén fewer seeds being ingested
and reduces the length of the seed shadow, caosing seeds to be deposited closer
to the parent tree.

This study is the first to model a tortoise-genedateed shadow and clearly
demonstrates the proficiency and great distancesiah tortoises disperse seeds.
Thus, tortoises are an important component of ppatal areas, both ecologically
and socially, whose populations should be carefuiynaged and conserved to ensure

the continuity of their functional contribution torest and savanna communities.
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TABLES
Table 1. Species, frequency, abundance, and Wjabilseeds collected from
Geocheloneortoise fecal samples at Maracé Ecological Statiamorthwestern

Brazil between 19 March and 16 July 2004.

Family Frequency Proportion Total Number Proportion nitder Proportion

Specie in fece: of fece: seed sowr viable cut opel viable
Anacardiaceae

Spondias mombin 3 0.03 45 0 NA 12 1
Annonaceae

Annona sp. 1 56 0.5 4601 230 0.004 30 1

Annona sp. 2 2 0.02 9 9 0.67 0 NA

Duguetia surunamensis 2 0.02 28 6 0 22 0.45

morphotype 1 1 0.01 7 0 NA 5 1
Burseraceae

Tetragastris sp. 9 0.08 50 30 0.4 10 0.9
Moraceae

Bagassa guianensis 3 0.03 154 108 0 50 0.98

Brosimum latescens 30 0.27 1026 175 0.22 30 1

Ficus sp. 2 0.02 2000 100 0.5 0 NA
Palmae

Desmoncus polyacanthos 3 0.03 3 2 0 2 1

Maximiliana maripa 1 0.01 1 0 NA 1 1
Quiinaceae

Quiina rhytidipus 16 0.14 862 204 0.025 162 0.92
Rubiaceae

Genipa americana 72 0.64 9367 1440 0.82 0 NA
Sapotaceae

Pradosia surunamensis 13 0.12 23 17 0.82 0 NA

Ecclinusa guianensis 2 0.02 3 3 0.33 0 NA
Verbenaceae

Vitex schomburkiana 8 0.07 89 77 0 28 0
Unknown

morphotype 2 2 0.02 21 20 0 1 1

morphotype 3 5 0.04 8 7 0 1 1

morphotype 4 1 0.01 2 2 0 0 NA
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Table 2. Sex ratios and chi-square result$<eochelone carbonariandG.

denticulataderived from distance samplilag an unhunted (Maraca) and hunted

(Mangueira) site in northwestern Brazil betweerM&ch and 5 July 2004.

Site Males Females M:F Sex Ratio Parityp’

Between-site?

Geochelone carbonaria

Maraca 29 6 4.83 <0.01

Mangueira 12 5 2.4 0.23 0.31
Geochelone denticulata

Maraca 6 2 3.00 0.30

Mangueira 8 3 2.67 0.27 0.91

Testing if M:F sex ratio differs from 1:1
% Testing if M:F sex ratios differ between Maracé fangueira
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FIGURES
Figure 1. Location of Maracé Ecological Station &Mahgueira Macuxi

Indigenous Reserve in Roraima State, northwesteaniB

Figure 2. Distribution of daily displacements bijtaltoises using thread trails

and radio telemetry.

Figure 3. Regression of seed abundance in fecgllearas a function of

tortoise size as determined by linear carapacdhghgL). (Regression

equation: log (seed abundance) = 0.714 + 0.038 IEG&¢ (ad)) = 10.0 %

= 0.001).

Figure 4. Proportion of seeds retaineddsochelondortoises over 30 days.

Figure 5. Male and female tortoise-generated skadmvs.

Figure 6. Frequency @eochelone carbonaria four size classes for

populations sampled at an unhunted site (Marachpdmunted site

(Mangueira) in northwestern Brazil between 19 Maaod 5 July 2004.

Figure 7. Seed shadows generate@lepchelondortoise populations with 0

%, 28 %, and 50 % reduction in population densities
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APPENDIX |

To determine the length of line (L) necessargidbieve the desired level of
precision, coefficient of variation of density (WY | used the following formula:

L = (b/% CVA)*(L/n;), where:

L = estimated line length required

b = unknown dispersion parameter or variance ioftatate

% CV = coefficient of variation expressed as a prapn (e.g. 20 % = 0.20)
L; = line length walked during sample

n; = number of tortoises observed in sample

We first estimated b for each tortoise spebie using our line length traveled
(220 km) for L, and our estimates of % CV antht

Geochelone carbonaria

120 km = (b/ .238%*(120 km/56 ind)
b=23.19

G. denticulata

120 km = (b/ .3879*(120 km/18 ind)
b =2.70

Now, we can use our estimates of b for each spé¢giealculate the required

length of line (L) to achieve our desired levepoécision (% CV) using the same
formula above.
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