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Understanding species-habitat associations are imperative for 
wildlife management (Cross and Petersen 2001). Although sev-
eral causes of global amphibian declines are suggested, habitat 
modification is implicated in many cases (Daniels 1991; Fisher 
and Shaffer 1996; Lips 1998, 1999; Richards et al. 1993). Be-
cause amphibians show site fidelity and have limited dispersal 
capabilities, forest fragmentation and modification could effec-
tively disrupt their population structures (Marsh and Pearman 1997; 
Osawa and Katsuno 2001) and cause local extinctions of species 
(Blaustein et al. 1994). For example, frogs belonging to the genus 
Leptodactylus have been reported to be more abundant in larger 
patches of forest than in smaller patches (Marsh and Pearman 
1997). In particular, amphibian populations relying on forest mi-
crohabitat features might undergo rapid decline because of distur-
bances. 

Because of the rapid conversion of Indian forests to plantations, 
the status of Indian forest amphibians is of concern (Daniels 2003; 
Reddy et al. 2002). In south India, forest practices have modified 
the once contiguous forests of the Western Ghats into fragments 
resulting in isolation of habitats, disrupted microhabitat and al-
tered vegetation structure. However, information on Indian am-
phibians is sparse (Oommen et al. 2000). Among Indian frogs, 
Bull Frog (Hoplobatrachus tigerinus) populations appear to have 
declined from paddy fields (pers. obs.). This might be due in part 
to the export of frog legs (now banned) and the application of 
insecticides and pesticides used in rice cultivation (Mohanthy-
Hejmadi and Dutta 1981). Reports have indicated a threat by habitat 
fragmentation to torrent frogs of the genera Nyctibatrachus and 
Melanobatrachus (Gupta 1998). Surveys in modified habitats have 
recorded complete absence of several species of the genus 
Micrixalus, although they are present in the adjoining forest habi-
tats (Daniels 2003; Krishna et al. 2005). The disturbed sites of 
Kudremukh National Park in the central Western Ghats have shown 
a 50% reduction in amphibian species richness when compared to 
undisturbed forest sites (Krishnamurthy and Hussain 2004). 

We examined forest habitat associations of the Bicolor Frog, 
Clinotarsus curtipes (Ranidae, Hyloraninae) in three habitat types: 
native forest, coffee and cardamom plantations. This frog breeds 
in streams and ponds with tadpoles occupying aquatic habitats for 
over a year, after which frogs inhabit the litter and rock crevices in 
forest floors of the Western Ghats, South India (Daniel 2002). Our 
results provide insights to the potential effects of native forest con-
version to plantation on this species. 

384 	 Herpetological Review 36(4), 2005 



We surveyed frogs and habitats at Bisale Forest Reserve and 
adjoining plantations (12°44'N; 75°43'E) in the South Indian state 
of Karnataka. The study area was a 366-ha forest ranging in el-
evation from 145 to 940 m. The area receives heavy rainfall (an-
nual average rainfall: 4.5 m) from southwest monsoon winds for 
six months a year. The vegetation type is semi-evergreen (Cham-
pion and Seth 1968), dominated by Dipterocarpus indicus, 
Kingiodendron pinnatum, and Humboldtia brunonis (Pascal 1988). 
Many perennial hill streams, shallow ponds, and freshwater 
swamps exist and offer ideal locations for amphibians. The pe-
riphery of these protected forests are highly fragmented and expe-
rience high human disturbance from crop cultivation, power gen-
eration projects, road construction, tree harvest, and cattle graz-
ing. The forests are fragmented in lower elevations by arecanut 
(Areca catechu), coconut (Cocos nucifera), and rubber (Hevea 
brasiliensis) plantations and at higher elevations by cardamom 
(Elettaria cardamomum) and coffee (Caffea arebica) plantations. 

We sampled frogs in three adjoining habitats in the high eleva-
tions: forest, cardamom plantation, and coffee plantation. Rain-
fall, elevation, wind speed, and temperature were similar at all 
three sampling sites. Native forest habitat had not been previously 
disturbed. Cardamom is grown in the valleys of hilly slopes as an 
intercrop in the native forest without clearing the undergrowth 
and forest canopy. Very few cultivation operations are practiced, 
neither fertilizer nor insecticides are used and undergrowth removal 
is minimal. Coffee is sparsely shade-grown in India; cultivation 
involves removal of native canopy and undergrowth, with the ap-
plication of fertilizers, insecticides, and pesticides to prevent stem 
bores. These farming practices convert natural forests into modi-
fied monoculture plantations. 

We searched for frogs using transect sampling (Jaeger 1994), 
recording frogs within 10 x 4 m transects placed parallel to each 
other. Based on the habitat sizes, 10 transects were placed in for-
est and cardamom habitat and 5 in coffee habitat. Transects were 
sampled from May 2001 to October 2002. Forest habitat transects 
were sampled fortnightly once from May to December 2001 and 
monthly once from January to April 2002 resulting in a total of 
200 transects in forest habitat (8000 m 2). However, due to the plan-
tation activities, sampling in the other two habitats were not equal. 
In cardamom habitat we sampled 10 transects monthly once from 
May 2001 to June 2002 resulting in a total of 140 transects (5600 
m2), and in coffee habitat, 5 transects were sampled from May 
2001 to May 2002 for a total of 65 transects (2600 m 2). 

Transects were delimited by stakes and nylon chords. Two ob-
servers walked transects between 0600 to 0800 h and 1800 to 2100 
h to flush frogs. Bicolor Frog sightings were recorded along with 
microhabitat per sighting (e.g., on litter, under a rock, under canopy, 
open canopy). Because Bicolor Frogs were not sighted during the 
post-monsoon and dry seasons, we used only data from May to 
October 2001 to estimate frog density in all three habitats. Hence, 
abundance was calculated from 120 transects in forest (10 fort-
nightly transects for 6 months, i.e., 10 x 2 x 6 =120), 60 transects 
in cardamom (10 x 1 x 6) and 30 transects (5 x 1 x 6 = 30) in 
coffee habitats, sampled only during the wet season. We deter-
mined abundance per transect (individuals/100 m 2) and calculated 
the average density among transect samples per habitat type (Sluys 
et al. 2001). The number of frogs sighted per transect sample was 
considered the encounter rate. Encounter rates of Bicolor Frogs  

were compared with the daily rainfall, temperature, and humidity 
in the forest habitat measured prior to initiating the sampling (N = 
58). 

Four habitat variables (canopy cover, understory cover, litter 
thickness, and occurrence of water bodies with muddy bottoms 
and 10 m in diameter) were classified per transect and measured 
once during the wet season. These variables were assigned scores 
1-3 to represent a complete (1), intermediate (2) and low (3) sta-
tus for the habitat variables following the methods of Fogarty and 
Vilella (2002). To determine if habitat variables affect frog en-
counter rate, we tested four habitat features considering the habi-
tat features as dependent variables and frog encounter rate as a 
fixed factor in multivariate analysis (MANOVA, SPSS 10.0). Simi-
larly, to determine if weather variables affect frog encounter rate 
we also analyzed three weather parameters (daily atmospheric tem-
perature, relative humidity, and rainfall) as dependent variables 
and frog encounter rate as a fixed factor in MANOVA. Because 
the frog encounter rate was not normally distributed, the data were 
recoded into categories for multivariate analysis. All the tests were 
conducted at a = 0.05. 

Preliminary analysis indicated that Clinotarsus curtipes was 
detected on the ground only during the wet season (May to October) 
and was not sighted during the post monsoon and summer months 
(Fig. 1). The post monsoon and dry season sampling resulted in 
very few observations (N = 2) and therefore were not considered 
for abundance estimations. Transects in forest yielded an average 
frog abundance of 16.66 / 100 m 2 (± 6.58 SE; range 0.0-40.5; N = 
120 transect samples). Their abundances in cardamom (mean = 
0.98 ± 0.43 / 100 m2 ; range 0.0-3.75; N = 60 transect samples) 
and coffee (mean = 1.07 ± 0.51 / 100 m 2 ; range 0.0-2.0; N = 30 
transect samples) habitats were very low. 

Results of multivariate analysis of encounter rate and 
environmental variables indicated that only atmospheric relative 
humidity explained frog encounter rate (F 3,3,3 =4508, P = 0.007). 
Among four habitat variables, litter cover (F 3,3,3 = 5.741, P = 0.005, 
N = 25) and presence of lentic water bodies (F = 8428, P = 0.001, 
N = 25) explained frog encounter rate (Table 1). 

Bicolor Frog abundance varied with habitat studied. Their abun- 

FIG. 1. Seasonal abundance (mean ± SE) of Clinotarsus curtipes on the 
forest floor at Bisale Forest Reserve, Karnataka, Western Ghats, India. 
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TABLE 1. Results of multivariate analyses of variance (MANOVA) to 
determine the effect of habitat and environmental parameters on the en-
counter rate of Clinotarsus curtipes from a high elevation site in Bisale 
Reserve Forest, Karnataka, India. 

Dependent Variable df F P 

Canopy cover 3 2.130 0.127 
Understory cover 3 0.162 0.921 
Litter cover 3 5.741 0.005 
Water source 3 8.428 0.001 
Daily rainfall (24 h) 3 2.273 0.090 
Air temperature (°C) 3 2.443 0.074 
Relative humidity 3 4.508 0.007 

dance was highest in the forest habitat. Their encounter rates were 
associated with the daily atmospheric relative humidity, litter-cover 
and presence of mud-bottom water bodies that are larger than or 
equal to 10 m in diameter. Because the forest habitat of Bisale 
Forest Reserve is characterized by these features, Bicolor Frogs 
may be found more abundantly here than other habitats studied. 
Although they were present in the coffee and cardamom planta-
tions, they were in very low abundance when compared with the 
forest sites. However, more detailed natural history studies and 
long-term monitoring would be essential to differentiate varying 
abundances from a decline or from natural fluctuations (Pechmann 
et al. 1991). Also, due to our nonrandom site selection, the scope 
of inference of our study results are limited to the three specific 
locations surveyed; however, the dramatic differences in densities 
we observed are relevant to be considered to similar habitats else-
where. Our results suggest that coffee and cardamom plantations 
do not provide optimal habitat for Bicolor Frogs. 

Similar to Ttingara Frogs (Physalaemus pustulosus) (Marsh 
2001) in secondary tropical moist forest of Panama, abundance of 
Clinotarsus curtipes was related to the presence of a large water 
body and canopy-covered habitats. Density of Eleutherodactylus 
coqui in Puerto Rico forests was less dependent on plant species 
richness and composition than vegetation structure (Fogarty and 
Vilella 2002). Studies have shown that the percent relative hu-
midity alone affects the calling male density of E. coqui (Fogarty 
and Vililla 2001). This might be the case with C. curtipes as well. 
As the cardamom estates are on the hill slopes, the torrential streams 
are fast-flowing with limited pools. Absence of large mud-bot-
tom, lentic water bodies might be the reason for the low abun-
dance of C. curtipes in the cardamom habitat. Similar to Indian 
torrential frogs, Micrixalus (Krishna et al. 2005), C. curtipes were 
more abundant (about 20 times) in forest habitat than the adjacent 
coffee habitats. Coffee plantations might lack the canopy cover 
required by these frogs. Reduced canopy cover can increase am-
bient temperature, reduce humidity, and expose the forest floor 
(Marsh and Pearman 1997). Synergistic interactions of all such 
modifications in the coffee habitat might be the reason for their 
low occupancy in such habitat. 

In the Western Ghats, numerous fragmented forests are being 
converted into plantations. This is a concern for native biota, in-
cluding frogs such as C. curtipes. Although this is not a rare spe-
cies, being "lower-risk-near-threatened" (Inger and Dutta 1986; 

Molur and Walker 1998), the maintenance of biodiversity across 
the forest landscape is an emerging priority to retain forest eco-
system health. At higher elevations, fragmented native forests due 
to coffee and cardamom plantations are a concern, while at lower 
elevations, native forests are being converted to monocultures of 
bamboo and eucalyptus. Furthermore, urbanization (Davidson et 
al. 2001) and roads may act as barriers for amphibian dispersal 
(Marsh and Trenham 2001). 

Many amphibian populations have been reported to exist as sub-
populations across a large geographic area (Lips et al. 2003). Habi-
tat fragmentation may affect metapopulation and genetic struc-
ture, in turn affecting a population's ability to respond to the envi-
ronmental changes (Amphibia Web 2003). This theory has been a 
basis for conserving species in fragmented habitats (Marsh and 
Trenham 2001). The synergistic interactions among diverse hu-
man impacts on forests such as land use changes, habitat degrada-
tion, vegetation removal, litter removal, and removal of non tim-
ber forest produce has made the conservation of forests and wild-
life a major challenge. The present study provides information on 
habitat associations of bicolor frogs in the forests of the Western 
Ghats These data are useful for forest managers while integrating 
species-specific management strategies into landscape forest man-
agement designs (Cross and Petersen 2001). 
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Compared to literature on other vertebrates, there are few stud-
ies on sound production by turtles (Carr 1995). Gans and Maderson 
(1973) reviewed the literature on reptile sound production and 
turtles appear to be the least vocal of the living reptiles. However, 
sounds have been heard and recorded in a number of species. 
Squealing sounds of young Platysternon megacephalum are pro-
duced when they are disturbed (Campbell and Evans 1972). The 
Mexican Staurotypus has two very distinct voices (Cope 1865) 
and two species of Geochelone produce sounds in different con-
texts (Campbell and Evans 1972). Kinosternids, the mud turtles, 
are also known for sound production (Gans and Maderson 1973). 

A number of reports have noted the audible growls of sea turtles, 
especially Dermochelys coriacea (Carr 1995; Lutcavage and Lutz 
1997; Mrosovsky 1972). The purpose of our study was to record, 
characterize and quantify the sounds emitted by nesting Leather-
back Sea Turtles. We looked for changes in the sounds that related 
to the behavioral sequence in female nesting and we tested for 
correlations between sound parameters (e.g., frequency) and fe-
male size. While the sounds produced by nesting leatherbacks 
appear to be connected with respiration, their potential role in com-
munication, if any, is not understood. 

Materials and Methods.-We recorded the sounds of nesting 
Leatherback Sea Turtles in June 1999 on two beaches of Culebra, 
a small island off the northeast coast of Puerto Rico. The beaches 
where the recording took place, Playas Brava and Resaca, are 
heavily utilized by leatherbacks during the nesting season. 

To record the turtles' sounds, we used a Marantz ®  PMD-222 
portable cassette recorder, a Sennheiser ®  ME66/K6 directional 
microphone covered with a Sennheiser®  MZW 66 foam windscreen 
to reduce wind noise. The frequency response of the system was ± 
3 decibels (dB) from 40 Hertz (Hz) to 12.5 kHz. Recordings were 
made on one side of the cassette only. The recording system was 
calibrated by recording a 400 Hz tone prior to and after recording. 
The calibration signal did not differ by more than 10 Hz or 1 dB re 
20 microPascals (uPa) over the entire recording period. 

We recorded females during various stages of nesting (egg lay-
ing, covering, and camouflaging) by holding the Sennheiser mi-
crophone ca. 30 cm from the turtle's mouth. Size (carapace length 
and width), tag identification numbers (metal clips and PIT mi-
crochips), and the number of eggs laid for each recorded female 
were also noted. 

Six hours of tape were recorded from eight female leatherback 
turtles during various stages of nesting. Of these eight females, 
two (FAAV and F390) were recorded during the entire nesting 
process from egg laying through the camouflaging of the nest. 
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Three other females (F347, F372, F147) were recorded only dur-
ing covering and camouflaging. The rest of the females (F303, 
F360, F050) were recorded only during the camouflaging stage. 

For each female, we digitized eight minutes of recording during 
each nesting behavior using a 16-bit analog-to-digital converter at 
a sampling frequency of 8000 Hz. Measurements were made us-
ing CoolEdit '96 program (Syntrillium Software Corp.). All time 
measurements were made to the nearest 1 ms. The rates of sound 
production were determined for each of three sound categories 
(see Results) during each nesting behavior. To ensure consistency 
across females, the first thirty-five sounds during covering behav-
ior and the last thirty-five during camouflaging behavior were used 
for analysis (duration, rates and spectral content). The peak fre-
quency of 10 exhales for each female (N = 8) were averaged and 
regressed against female size (carapace length, cm). Because the 
air passages of a turtle might resemble a resonating closed pipe, 
we compared our measured relationship to that predicted by a 
closed pipe using the following formula (Rossing 1990): 

F, = V/ 4L 

where F, = fundamental resonant frequency, V = velocity of sound, 
and L = length of the closed pipe. Note that if length (L) doubles, 
frequency would be halved. 

Results.—Fig. 1 is the sonogram of a recording from one fe-
male during camouflaging. Based on audible and quantifiable dif-
ferences, we distinguished three categories of sound generated by 
nesting females: exhale/inhale, gular pumps, and grunts. Exhale/ 
inhale was the longest of the sounds produced, lasting on average 
about 800 ms. Pumps and grunts where significantly shorter at 
approximately 200 ms and 400 ms, respectively (Table 1). Only 
five females produced grunts, which were more variable in dura-
tion and recorded only during camouflaging behavior. The dura-
tion of the exhale/inhale sounds increased significantly between 
covering and camouflaging the nest (t-test, t = 3.14, P < 0.03), 
whereas the duration of gular pumps did not change (Table 1). 
Although the duration of the exhale/inhale combination increased 
from covering to camouflaging, the rate at which they were pro-
duced remained constant at 4-5 per minute. The duration of pumps 

TABLE 1. Average duration (SD) of three categories of sound emitted 
by nesting Leatherback Sea Turtles during two nesting behaviors, cover-
ing and camouflaging (averaged across females N = 5). Means of each 
female are based on 35 recordings of each sound during each nesting 
behavior. 

Sound Duration (ms) 

Covering Camouflaging Overall 

Exhale/Inhale' 702 (56) 893 (23) 812 (36) 
Pumps 214 (26) 209 (7) 209 (9) 
Grunts') 388 (100) 

'Significant difference in duration of exhale/inhale during covering and camou-
flaging (t = 3.14, P < 0.03). 

'Based on only 13 sounds from 5 females. 

did not differ between covering and camouflaging (Table 1), but 
the rates at which they were produced more than doubled from 
about 7 per minute during covering to about 17 per minute during 
camouflaging (Table 2). 

All of the sounds produced by nesting females were broadband, 
having some energy across the entire 4 kHz range of the analysis. 
However, there were certain peaks in the spectrum for each of the 
sounds emitted. Exhale/ Inhale commonly had a spectral peak near 
400 Hz and second band around 1200 Hz (Fig. 1). In the exhale 
portion of the exhale/inhale combination, the peak frequency in-
creases slightly throughout the duration of the sound. The grunts 
also contained frequencies with peaks that were higher (2000 Hz 
and up) than exhale/inhale. Pumps did not contain the low fre-
quency peaks (300-500 Hz) common to exhale/ inhale or grunts. 

For the two females that we were able to record during all phases 
of nesting, the number (and rate) of sounds produced increased 
from egg laying to covering and camouflaging (Fig. 2). Grunts 
were only produced during camouflaging. One of the females 
(FAAV) produced pumps only while she camouflaged her nest. 
The other female (F390) produced pumps during each nesting stage 
and the number of pumps increased from < 1 per minute while she 
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FIG. 1. Sonogram of a recording of one female Leatherback Sea Turtle while she camouflaged her nest site. The gray band extending across the 

bottom of the sonogram is background noise from the waves breaking on the shore. The darker columns are sounds produced by the female and above 
each sound its category is indicated (Ex In: exhale/inhale, G: grunt, P: gular pump). 
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TABLE 2. Mean rate (SD) of sound production of nesting Leatherback 
Sea Turtles. Averages are based on rates during 8 minutes of recording 
from each female (N = 5). 

Sound 	 Rate (min- ') 

Covering 	Camouflaging 

Exhale/Inhale 	4.7 (0.7) 
	

4.5 (1.0) 
Pumpsa 
	

7.3 (7.3) 
	

17.2 (6.1) 

Grunts 
	

0 
	

0.9 (0.7) 

'Significant difference in rate of gular pumping during covering and camouflaging 
(t = 4.17, P < 0.02). 

laid eggs to 10 per minute and 22 per minute while she covered 
and camouflaged the nest, respectively. Both females increased 
the rate of Exhale/Inhale during each stage of nesting (Fig. 2). 

The peak frequencies of the exhale/ inhale significantly de-
creased with female size (Fig. 3). We assumed that the air pas-
sages would scale linearly with carapace length, our measure of 
female size. If so, then the resonant frequency of the closed pipe 
(air passages) should change by a ratio of 0.841 (the ratio of cara-
pace lengths of the largest female to the smallest 138 cm/164 cm) 
between the smallest and largest females in our sample. Thus, the 
predicted slope of the relationship is –2.55 Hz / cm (dotted line 
Fig. 3) and is similar to the slope of the best-fit line, –2.08 Hz/cm 

FIG. 2. Rate of grunts (hatched bars), pumps (white bars) and exhale/ 
inhale (black bars) recorded for two female Leatherback Sea Turtles, (A) 
FAAV and (B) F390, during three nesting stages. Rates are the average 
number of each sound type produced during N = 8, one-minute record-
ings. Both females increased the number of each category of sound as 
nesting progressed from laying eggs to camouflaging.  

(solid line Fig. 3). Using a resonant frequency of 400 Hz, the for-
mula for the closed pipe predicts a length of 21 cm for the dis-
tance between the trachea and the open mouth. 

Discussion.—Sounds made by animals can be either incidental 
or communicative. Incidental sounds are by-products of the nor-
mal activity of the animal, such as grinding of the shell or closing 
of the jaws. Communication involves an acoustic signal used by 
one animal (the sender) to modify the behavior of another animal 
(the receiver, see Bradbury and Verhencamp 1998). 

If the sounds produced by nesting Leatherback Sea Turtles were 
communicative, they should fall in the audible range for the spe-
cies. Patterson (1966) used behavioral conditioning to measure 
audibility in Trachemys scripta and found they were most sensi-
tive to frequencies between 200 and 600 Hz. More recently, Bartol 
et al. (1999) measured the auditory evoked potentials in Logger-
head Sea Turtles to broadcasts of broadband clicks and tone bursts. 
The sea turtles were most sensitive to frequencies of 250 and 500 
Hz with a decreased sensitivity (10-15 dB) to 750 and 1000 Hz. 
Currently, no data exists on the hearing sensitivity of leatherbacks. 
However, peak frequencies of the sounds we recorded for leather-
backs were between 300 and 500 Hz (Fig. 3) and are consistent 
with the low-frequency hearing range found in other turtle spe-
cies. 

During sound production, the leatherback female extends her 
neck and tilts the head back, towards the carapace, a posture that 
suggests that she might be broadcasting. This position could also 
increase airflow into and out of the lungs. The origin of leather-
back sounds is the respiratory system and involves movement of 
air into and out of lungs. For leatherbacks, the increased rate of 
exhale/inhale, pumps and grunts from egg laying to camouflaging 
(Fig. 2) presumably relate to increased oxygen demands. Paladino 
et al. (1990) showed that the metabolic rates of leatherbacks en-
gaged in covering and camouflaging were 0.222 liters 0 2/ kg h. In 
comparison, the metabolic rates for unrestrained leatherbacks dur-
ing egg laying is only 0.015 liters 0 2/ kg h (Lutcavage et al. 1990), 
nearly a 15-fold difference (Lutcavage and Lutz 1997). 
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165 
Carapace Length (cm) 

FIG. 3. Relationship between carapace length of nesting Leatherback 
Sea Turtles and the peak frequency of (exhale/inhale) sounds they emit-
ted. Points are the mean peak frequency (± SE) for each female based on 
10 sounds each. The solid line is the best-fit regression for the means (y = 
-2.08 + 702, P < 0.03) and the dotted line is the predicted relationship if 
the air passages of the turtles act as a resonating closed pipe. 
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Camouflaging a nest is vigorous activity involving active move-
ment of all four flippers to distribute sand. Increased oxygen de-
mand should require significantly longer exhale/inhale and/or an 
increase in the number of pumps from covering to camouflaging. 
In the Green Turtle (Chelonia mydas) respiratory mechanics in-
volves compression by the body wall and extremities causing 
extrapulmonary pressure to be slightly positive. Expiration oc-
curs, causing the glottis to open, air to be forcefully expelled, and 
extrapulmonary pressure to become negative. Filling of the lungs 
is accomplished by an elastic rebound of the body wall and ex-
tremities (Tenney et al. 1974). 

Gular pumps may also play a role in respiration by female sea 
turtles. Tenney et al. (1974) describe them as small expiratory leaks 
in the green turtle. In reptiles, the gular organ is homologous with 
the larynx (Blumberg and Alberts 1997), which has muscles con-
trolling the constriction or adduction of membranes that open or 
close the respiratory airway. Monitor lizards use the hypobran-
chial apparatus to expand the gular cavity to create positive pres-
sure gular pumps to assist lung ventilation (Owerkowicz et al. 
1999). 

The sounds produced by nesting Leatherback Sea Turtles are 
quite loud and impressive. If these sounds are incidental by-prod-
ucts of respiration, selection should act to minimize the number or 
intensity of sounds produced during egg laying because they might 
attract predators. If so, we expect females to time their sound emis-
sions with waves breaking on shore so that their sounds would be 
masked by the environmental noise. 
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The American Crocodile (Crocodylus acutus) is one of the most 
widely distributed crocodilian species in Latin America, ranging 
from the United States to northern South America, including the 
Caribbean (Ross 1998). However, C. acutus populations have 
declined throughout much of its range because of past over-
exploitation, continued illegal hunting, and habitat destruction 
(Ross 1998; Thorbjarnarson 1989). As a result, the species is 
considered vulnerable by the International Union for the 
Conservation of Nature and Natural Resources (IUCN), listed on 
Appendix I of the Convention on Trade in Endangered Species of 
Wild Flora and Fauna (CITES) (Ross 1998). Furthermore, this 
species is listed as subjected to Special Protection in the 
Endangered Species list of the Norma Oficial- Mexicana (NOM-
059-ECOL-2000), the Mexican law for the protected species and 
subspecies of flora and fauna (Diario Oficial de la Federacion 
2000). 

In the past, trade in crocodile skins was a relatively important 
issue in Mexico, principally in coastal states of Campeche, Colima, 
Chiapas, Jalisco, Nayarit, Guerrero, Oaxaca, Quintana Roo, 
Sinaloa, Tabasco, Tamaulipas, Veracruz, and Yucatan (INE 1999). 
However, this activity declined because of the ban on hunting of 
wild populations as a result of the lack of management, enforcement 
of hunting regulations, and overexploitation. In 1970, the Federal 
Government of Mexico declared the total and permanent protection 
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of the the three species of crocodilians that occur in its territory, 
Crocodylus acutus, C. moreletii, and Caiman crocodilus fuscus 
(INE 1999), and legal commerce of skins was suspended. Since 
then, various studies and distinct conservation programs have been 
developed in Mexico concerning the status of wild populations, 
reproduction, population genetics, interaction with humans, and 
management proposals (Velasco and De Sola 2000). 

However, geographically the studies are not well distributed, 
and surprisingly little is known concerning the abundance and 
distribution of C. acutus along the coast of Quintana Roo. The 
few studies carried out in this rapidly developing state show a low 
number of individuals and a slow recovery throughout its former 
range (Cederio-Vazquez 2002; Dominguez-Laso 2002). The status, 
dynamics, and behavior of the population of C. acutus at Banco 
Chinchorro Biosphere Reserve (Fig. 1) are poorly known (Carballar 
2001). Such information is essential for the development of 
appropriate conservation strategies. The objectives of this study 
were 1) to obtain baseline data to evaluate the status of the C. 
acutus population in Banco Chinchorro Biosphere Reserve, and 
2) to suggest conservation actions based on these findings. 

Study Area.—The reserve is situated east of the Quintana Roo 
coast, between the fishing villages of Rio Indio and Rio Huach 
(Fig. 1). It is in the open sea 31 km from the village Mahahual, 
which is the nearest continental point, and separated from the coast 
by a 1000-m deep channel (UNEP/IUCN 1988). The reserve 
measures 144,360 ha, which include reef formations, reef lagoons, 
four cays, and adjacent oceanic waters. It is a reef coral complex 
and is one of the largest structures of this kind in the Caribbean 
(Jordan and Martin 1987) and the most important in Mexico. The 
reef has an irregular elliptic form of 43 km long and 18.0 km wide. 
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FIG 1. Location of Banco Chinchorro Biosphere Reserve.  

The total perimeter of the barrier reef is 115 km (Jordan and Martin 
1987). The 53,379-ha reef lagoon is variable in depth, with a 
decrease in the north–south direction. Four cays occur in a lagoon 
that covers 582 ha or 0.40% of the total reserve surface. Of this 
area, 435 ha are terrestrial habitats and 147 ha are interior lagoons. 
In the extreme north of the reserve is Cayo Norte, with two cays 
and a total area of 40 ha. Cayo Centro (Figs. 1, 2), localized in the 
center of the system, is the largest cay covering 541 ha. The fourth 
cay, localized in the extreme south is the 0.4-ha Cayo Lobos. 

The terrestrial vegetation of Banco Chinchorro is comprised of 
halophytic vegetation or coastal dune vegetation (five different 
associations), and mangrove: Rhizophora mangle, Avicennia 
germinans, Conocarpus erectus, and Laguncularia racemosa 
(Cabrera 1998). The shoreline vegetation of the cay was dominated 
by red mangrove. Three small beaches were found along the shore-
line, all associated with fishing camps. There are also fishing huts 
on pilings in open water in the southeast part. 

Methods.—Potential habitat of crocodiles was identified on maps 
of Banco Chinchorro and by interviewing local fishermen. Three 
set of spotlight surveys were conducted between June and August 
2003 in Cayo Centro. Daylight reconnaissance and nocturnal 
surveys were conducted using a 4.27-m aluminium boat powered 
by a 15-hp outboard engine or by paddling along the shoreline 
and spotting crocodile eyeshines using handheld spotlights (100 
and 400 CP) and 4.5-V headlights. A team of two observers, one 
data recorder, and a boat driver conducted the surveys. Ten different 
routes were surveyed during the study (Fig. 2). Three different 
groups of survey routes were described during the study. 

The Chandes Lagoon was divided into five routes for survey 
purposes (Lighthouse Lagoon, Edifice Lagoon, Lagoon A, Lagoon 
B, and Lagoon C), but all present the same habitat type. The main 
characteristic of this habitat is its heterogeneity: red and black 
mangroves constitute many patches in the lagoon, and Balls mar-
itima forms carpets of vegetation (30 cm high) on the lagoon shore-
line—where the soil is solid (on the east coast) or in 20–cm deep 
water places where it is usually associated with cut off branches 
or dead branches and muddy soil. The lagoon is relatively pro-
tected against wind and wave action. 

Rabios Lagoon, Rabios 2 Lagoon, Perla Lagoon, and Small La-
goon present a habitat characterized by red or black mangrove 
along the shoreline. These lagoons are linked directly to the sea 
by openings in the mangroves and are more subject to wave ac-
tion. The water is also deeper. 

Spotlight counts were done on established survey routes to 
estimate the abundance of crocodiles at each location by recording 
encounter rate (crocodiles/km) (King et al. 1994). This technique 
has been used to determine a relative index of the population, 
because not all the crocodiles present are observed during a survey 
( Bayliss 1987; King et al. 1990). To maintain similar conditions 
and to ensure that it was dark enough to detect eyeshine, surveys 
were conducted at night and began ca. 20-30 min after sunset 
(Messel et al. 1981). Surveys were not conducted under rough 
water conditions or during rain, which substantially limit visibility 
and produce low counts (Woodward and Marion 1978). 

For each crocodile sighted, we recorded location with a Global 
Positioning System (GPS), water salinity (measured with an optical 
refractometer on scale of 0-100 ppt), habitat type, shoreline 
vegetation, water depth, and air and water temperatures. Crocodiles 
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sighted were ap-
proached as closely as 
possible to estimate total 
length (TL), which was 
eventually used to 
determine population 
structure by size class. 
We used the following 
classes, which are those 
suggested by Platt and 
Thorbjarnarson (2000) 
for the species: 
hatchlings (TL < 30 cm), 
yearlings (TL = 30.1-60 
cm), juveniles (TL = 
60.1-120 cm), subadults 
(TL = 120.1-180 cm). 
and adults (TL > 180 
cm). When TL could not 
be determined, croco-
diles were classified as 
"eyeshine only." Use of 
the same observers and 
equipment reduced 
observer bias and 
equipment-related 
variation. 

Encounter rates and 
abundance were cali-
brated where data from 
more than one survey 
were acquired, accord-
ing to the method 
proposed by Messel et 
al. (1981). Estimations 
for each size class on 
each location or survey 
route were also 
calibrated (Messel et al. 
1981). The coordinates 
and the time of the 
beginning and the 
ending of each survey 
were documented with a 
handheld GPS. Survey 
routes were calculated 
as shoreline distance 
along small bays and 
lagoons (King et al. 
1990). Crocodile abun-
dance index was 
calculated through the 
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FIG. 2. Location of the 10 survey routes in Cayo Centro, Banco Chinchorro. 

encounter rate as the number of crocodiles per kilometer of survey 
route. A chi-square analysis was used to compare size-class 
distributions within each site against a null model of equal 
distribution (Zar 1999). 

Efforts were made during spotlight surveys to capture animals 
by hand or with a self-locking wire noose. The following data  

were recorded for captured animals: total length, circumference 
of the base of the tail (TC), snout–vent length (SVL), and head 
length (HL), measured with a plastic ruler tape or a plastic caliper 
to the nearest 0.1 cm. Captured crocodiles were sexed by cloacal 
examination (Brazaitis 1968; Magnusson 1982). Observed sex 
ratios by size class and total were tested against a null hypothesis 
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of 1:1 sex ratio using chi-square analyses with the Bonferroni 
correction for multiple comparisons (Zar 1999). 

Captured individuals were marked by attaching numbered tags 
and by removing tail scales in a coded pattern (Platt and 
Thorbjarnarson 1997). 

Results and Discussion.-Only two species of crocodiles are 
present in the coastal areas of the Yucatan Peninsula: Crocodylus 
acutus and C. moreletii, and frequently they are sympatric along 
the mainland coast. Many characters can be used to distinguish 
the two species: color, snout formation, preorbital ridge, premax-
illary suture, scutellation (Platt 1996). Contrary to the species list 
of the reserve (INE 2000), but in agreement with crocodile spe-
cialists, all individuals captured and observed during this study 
were C. acutus, and no C. moreletii were observed. In effect, C. 
moreletii is primarily a freshwater species, occurring in brackish 
water, whereas C. acutus is associated with brackish and saline 
habitats (Cedefio-Vazquez 2002; Platt 1996; Thorbjarnarson 1989). 
Our data support these findings and suggest that with a mean sa-
linity of 52.9 ppt (minimum 30 ppt, maximum 61 ppt), C. moreletii 
is unable to live in the cay. 

Furthermore, high salinity and lack of fresh water presents a 
problem in osmoregulation for hatchlings crocodiles (Platt and 
Thorbjarnarson 2000; Thorbjarnarson 1989). The principal behav-
ioral mechanism used by crocodiles to maintain water balance is 
probably drinking brackish water made available ephemerally by 
rain (Mazzotti 1983). We hypothesize that growth and survival of 
hatchling crocodiles is limited by rainfall on offshore islands. 

A total of 147 C. acutus were observed during daylight 
reconnaissance and spotlight surveys. Of these, 34 (23.1%) were 
classified "eyeshine only," 53 (36.1%) were captured, and 60 
(40.8%) were approached closely enough to estimate size. The 
population size class structure (Fig. 3) was estimated from 
crocodiles captured or approached closely enough to estimate total 
size (N = 113). 

We used the size class scheme proposed by Platt and 
Thorbjarnarson (2000) in neighboring Belize for comparative pur-
poses. They observed that, in Belize, individuals over 4.0 m TL 
are rare, although C. acutus is known to attain maximum total 
lengths of 6.25-7.0 m elsewhere (Thorbjarnarson 1989). Their ob-
servations indicate that in Belize C. acutus might attain a smaller 
body size than reported for other populations. It is unknown 
whether this is because of genetic or environmental factors, or 
perhaps a consequence of past overharvest which removed most 
large adults (Platt and Thorbjarnarson 2000). Our results are con-
sistent with these findings-only 3 (2.7%) crocodiles had a total 
length > 240 cm. The largest crocodile sighted was an individual 
encountered in the Chandes Lagoon for which we estimated a to-
tal length slightly longer that 3.0 m. 

An apparent absence of large specimens indicates that the popu-
lation might still be in a state of recovery from past poaching in 
the region (according to local informants there is not evidence of 
poaching still occurring) or, that crocodiles simply do not grow 
very large in these offshore habitats as a result of genetic and en-
vironmental factors as suggested by Platt and Thorbjarnarson 
(2000). Another possible explanation could be the limited nesting 
habitat, since only three small beaches were found along the shore-
line (Mazzotti, pers. comm. 2004). Juveniles (N = 30, 26.5%) and 
subadults (N = 31, 27.4%) were most abundant, followed by adults  

(N = 23, 20.4%), yearlings (N = 15, 13.3%), and hatchlings (N = 
14, 12.4%). The lower number of hatchlings and yearlings in the 
atoll might reflect sampling bias as they might be concealed within 
vegetation and escape detection during spotlight surveys (Platt and 
Thorbjarnarson 2000). Another explanation could be lack of fresh 
water that may limit the survival of young individuals. Although 
few potential nesting sites are available on the atoll, reproduction 
is occurring as indicated by our observations of hatchlings. Few 
potential predators of nests were observed (crabs were the only 
potential egg predators we observed), and as the area is a bio-
sphere reserve, habitat is effectively preserved. However, natural 
disturbances caused by hurricanes are frequent. 

A total of 133 C. acutus were observed along survey routes. We 
estimated an overall encounter rate of 6.8 crocodiles/km, but 
important differences among the three habitat types were detected. 
We obtained a high density (13.9 crocodiles/km) in the Chandes 
lagoon compared to 1.3 and 1.1 crocodiles/km, respectively, in 
the outline of the cay and the other lagoons. These last two values 
are not very different from the density of 0.94 crocodiles/km 
encountered by Platt and Thorbjarnarson (2000) in atolls in Belize. 
Furthermore, Carballar et al. (2001) found an encounter rate of 
1.8 crocodiles/km in the lagoons and 0.37 crocodiles/km outside 
the cay. Our results, with 8.4 and 1.3 crocodiles/km in the same 
sites, are much higher. These differences might indicate an increase 
in the number of crocodiles over the past two years in the interior 
lagoons or, more likely be the result of differences between survey 
methods and perhaps choice of survey sites. It seems that Carballar 
et al. (2001) did not survey lagoons A, B, and C-locations where 
we encountered the most individuals. 

Notably, the size-class distribution of crocodiles is significantly 
different in each habitat (p < 0.05; df = 2). Although all classes 
were represented in the Chandes lagoon, we encountered only two 
subadults in other interior lagoons, whereas eight adults, one year-
ling, one juvenile, and one subadult were found on the outside of 
the cay. Few individuals inhabit the outline of the cay and lagoons 
other than Chandes, and those we encountered were primarily su-
badults or adults, which are more able to tolerate wave action, 
deep water, and difficult accessibility to the shore. In contrast, the 
Chandes lagoon, with its heterogeneous habitats and relative pro-
tection from wind and wave action, is ideal for all age classes. 

Among the Crocodylidae, both male and female-biased 
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FIG. 3. Population structure by size class of Crocodylus acutus of Cayo 
Centro (Banco Chinchorro). 
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TABLE 1. Comparison of the sex ratio of American Crocodiles captured 
in Cayo Centro (B. Chinchorro). 

Age class Males Females Sex ratio x2  

Yearling 6 0 6:0 6.0 NS 
Juvenile 12 2 6:1 7.1* 
Subadult 8 1 8:1 14.4* 
Adult 8 2 4:1 13.8* 
Total 34 5 6.8:1 21.6* 

NS = not significant. 
* = significant at p 0.05. 

population sex ratios are known, including at the intraspecific level 
(Carrion et al. 2000; Thorbjarnarson 1997). Although male-biased 
populations have been reported (Thorbjamarson 1988, 1989), sex 
ratios not significantly different from 1:1 are the most common 
for C. acutus populations (Brandt et al. 1995; Cedefto-Vazquez 
2002; Cherkiss 1999; Gaby et al. 1985; Kushlan and Mazzotti 1989; 
Moler 1991; Platt and Thorbjarnarson 2000). The population of 
Banco Chinchorro is thus an exception, as it presents a strongly 
male-biased sex ratio in all age classes, except for yearlings (Table 
1). This class presents a tendency of being male biased too, but 
the small number of individuals might not be sufficient to detect 
differences from a 1:1 model. Concerning the hatchlings, we had 
a sufficient number of individuals, but we were not able to sex 
them (Allsteadt and Lang 1995; Joanen and Mc Nease 1978). 

Conclusions.—The current status of C. acutus in Banco 
Chinchorro Biosphere Reserve seems good. Most crocodile 
populations are resilient to overexploitation and respond well to 
protection (Bayliss 1987). However, various studies showed that 
coastal populations of C. acutus remain low in most locations 
(Cederio-Vazquez 2002; Mazzotti 1999; Platt and Thorbjarnarson 
2000). In Banco Chinchorro, the population was subjected to 
hunting in the past, with a report of 21 animals killed in one night 
by one person (M. Colli, pers. comm. to PC), so we can reasonably 
estimate that the population was low when the hunting ban was 
established. The hunting ban, which was respected in the early 
1980's, and the classification of Banco Chinchorro as a biosphere 
reserve in 1997, allowed the crocodile population to begin recovery. 
Commercial fishing activities are presently not occurring near the 
cay, so drowning mortality in nets does not represent a threat to 
crocodiles as it is in Belize (Platt and Thorbjarnarson 2000). The 
reserve is well protected and we did not detect hunting of 
crocodiles, and fishermen, who are the only inhabitants of the cay, 
coexist with the crocodiles and take care of them. Although we 
observed garbage on potential nesting sites, destruction of habitat 
or tourism-related development is non-existent. Banco Chinchorro 
Biosphere Reserve offers good conditions for long term survival 
of the crocodile population. The fact that the site is so far off the 
mainland coast means living conditions for crocodiles are unusual 
(high salinity, apparently closed population), and we can infer that 
specific adaptations have been developed. Finally, although the 
population seems to be undergoing a recovery, management actions 
and a population monitoring program are necessary. The 
monitoring program will be important to determinate population 
conservation strategies and should be based on nest counts, together  

with spotlight and capture surveys. 
Management Implications.—Although fishermen live in 

harmony with crocodiles, we suggest environmental education 
programs directed to fishermen and children in schools of coastal 
villages of Quintana Roo. We think that it is important that they 
understand that we should protect crocodiles and avoid contact. 
Children will be the future actors of this region, and it is necessary 
to inform them of the importance of environmental protection, 
especially of large predators which are often eliminated when they 
live near humans. Several studies could be targeted on the American 
Crocodile population of Banco Chinchorro. These studies could 
provide particular information on the adaptation of the species, 
and could serve to improve the conservation programs. We suggest 
studies focused on the relation of young C. acutus to salinity levels, 
and on the location of actual and potential nesting sites. These 
studies appear very important to us because the protection of young 
individuals and the preservation of nesting and nursery habitat are 
crucial for long-term population viability, and the most important 
element of any conservation plan (Platt and Thorbjarnarson, 2000). 
We suggest also that a more precise study is necessary to confirm 
and examine the causal factors of the apparently male-biased sex 
ratio of the population. 
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Anuran amphibians are preyed on by vertebrates, invertebrates, 
and even carnivorous plants (Duellman and Trueb 1994). Most of 
these reports on predation are anecdotal (Fitch 1987; Greene 1993) 
and do not provide data other than a short description of the preda-
tory event (e.g., Boistel and Pauwels 2002; Branddo and Garda 
2000; Del-Grande and Moura 1997; Mitchell 1990). The scattered 
information on the subject makes it difficult to identify patterns. 
Additionally, McCormick and Polis (1982) pointed out the lack 
of quantitative data evaluating the impact of arthropod predators 
upon vertebrates. This is particularly true for predation by inver-
tebrates upon post-metamorphic (generally adult) anurans. For 
example, reports on this subject usually state that few cases of 
invertebrate predation upon anurans are recorded (e.g., Bastos et 
al. 1994; Bernarde et al. 1999; Del-Grande and Moura 1997; 
Hinshaw and Sullivan 1990; Mitchell 1990), when, in fact, a con-
siderable amount of information is generally available (e.g., 
McCormick and Polis 1982). Therefore, I review the subject in an 
attempt to depict our current knowledge, add unpublished data, 
and provide a background to which new reports may be added. 

By reviewing published information on the subject I collected 
data on a wide range of taxa, i.e., at least 68 post-metamorphic 
(juvenile to adult) anuran species preyed upon by at least 57 in-
vertebrate species, including arachnids, crabs, leeches, and vari-
ous insect groups (Tables 1 and 2). Besides the species listed (Table 
2), there exists indirect evidence and laboratory studies that add 
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TABLE 1 . Invertebrate predators and number of species reported to prey upon post-metamorphic anuran amphibians. 

Class Order Family Common name Abbreviation Number 
Of species 

Hirudinea Arhynchobdellida Hirudinidae Leeches Ah 1 
Chilopoda Scolopendromorpha Scolopendridae Giant centipedes Gc 1 
Arachnida Scorpiones Buthidae Scorpions Sc 1 

Uropygi Thelyphonidae Vinegaroons Ut 1 
Amblypygi Ambypigidae Amblypigids Am 1 
Araneae Araneidae Orb weavers Aa 3 

Ctenidae Wandering spiders Ac 2 
Ctenizidae Trapdoor spiders Az 1 
Dipluridae Tarantulas Ad 1 
Lycosidae Wolf spiders Al 6 
Pisauridae Fishing spiders Ap 10 
Sparassidae Crab spiders As 1 
Theraphosidae Tarantulas At 6 

Malacostraca Decapoda Coenobitidae Crabs Dc 1 
Hexapoda Coleoptera Carabidae Ground beetles Cb 3 

Cicindelidae Tiger beetles Cc 1 
Dytiscidae Diving beetles Cd 1 

Diptera Tabanidae Horse flies Di 1 
Hemiptera Belostomatidae Water bugs Hb 8 

Nepidae Water scorpions Hn 1 
Hymenoptera Formicidae Ants Hf 4 
Mantodea Mantidae Preying mantis Mm 1 
Neuroptera Corydalidae Hellgrammites Ch 1 

other potential invertebrate predators to the list, such as spiders 
(Oilos antaguensis, Stasina portoricensis, and Avicularia latea), 
amblypygids (Phrynus longipes), and forest crabs (Epilobocera 
situatifrons) (Formanowicz et al. 1981; Stewart 1995). Labora-
tory studies using pipid and hyperoliid frogs report pisaurid spi-
ders as additional potential predators upon previously unreported 
anuran families (Table 2). 

It appears that many anuran species can be preyed upon by in-
vertebrate predators, independent of prey body size/age (see dis-
cussion in McCormick and Polis 1982), phylogeny, or recognized 
presence of an elevated quantity of biologically active skin secre-
tions (Duellman and Trueb 1994) (Table 2). However, the risk of 
predation by invertebrates seems to be greater in two crucial peri-
ods of the anurans life cycle: 1) during the breeding season, when 
most species enter the water and consequently are in contact with 
potential aquatic predators (e.g., Bastos et al. 1994; Haddad and 
Bastos 1997; Toledo 2003); and 2) when the recently-metamor-
phosed frogs are about to leave or actually leave the water (Fig. 
1), thus facing both aquatic and terrestrial invertebrates (e.g., Clerke 
and Williamson 1992; Hirai and Hidaka 2002; Robertson 1989; 
Toledo 2003). Almost 90% of the observations that provide de-
scriptions of the frog behavior before the predation were recorded 
during these two stages. 

Predation events occurred both in and out of the water and about 
73% of them involved water bugs (approximately 25%) and spi-
ders (approximately 48%) as anuran predators (Fig. 2). This may 
reflect the high density of these animals in nature (DuBois and 
Gobin 2001; Formanowicz et al. 1981; McCormick and Polis 1982; 
and references therein). Additionally, it could indicate that spi-
ders and water bugs may be significant predators of anuran popu- 

lations (Formanowicz et al. 1981; Toledo 2003), though, few stud-
ies have determined actual predation rates on adult anurans (e.g., 
Haddad and Bastos 1997; Hinshaw and Sullivan 1990). 

In reviewing the subject I was able to identify a few cases of 
incorrect or repeated data. For example, Nauman and Dettlaff 
(1999) reported "the first published record of a giant water bug 
preying on an adult frog"; however, at least three reports on giant 
water bugs preying on adult frogs were already available by that 
time (Bastos et al. 1994; Haddad and Bastos 1997; Hinshaw and 
Sullivan 1990). Additionally, both Toledo (2003) and Brasileiro 

FIG. 1. Juvenile Hyla albosignata being preyed upon by a tarantula on 
vegetation near a stream in a forested area, Municipality of Pilar do Sul, 
State of Sao Paulo, Brazil. Photograph by Andre Antunes. 
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TABLE 2. Post-metamorphic (juvenile to adult) anurans (15 families; at least 68 species) reported as prey of invertebrates (22 families; at least 57 
species) and the microhabitat where the predation occurred. Anuran specific names follow Frost (2004), and thus some genera and species are updated . 

Predators' abbreviations are in table 1. An asterisk (*) after the anuran names indicates the recognized presence of a high amount of biologically active 
skin secretions. 

Anurans (Prey) Invertebrates (Predators) Predation microhabitat References 

Ascaphidae 
Ascaphus truei Hellgrammite — unidentified (Mh) Pool in the stream Jones and Raphael, 1998 
Bufonidae 
Bufo bufo * Formica rufa (Hf) Lake margin Zuffi, 2001 
Bufo crucifer * Lethocerus grandis (Hb) Temporary pond Haddad and Bastos, 1997 
Bufo houstonensis * Solenopsis invicta (Hf) Litter Thomas and Allen, 1997 
Bufo marinus * Iridomyrmex purpureus (Hf) Pond margin Clerke and Williamson, 1992 
Bufo marinus * Scolopendra alternans (Gc) Leaf litter Carpenter and Gillingham, 1984 
Bufo terrestris * Lethocerus sp. (Hb) Temporary pond McCoy, 2003 
Centrolenidae 
Centrolene prosoblepon Cupiennus sp. (Ac) Over rocks, near the water Hayes, 1983 
Hyalinobatrachium fleischmanni Cupiennus sp. (Ac) Over leaf Hayes, 1983 
Dendrobatidae 
Colostethus inguinalis Freshwater crab — unidentified (Dc) Not provided Duellman and Trueb, 1994 
Dendrobates auratus * Sericopelma rubronitens (At) Litter Summers, 1999 
Dendrobates pumilio * Paraponera clavata (Hf) Litter Fritz et al., 1981 
Hylidae 
Acris crepitans Hogna helluo (Al) Semi-permanent wetland Blackburn et al., 2002 
Acris gryllus Dolomedes sp. (Ap) Edges of water body Goin, 1943 
Hyla albomarginata Belostoma sp. (Hb) Temporary pond Froehlich, 2001 
Hyla albosignata Tarantula — unidentified (At) Vegetation over water A. Antunes, unpubl. data 
Hyla cinerea Dolomedes okefinokensis (Ap) Vegetation over water Jeffery et al., 2004 
Hyla cinerea Acanthepeira stellata (Aa) Not provided Lockley, 1990 
Hyla crepitans Belostoma sp. (Hb) Permanent pool Mijares-Urrita et al., 1997 
Hyla ebraccata Cupiennius coccineus (Ac) Swamp Szelistowski, 1985 
Hyla japonica Diplonychus japonicus (Hb) Flooded rice field T. Hirai, unpubl. data 
Hyla japonica Dolomedes sulfurous (Ap) Flooded rice field T. Hirai, unpubl. data 
Hyla japonica Laccotrephes japonensis (Hn) Flooded rice field T. Hirai, unpubl. data 
Hyla japonica Lethocerus deyrollei (Hb) Flooded rice field Hirai and Hidaka, 2002 
Hyla jimi Belostoma elongatum (Hb) Temporary pond Toledo, 2003 
Hyla minuta Belostoma elongatum (Hb) Temporary pond Toledo, 2003 
Hyla minuta Lethocerus delpontei (Hb) Permanent pond Bastos et al., 1994 
Hyla minuta Dolomedes sp. (Ap) Permanent pond Bastos et al., 1994 
Hyla minuta Ancylometes vulpes (Ap) Permanent pond Bernarde et al., 1999 
Hyla minuta Ancylometes gigas (Ap) Permanent pond Bernarde et al., 1999 
Hyla miotympanum Abedus sp. (Hb) Permanent stream Pineda, 2003 
Hyla nana Thaumasia sp. (Ap) Swamp Pramuk and Alamillo, 2002 
Hyla sanborni Diapontia cf. uruguayensis (Al) Web over pond Del-Grande and Moura, 1997 
Hyla versicolor Argiope aurantia (Aa) Web near pond Steehouder, 1992 
Hyla versicolor Lethocerus americanus (Hb) Pond Hinshaw and Sullivan, 1990 
Litoria caerulea Hierodula werneri (Mm) Not provided Ridpath, 1977 
Litoria caerulea Atrax formidobilis (Ad) Not provided McCormick and Polis, 1982 
Litoria ewingi Catadromus lacordairei (Cb) Not provided LittleJohn and Wainer, 1978 
Litoria lesueurii Lycosa lapidosa (Al) On the rocks of a creek bed Raven, 1990 
Litoria raniformis Archimantis latistyla (Mm) Not provided Ridpath, 1977 
Pseudacris crucifer Diving beetle — unidentified (Cd) Temporary pond Hinshaw and Sullivan, 1990 
Pseudacris feriarum Dolomedes triton (Ap) Temporary pond Mitchell, 1990 
Pseudacris ocularis Lycosa sp. (Al) Ground, near water body Owen and Johnson, 1997 
Scinax alter Ancylometes rufus (Ap) Over aquatic vegetation Prado and Borgo, 2003 
Scinax alter Thaumasia sp. (Ap) Water surface Marra et al., 2003 
Scinax cruentommus Wolf spider — unidentified (Al) Vegetation over ground Aucone and Card, 2002 
Scinax elaeochroa Cupiennius coccineus (Ac) Swamp Szelistowski, 1985 
Scinax fuscomarginatus Oxyuptychus brasiliensis (Ah) Vegetation over pond Brand„o and Garda, 2000 
Scinax fuscomarginatus Tarantula — unidentified (At) Temporary pond L. F. Toledo, unpubl. data 
Scinax fuscomarginatus Water bug — unidentified (Hb) Temporary pond L. F. Toledo, unpubl. data 
Scinax ruber Preying mantis — unidentified (Mm) Over vegetation J. L. Guillaumet, unpubl. data 
Scinax squalirostris Belostoma elongatum (Hb) Temporary pond Toledo, 2003 
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TABLE 2. Continued. 

Anurans (Prey) Invertebrates (Predators) Predation microhabitat References 

Scinax sp. (ciff. similis) Belostoma elongatum (Hb) Temporary pond Toledo, 2003 
Hyperoliidae 
Hyperolius marmoratus Thalassius fimbriatus (Ap) Laboratory situation McCormick and Polis, 1982 
Leptodactylidae 
Eleutherodactylus coqui Olios sp. (As) Above ground Formanowicz Jr. et al., 1981 
Eleutherodactylus coqui Oligoctenus ottleyi (Al) Not provided Formanowicz Jr. et al., 1981 
Eleutherodactylus coqui Phrynus palmatus (Am) Not provided Formanowicz Jr. et al., 1981 
Eleuthemdactylus coqui Thyus obtusus (Sc) Vegetation over ground Villanueva-Rivera et al., 2000 
Eleutherodactylus zugi Ctenus vernalis (Ac) Ground inside cave Novo et al., 1985 
Eleutherodactylus sp. Paraponera clavata (HO Litter Fritz et al., 1981 
Eleutherodactylus spp. Cupiennius coccineus (Ac) Experimental condition Szelistowski, 1985 
Hylodes phyllodes Trachalea keyserlingi (Ap) Leaf litter next to a stream Schiesari et al., 1995 
Leptodactylus knudseni * Theraphosa lebondi (At) Not provided Boistel and Pauwels, 2002 
Leptodactylus labyrinthicus * Belostoma elongatum (Hb) Temporary pond Toledo, 2003 
Leptodactylus ocellatus Lethocerus annulipes (Hb) Not provided Lima, 1940 
Physalaemus cuvieri Belostoma elongatum (Hb) Temporary pond Toledo, 2003, Brasileiro et al., 2003 
Physalaemus fuscomaculatus * Belostoma elongatum (Hb) Temporary pond Toledo, 2003 
Physalaemus cf. fuscomaculatus * 	Lethocerus sp. (Hb) Temporary pond Giaretta and Menin, 2004 
Physalaemus pustulosus Sericopelma rubronitens (At) Leaf litter Gray et al., 1999 
Physalaemus spiniger Wolf spider — unidentified (Al) Temporary pond L. M. Giasson, unpubl. data 
Limnodynastidae 
Limnodynastes tasmaniensis Catadromus lacordairei (Cb) Not provided LittleJohn and Wainer, 1978 
Neobatrachus centralis Selenotypus sp. (At) Not provided Raven, 1990 
Neobatrachus centralis Selenocosmia crassipes (At) Not provided McCormick and Polis, 1982 
Microhylidae 
Microhyla ornata Lycosa carmichaeli (Al) Not provided McCormick and Polis, 1982 
Myobatrachidae 
Crinia pseudinsignifera Aganippe raphiduca (Az) Ground, near spider burrow Butler and Main, 1959 
Crinia signifera Chlaenius darlingensis (Cb) Margin of pond Robertson, 1989 
Uperoleia laevigata Chlaenius darlingensis (Cb) Margin of pond Robertson, 1989 
Pelobatidae 
Spea multiplicata Tabanus punctifer (Di) Mud margin of pond Jackman et al., 1983 
Spea multiplicata Cicindela sedecimpunctata (Cc) Not provided McCormick and Polis, 1982 
Pipidae 
Xenopus laevis * Dolomedes triton (Ap) Laboratory situation Rogers, 1996 
Rhacophoridae 
Rhacophorus arboreus Cybister japonicus (Cd) Flooded rice field T. Hirai, unpubl. data 
Rhacophorus schlegelii Laccotrephes japonensis (Hn) Flooded rice field T. Hirai, unpubl. data 
Rhacophorus schlegelii Lethocerus deyrollei (Hb) Flooded rice field Hirai and Hidaka, 2002 
Ranidae 
Euphlyctis cf cyanophlyctis Lycosa barmanica (Al) Not provided McCormick and Polis, 1982 
Fejervarya limnocharis Lethocerus deyrollei (Hb) Flooded rice field Hirai and Hidaka, 2002 
Rana cascadae Lethocerus sp. (Hb) Lake Nauman and Dettlaff, 1999 
Rana clamitans Wolf Spider — unidentified (Al) Grass field Neil, 1948 
Rana nigromaculata Epomis nigricans (Cb) Flooded rice field T. Hirai, unpubl. data 
Rana nigromaculata Lethocerus deyrollei (Hb) Flooded rice field Hirai and Hidaka, 2002 
Rana porosa Lethocerus deyrollei (Hb) Irrigation ditch (rice field) T. Hirai, unpubl. data 
Rana rugosa Lethocerus deyrollei (Hb) Flooded rice field T. Hirai, unpubl. data 
Unidentified anurans 
Frog Grammostola sp. (At) Not provided McCormick and Polis, 1982 
Frog Lasidora sp. (At) Not provided McCormick and Polis, 1982 
Frog Birgus latro (Dc) Not provided McCormick and Polis, 1982 
Frogs and toads Mastigoproctus giganteus (Ut) Not provided McCormick and Polis, 1982 
Green Frog Nephila plumipes (Aa) Not provided McCormick and Polis, 1982 
Green Tree Frog Nephila plumipes (Aa) Not provided McCormick and Polis, 1982 
Leptodactylidae, Brown Frogs Wolf Spider — unidentified (Al) Not provided McCormick and Polis, 1982 
Tree Frog Dolomedes okefenokensis (Ap) Not provided McCormick and Polis, 1982 
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FIG. 2. Percentage of different anuran species that were preyed upon 
by different invertebrate families based on references listed in Table 2 
(Ntow  = 89 accounts). White bars indicate predation events reported to 
occur in the water; dark bars indicate predation events out of the water; 
gray bars indicate predation events both in and out of the water; and striped 
bars represent lack of information on the microhabitat in which the pre-
dation occurred. 

et al. (2003) provided duplicate reports of the predation of 
Physalaemus cuvieri by the same water bug species (Belostoma 
elongatum) at the same study site. Nevertheless, repeated records 
may be beneficial as they provide more evidence for an actual 
predator-prey relationship, and may help determine if any geo-
graphic variation occurs in the predator-prey relationship. 

Despite the considerable number of reports much more infor-
mation is likely to appear in the next few years. However, the 
simple descriptions of a predatory event without providing fur-
ther details (e.g., microhabitat and prey activity before predation -
data that should generally be available to the observers) make fu-
ture discussions and predictions difficult (see Greene 1993). There-
fore, even reports on simple interactions between predator and 
prey (particularly in the context discussed here) should provide 
more detailed accounts whenever possible (see complementary 
discussions in Greene 1986; 1993). 
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Crocodilian diets can be studied by observing what an animal 
eats, conducting feeding trials on captive animals, performing bio-
chemical and isotope analysis, or by obtaining samples of the in-
gested food from the stomachs of wild animals. Stomach contents 
can be obtained post-mortem from specimens killed for that pur-
pose or collected incidentally from commercial harvests. How-
ever, many crocodilian species are threatened or endangered and 
there are ethical and practical constraints on killing animals for 
study. Therefore, non-lethal methods have been developed to ob-
tain stomach contents from live crocodilians without causing them 
harm. 

Non-lethal methods used to obtain the stomach contents of croco-
dilians fall into three categories: invasive scoops that mechani-
cally retrieve material through the esophagus (Taylor et al. 1978), 
irrigation methods that introduce water and flush material from 
the stomach (Fitzgerald 1989; Taylor et al. 1978) and combina-
tions of these (Webb et al. 1982). These methods vary in effec-
tiveness at recovering all the stomach contents, ease of applica-
tion in the field and degree of invasive trauma to the animal. The 
purpose of this study is to evaluate the hose-Heimlich technique 
(irrigation method) for accuracy and to check for internal damage 
on American Alligators (Alligator mississippiensis). We also re-
port on the effectiveness of the hose-Heimlich technique used 
during an alligator diet study, and we investigate alternative water 
sources for use with this technique. 

The hose-Heimlich technique described by Fitzgerald (1989) 
was used to obtain the stomach contents from live adult American 
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alligators during a diet study at three lakes in central Florida in 
2001-2003 (Rice 2004). Alligators were caught from an airboat 
between 2200 and 0400 h and tagged, weighed, measured, lavaged, 
and then released back into the lake. We tested the accuracy and 
reliability of the hose-Heimlich technique in 2001 on 20 alliga-
tors, which were lavaged and then euthanized for collection of 
tissues for another study. We examined the stomach contents at 
necropsy to determine the proportion of contents previously re-
covered. In addition, we checked for any damage to the esopha-
gus or stomach caused by the procedure. 

To perform the hose-Heimlich technique, each alligator was 
strapped to a 245 x 31 cm plywood board and placed at an incline, 
resting on a wood sawhorse. The jaws were secured opened with a 
heavy-duty PVC pipe (200 mm length, between 60 and 150 mm 
diameter) of appropriate size. A soft Teflon hose (5-15 mm diam-
eter) coated with mineral oil was inserted through the esophagus 
and into the stomach. We previously had established by dissection 
that the fourth whirl of scutes anterior to the hind legs provided an 
external marker of the posterior end of the stomach allowing proper 
placement of the hose. The Teflon hose was connected to a garden 
hose and, subsequently, a water source. The water source was a 
domestic water supply, or the lake using an electric bilge pump or 
a 3.5 hp Briggs and Stratton motor driven pump. All sources de-
livered water at the rate of approximately 50 L/min. 

Each alligator was angled down with its mouth positioned over 
a 68 L bucket. With the hose in the alligator's stomach and the 
water running, the animal's abdomen was squeezed in a manner 
similar to the Heimlich maneuver (Heimlich 1975) resulting in 
the expulsion of stomach contents and water into the bucket. This 
lavaging process was repeated until only clear water was entering 
the bucket. The contents of the bucket were poured through a 0.5 
mm mesh nylon strainer and collected in 10% buffered formalin 
in a 1 L plastic jar labeled with lake, date, and identification num-
bers on each jar. 

The hose-Heimlich technique has been successfully used in sev-
eral studies to obtain the stomach contents from live crocodilians 
(Barr 1994, 1997; Fitzgerald 1989). Fitzgerald (1989) tested the 
technique for effectiveness on Spectacled Caiman (Caiman 
crocodilus) and found that it removed 100% of the caiman's food 
content. However, Fitzgerald (1989) did find that some caiman 
retained stones in their stomach. In the 20 alligators that were 
lavaged and then dissected, we found only one instance where the 
hose-Heimlich technique was incomplete. During necropsy, we 
found a large piece of gar (Lepisosteus sp.) that had blocked the 
sphincter and thus prevented the exit of water and stomach con-
tents. Therefore, we characterized an incomplete lavaging pro-
cess by low water and stomach content output, and by bloating of 
the stomach area that made it impossible to squeeze. 

The technique does sometimes cause minor irritations to the 
alligator's esophagus and cardiac sphincter; however, most of these 
irritations were minor (Fitzgerald 1989). We also found some abra-
sions on the alligator's esophagus and cardiac sphincter, but be-
lieve that these were minor and temporary. Animals kept in cap-
tivity for periods up to 14 months and those recaptured (two re-
captures occurred 63 days after receiving the hose-Heimlich tech-
nique) appeared normal (Rice 2004). 

During the study of alligator diets in three central Florida lakes 
(Rice 2004), the technique was applied to 162 adult alligators (182-  

304 cm total length [TL]) and an incomplete sample (described 
above) occurred four times. The prey obtained varied in size from 
invertebrates that weighed < 1 g to fishes weighing over 300 g. 
The technique also was successful in obtaining non-prey items 
including vegetation, wood, rocks, toys, fishing lures, and fishing 
line. 

Fitzgerald (1989) identified the need for water under pressure 
as a disadvantage to the hose-Heimlich technique. However, by 
using a bilge pump or gas powered motor, we adapted the method 
for use where a domestic water source was unavailable, and both 
alternate water sources worked as well as a domestic water source. 
Barr (1997) also used a portable water pump to flush hundreds of 
alligator stomachs. 

The hose-Heimlich technique proved to be most effective on 
alligators 290 cm TL. Two separate attempts to lavage alligators 
304 cm TL failed because we were not strong enough to squeeze 
the alligator's large abdominal area. The largest alligator that was 
successfully lavaged was 290 cm TL. The largest caiman Fitzgerald 
(1989) tested the hose-Heimlich technique on was 108 cm snout-
vent length (ca. 216 cm TL) and the largest alligator Barr (1997) 
sampled was 317 cm TL; however, most of Barr's (1997) study 
animals were < 152 cm TL. When examining the diet of large 
alligators (i.e., > 290 cm TL), it might be advisable to use an alter-
nate technique. 
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Knowledge of animal coloration is of central importance to un-
derstanding sexual selection, predator-prey relationships, and ther-
moregulation (Cloudsley-Thompson 1999; Endler 1990; Norris 
1967). However, describing animal color signals is a conceptual 
and technical challenge. Two sets of methods have been primarily 
used to meet this challenge: human-based (e.g., Zucker 1988) and 
spectrophotometric methods (Endler 1990). 

Munsell color chips are a human-based method often used to 
quantify animal colors (e.g., Zucker 1988). This method involves 
matching by eye samples of printed colors to animal colors. These 
colors are quantified by assigning them a hue (or dominant wave-
length), saturation (or purity of color), and brightness (or total 
reflectance across a given bandwidth) based on a match to a color 
chip with those values. However, because such measures are sub-
jective, both infra- and inter-observer repeatabilities of scores are 
likely to be low. Another difficulty is that low intensities of ambi-
ent light can lead to several colors of different hues, saturations, 
and brightnesses appearing identical to a human observer. The 
quality of ambient light can also be problematic: in a forest where 
green light is reflected from trees, a white surface will appear green 
(Endler 1990). Another limitation of color chips is that they offer 
discrete choices for continuously varying hue, saturation and 
brightness. Finally, any human-based method ignores the fact that 
two colors that appear identical to a human observer might be 
perceived as different by another animal due to varying retinal 
sensitivities. Therefore, color methods based solely on human abili-
ties have only limited power to determine the color variation that 
other animals perceive. 

Spectrophotometry (Endler 1990), while much more objective 
than human based observations, also has limitations. Unlike hu-
man-based methods, spectrophotometry can be used to analyze 
colors well outside the gamut of those perceptible to humans. 
However, as with color chips, spectrophotometers only take point 
measurements of reflectance spectra, and thus cannot analyze color 
patch sizes and color patterns. Additionally, spectrophotometry is 
logistically difficult and invasive, since it requires capturing an 
animal and restraining it under a sensor. This drawback may be 
particularly problematic for lizard color analysis, since some liz-
ards change color rapidly when handled (Norris 1967). 

We present a new method for quantifying animal colors and 

their substrates using digitized photographs. While this method 
may not capture all the color variation perceived by any given 
animal, it offers advantages over other methods in that it is objec-
tive, allows for analyses of color patterns rather than single points, 
and allows determination of the size of a color patch. It may also 
be used to quantify dorsal colors of animals and that of their back-
grounds in nature without capture. This method differs from most 
previous photographic-based methods in that other methods have 
either used subjective assessments of photographs (West and Packer 
2002), or have quantified unstandardized photographs (Haeger 
2002). We present data from analyses of color pattern variation in 
Ornate Tree Lizards (Urosaurus ornatus). This study has two ob-
jectives: to present a method for color analysis of photographs, 
and to apply these methods to two specific instances of color analy-
sis in U. ornatus. We further suggest photography-based techniques 
that are not limited by human-visible spectra as measured by typi-
cal photographs. 

Study Animals.—Ornate Tree Lizards (U. ornatus) have been 
the subject of numerous accounts of how color patterns may be 
used in conspecific signaling. Hover (1985), as well as Thompson 
and Moore (1991), described how gular (= throat) color badges 
may influence dominance relationships. These authors categorized 
male tree lizards into two groups: lizards with a patch of blue or 
green surrounded by a ring of yellow or orange were categorized 
as 'orange-blue' males that assumed a dominant social status. Al-
ternatively, 'orange' males were those that did not have a distinct 
central patch and were submissive in social interactions (Thomp-
son and Moore 1991). These authors defined an orange-blue male 
as one that had more than 10% of his total gular patch comprised 
of the central blue patch, whereas an orange male was one that 
had less than 10%. These operational definitions apply to most 
animals in some populations (P. Hamilton, pers. obs.; Thompson 
and Moore 1991). However, some individuals do not readily fall 
into either the orange-blue or orange categories. This includes 
males that have two distinct colors that blend together, rather than 
forming a distinct central and peripheral color, and males with a 
yellow central patch with an orange periphery and those with a 
purplish center and an orange periphery (Fig. le). 

Tree lizards have been the subject of study for another color-
based intraspecific signal, termed dorsal darkening (Zucker 1994). 
Zucker (1994) found that once a male gained a dominant status, it 
would exhibit a dark dorsal color, while losers of dominance in-
teractions displayed a lighter color resembling that of females. 
Dorsal darkness was measured by comparing a lizard's dorsal color 
to that of a grayscale standard. Subjectivity is a concern here. If 
the scorer of such colors knows the contest outcome and then scores 
darkness, such scores may be biased. Furthermore, in order to be 
blindly scored by naive observers, the lizard must be removed 
from its social setting, which can cause the dorsal color to change 
rapidly from handling stress (Norris 1967). Thus, as for gular col-
ors, there is a need for an unbiased, quantitative measure of color 
for analyses of dorsal darkness that reduces or eliminates the po-
tential effects of handling stress. 

Although Ornate Tree Lizards vary extensively in color char-
acteristics, this study is not intended to characterize all, or even 
most, of the color variation found. Rather, it is an attempt to apply 
a new technique to specifically describe throat types and dorsal 
darkness. Thus, we shall only present data that bears on variables 
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FIG. 1. A digitized image (a) is separated into three digital layers: b) Hue, c) saturation, and d) total reflectance are each represented as optical 
density. E) A representative sample of throat colors in Ornate Tree Lizards from Sierra Estrella, Arizona, USA. 
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that have previously been used to describe these traits: hue and 
size of gular color patches, and reflectance of the dorsum. 

METHODS AND MATERIALS 

The lizards used in this experiment were collected from the 
Estrella Mountain Regional Park in Maricopa Co., south-central 
Arizona. Two analyses were performed. The first used photographs 
of tree lizard venters to quantify gular colors. The second used 
photographs of unrestrained male and female lizards in the field 
to obtain darkness of both lizard dorsums and backgrounds. 

Colors in a photograph are subject to variation in ambient light-
ing, exposure, type of film, processing and other factors, and there-
fore standardization of each photograph is necessary. This is ac-
complished by taking additional photographs of a color standard 
(GretagMacbeth 1998) with lizard photographs (Figs. 1, 2). 

For ventral photographs, Kodachrome ISO 64 transparency film 
was used with a fully manual SLR camera, so that each photo-
graph was taken with the same exposure and aperture (f-stop 11, 
shutter speed 1/60). All photographs on a single roll of film were 
taken under identical conditions: either under photographic lamps 
indoors; or in the field, under shade, using a macro ring-flash with 
a manual setting (Vivitar 5000 Macro Flash). Each photo on a 
single roll of film was taken with the same subject to camera dis-
tance and the camera in a fixed position on a tripod. These proce-
dures virtually eliminated the effects of ambient lighting, as was 
demonstrated by shooting exposures with the same setting with-
out flash or lamps which resulted in nearly black photographs. A 
photograph of the color standard (Fig. 1) was taken at the begin-
ning of each roll, serving as a standard for the subsequent photo-
graphs of lizards. Ventral photographs were taken of 43 male tree 
lizards, while they were restrained on top of an 18% neutral gray 
background (Fig. 1) along with a mm ruler. 

For dorsal photographs, Kodachrome 200 transparency film was 
used with a fully manual SLR camera and a telephoto lens on a 
tripod. All dorsal photographs were of free-ranging tree lizards in 
situ (Fig. 2), that had been previously bead-marked (Fisher and 
Muth 1989), allowing identification of individual lizards The liz-
ard was then replaced by the color standard, which was also pho-
tographed (Fig. 2) using the same settings and conditions of the 
previously photographed lizard. This assures consistent exposure, 
aperture and lighting of each lizard photograph with the respec-
tive color standard photograph. We present data here on 233 male 
and 91 female tree lizards. To avoid psuedoreplication, individual 
lizards were used only once in each analysis presented here (dor-
sal and ventral color). 

The film was developed into transparencies (slides), using the 
same developer (A&I, Hollywood, California, USA; K-14 Pro-
cess) to assure consistency of quality. Transparency photographs 
of the lizards and color standard were digitized by scanning each 
image of the lizard and color standards with a transparency scan-
ner (CanoScan FS2710), resulting in a 3600 x 2400 pixel RBG 
digital image. All automatic and color correction options on the 
scanner and software were turned off. Digital imaging software 
(Scion Image, available at: http://www.scioncorp.com ; although 
this software has now been replaced by ImageJ: http:// 
rsb.info.nih.gov/ij/)  was used to correct for color biases in lizard 
photographs by calibrating with the respective known values of 
the color standard. We accomplished this by separating each im- 

FIG. 2. Examples of three lizard photographs and their corresponding 
photographs of a color standard: a) female, b) light colored male, and c) 
dark male. Grayscales taken with each lizard photograph are included as 
insets in each photo. 

age into three digital layers which represent hue, brightness (or % 
reflectance) and chroma (or saturation) each as optical density (Fig. 
1). The hue and brightness layers were calibrated by using regres-
sions between the actual hue and brightness of the color standard 
and the optical density of hue and brightness layers, respectively. 
This was done with the 'calibration' function in Scion Image. The 
actual hue values were those provided with the color standard. 
Reflectance of the gray samples in the standard were determined 
empirically with spectrophotometric analysis (results not presented, 
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data available upon request). Scion Image allows for the calibra-
tion regressions to be linear or nonlinear. Most of the calibrations 
used in this study were linear, and some were a second or third 
degree polynomial. The choice of model depended on the shape 
of the correction curve, and some corrections achieved a higher 
R2  for this regression with a nonlinear correction model. The cali-
brations attained from photos of the color standard were then ap-
plied to lizard photographs, thus removing the potential biases of 
film, developing, and digitizing, from the images. 

Using the 'measure' tool in Scion Image, optical density of a 
color patch in either the hue or brightness layer was then mea-
sured, resulting in either a hue score between 0-360 representing 
the 360 degrees of a color wheel, or a brightness score of 0-100%, 
representing total percent reflectance across the entire visible spec-
trum. Spatial scale was calibrated using the mm ruler in each ven-
tral photo and the 'Set Scale' option in Scion Image. Using photos 
thus corrected for hue and linear measurements, we measured size 
and hue of both inner and outer throat patches. Using photos cor-
rected for reflectance, we measured percent reflectance of both 
the lizard dorsum (excluding the head, neck, legs and tail) and a 
representative sample of rock background (Fig. 2). 

RESULTS 

Digitally derived hues of throat patches and digitally measured 
reflectance of dorsal darkness were highly correlated with values 
of the color standard. The average regression between known hue 
values and hues obtained from photos for throat patches resulted 
in a R2 = 0.95. The average regression for dorsal darkness had an 
R2  of 0.98. These measures indicate a high degree of accuracy in 
predicting hue and darkness, respectively. 

Analysis of throat patch sizes and hues of male tree lizards at 
Sierra Estrella revealed a great deal of continuous variation (Figs. 
1, 3) with some individuals that could be categorized as mono-
morphic for throat hue. These individuals were at 0% difference 
in hue degrees between patches. Individuals were categorized as 
having either more or less than 10% of their throat patch made up 
of a central color, although there was a large amount of variance 

Proportion Inner Patch/Total Patch Size 

Fm. 3. Throat colors of male Ornate Tree Lizards, as described by con-
trast in hue and size proportion of the central and peripheral throat patches.  

in this variable, with several individuals possessing central patches 
comprising 40% or more of the total patch. 

From the dorsal reflectance analysis, both sexes tended to have 
low percent reflectances, usually below 10% (Fig. 4). Furthermore, 
the backgrounds they rested on had similarly low reflectance, and 
females rested on slightly darker backgrounds than males, although 
not significantly so (two-tailed t-test, p = 0.220). Last, males tended 
to be darker than females (one-tailed t-test, p = 0.002, Fig. 4). 

DISCUSSION 

Throat Color—This study found that male tree lizards at Sierra 
Estrella exhibit largely continuous variation in the two throat patch 
variables: difference in hue between the inner and outer patch and 
proportion of the total patch comprised of the inner patch. Some 
individuals could be unambiguously assigned to a monomorphic 
throat class: those individuals that intercepted the y-axis in Fig. 3. 
However, among other individuals, considerable variation existed 
in both size and hue axes. Many individuals had a large inner patch 
(e.g., >30% of the total patch size) and possessed an inner patch 
that either perfectly matched, or greatly contrasted with, the outer 
patch in hue. This continuous variation in throat colors differs from 
the dichotomous morphs described in Thompson and Moore 
(1991). The discordance between studies might reflect differences 
in methodologies or geographic variation in signal design. Appli-
cation of the methods described herein to several populations might 
address these possibilities. 

Dorsal Darkness.—Males and females showed variation in dor-
sal reflectance, and males were darker than females. These data 
agree with those of Zucker (1994), who found that male tree liz-
ards in some populations change color to signal social status. Fur-
ther application of these methods will reveal if darker males may 
be sacrificing the degree of crypsis exhibited by females in order 
to convey their dominance status. Furthermore, because dark col-
oration might incur thermoregulatory cost, with darker animals 
heating faster (Norris 1967), dorsal darkness might indicate a handi-
cap or honest signal. This is another possibility that might be ex-
plored using these techniques. 

Color Methods.—The methods described herein allow simulta-
neous examination of patch size, shape, hue and brightness. These 
techniques allow quick and objective measurements to be taken 
of animal colors, and for dorsal colors, without the stress of han-
dling. The high R2  values for calibration of hue and reflectance 
obtained here show that the values obtained are consistent and 
accurate. These accuracies were consistent with different cameras, 
lenses, films (two types mentioned above), developers (as tested 
with an additional developer not used in the results herein), as 
well as ambient (sun, clouds, etc.) and artificial (lamps vs. flash) 
lighting. Data not presented here indicate that saturation of color, 
or `chroma' may similarly be estimated with such methods with 
an R2  of 0.80 (P. Hamilton, unpubl. data). It is important to note 
that the method described herein does not account for UV (ultra-
violet) signals. This is not likely a limitation in the study system 
described here given that color patches of U. ornatus do not con-
tain a strong UV signal (P. Hamilton and J. Macedonia, unpubl. 
data). 

An obvious extension of these methods would be to use digital 
photography, rather than digitizing film photographs. There should 
be no problem applying such methods, with the one exception 
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FIG. 4. Dorsal reflectance of male and female Ornate Tree Lizards, and 
their respective backgrounds. 

that each photograph of an animal needs to be taken exactly the 
same as that of the standard. Many digital cameras do not offer 
such capabilities, and in particular, flash output can not always be 
standardized. Further methodological advances using similar meth-
ods may be able to measure additional spectral information, such 
as UV, from digital images. Another potential application of such 
methodology would be by applying various photographic filters, 
one may selectively measure reflectance of a specific wavelength 
(Chiao et al. 2000). Thus, a grayscale image can be produced in 
which the value of each pixel represents the reflectance of the UV 
bandwidth, the range of spectral sensitivity for a particular photo-
receptor, or any other bandwidth of concern. Thus, one could ob-
tain images that exactly correspond to an animal's perception of 
color (e.g., Webster and Mollon 1997). Such methodology could 
also be extended to produce images that match the perception of 
potential competitors or predators (e.g., Sumner and Mollon 2003). 

In summary, analysis of animal color patterns in nature is fraught 
with conceptual and logistical difficulties. Researchers have gen-
erally dealt with animal color quantification in one of two ways: 
human-based (color chips) and technology-based (spectrophoto-
metric) methods. A third alternative, that contains elements of each 
traditional method, uses standardized digital images. By the care-
ful application of a photographic standard, one can eliminate nearly 
all potential biases in photographs (e.g., lighting, film, develop-
ing, digitizing). It is possible then to extract from such photos the 
three variables commonly used to classify colors: hue, brightness, 
and saturation. Additionally, dimensions of color patches may be 
simultaneously evaluated. We use such methods to evaluate two 

I 

applications of lizard color quantification: throat polymorphism 
and dorsal darkness in Ornate Tree Lizards, Urosaurus ornatus. 
For throat polymorphism, we measured the size and hue of throat 
color patches in male U. ornatus. This allowed us to evaluate a 
new quantitative and objective method for traditional ranking of 
throat polymorphism types. For dorsal darkness, we evaluated 
dorsal reflectance of free ranging tree lizards, and described the 
variation found in this elusive, plastic character. These methods 
could easily be applied to similar systems in which classification 
of colors is crucial to hypothesis testing, such as Uta stansburiana 
(e.g., Sinervo and Lively 1996). Additionally, studies of the ef-
fects of color on thermoregulation (e.g., Pearson 1977) could ben-
efit from the application of techniques that can assess total reflec-
tance as an indicator of solar energy absorption of animals in situ. 
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A variety of techniques have been proposed to facilitate collect-
ing small lizards including pitfall and wire-mesh traps (Doan 1997; 
Simmons 1987), sticky traps (Glor et al. 1992; Whiting 1998; 
Downes and Borges 1998), and baited traps (Zani and Vitt 1995). 
Several specialized techniques for capturing lizards have been 
developed as well including the use of sticky poles (Durtsche 1996), 
mechanical grabbers (Witz 1996), an exotic Vietnamese trapping 
technique (Ziegler 1999), and mesh barriers to facilitate hand cap-
ture (Paterson 1998). However, each of these methods has limita-
tions for capturing some lizard species. Here we describe a rela-
tively simple trapping method, a tube-trap, to capture small ter-
restrial lizards that use small mammal burrows or similar terres-
trial crevices as retreats. 

The tube-trap is constructed from a 2-L plastic bottle to form a 
transparent cylinder approximately 160-180 mm long and 30-35 
mm in diameter. The top and bottom of the bottle are cut off to 
obtain a rectangle approximately 110 x 180 mm and the long edges 
are fastened together with glue to form a cylinder (Fig. 1). A circle 
end cap is glued from the outside to one end, and from the other 
end a transparent door is attached by two fine wires that allow the 
door to swing in but not out. The diameter of the door should be 
slightly smaller (2-3 mm) than the diameter of the cylinder. A ring 
3-4 mm in width is glued to the outside of the door end to prevent 
the door from opening outwards. The end cap, ring, and door are 
made from another 2-L bottle. 

We tested this trap during June—July 2002 in South Urals, Rus-
sia on the sand lizard Lacerta agilis, primarily in steppe and semi-
forest habitats. In the field we chased lizards into refuges such as 
holes or crevices in the ground. Then we set the traps into these 
holes with the door end of the tube facing into the hole (if the 
crevice was too large relative to the trap, soil was used to fill in the 
gaps). We left the trap for 1.5 h while searching for other lizards. 
Within this time, lizards emerged from deep within their retreats 
and entered the tube-traps by pushing the door inwards as they 
attempted to reach the surface. The one-way opening of the door 
does not allow animals to escape from the trap. The tubes are easy 
to monitor for captures because they are transparent. 

Our total sampling period was 20 d (1260 trap/h). We set nine 
traps for 7 h (1000-1700 h) daily and checked them every 1.5 h. 
All animals found in the trap were removed and later released. No 
mortality was observed. Thirty-nine animals were captured in the 
tube-traps: nine males (23.1%) and 30 females (76.9%). There-
fore, the tube-trap appears to be an effective tool for capturing 
these small lizards in terrestrial retreats. 

There are several advantages of the tube-trap design: it is simple 
and inexpensive to make, compact and easy to transport, it can be 
positioned in a variety retreats, and it does not injure animals or 
require that they be removed from glue. Thus, the tube-trap should 
be useful for surveying and monitoring populations of other ter-
restrial lizards. 
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FIG. 1. Steps in the construction of the tube-trap. 1-2: cut off top and bottom of 2-L plastic bottle and form the rectangle into a tube; 3. attach circular 
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plastic ring outside the door to prevent the door from swinging out; 5: completed tube-trap. 
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Turtles provide excellent models for ecological, evolutionary, 
physiological, and toxicological studies of long-lived animals. In 
such studies, it is often necessary for individual turtles to be marked 
for long-term identification. Several techniques exist for perma-
nently marking individuals, including notching or drilling of the 
carapace, external attachment of metal or plastic tags, and internal 
injection of a coded, Passive Integrated Transponder (PIT) tag. 
Each of these methods has advantages and disadvantages, depend-
ing on research goals and study duration. While carapace alter-
ation has been successfully used in numerous population-level stud-
ies (e.g., Cagle 1939; Gibbons 1987), there is a finite number of 
mark combinations, limiting the number of animals that can be 
identified. Furthermore, marks may become obscured or indistin-
guishable from marks resulting from natural shell damage, and 
physical disfigurement of animals may be undesirable. External 
tags, which have been used most extensively in sea turtle research, 
may be lost or rendered unreadable after only a few years (Balazs 
1985, 1999; McDonald and Dutton 1996). 

An alternative to the above marking methods is the use of im-
planted PIT tags, inert glass-encased microchips and electromag-
netic coils encoded with unique alphanumeric labels, which are 
activated and recorded by a handheld reader. The PIT tag system 
is undoubtedly a superior method for animal marking with respect 
to long-term retention and readability. When properly implanted, 
these tags rarely corrode or break, and will theoretically remain 
operable for the lifetime of the individual. One-hundred percent  

tag retention and readability over an extended period of time with 
an absence of detectable negative effects on marked animals have 
been reported for several reptile species, including caiman (Dixon 
and Yanosky 1993), Leatherback Seaturtles (McDonald and Dutton 
1996), Red-eared Sliders (Buhlmann and Tuberville 1998; Runyan 
and Meylan, in press), Florida Cooters and Florida Red-bellied 
turtles (Runyan and Meylan, in press), and garter snakes (Keck 
1994). 

A drawback to the use of PIT tags is that animals marked only 
in this manner are not readily identifiable as study animals with-
out the proper scanning device. This problem is easily remedied 
by combining PIT tagging with a visible external mark common 
to all tagged animals, if appropriate. While the costs of employing 
PIT tagging was once prohibitive for many research programs, 
recent reductions in cost have made the systems affordable to a 
greater number of investigators. Currently, PIT tag scanners may 
be purchased for less than US $400 and tags for approximately 
US $4—$6 each. 

Specifically, marking of hatchling turtles in a manner that will 
remain unambiguous over long time periods presents a unique 
challenge. Techniques used for marking large juvenile or adult 
turtles generally are inappropriate for very small individuals. Of-
ten it is difficult to notch the carapace of a hatchling turtle so that 
the mark will remain discernable as the individual grows, and plac-
ing a metal or plastic tag on rapidly-growing external tissues can 
exacerbate the risk of tag loss and possibly impede movements by 
the juvenile. Whereas PIT tags have been successfully implanted 
into adult turtles in shoulder muscle (Balazs 1999), the inguinal 
region of the body cavity (Buhlmann and Tuberville 1998), and 
subcutaneously into a limb (Balazs 1999; Willem Roosenburg, pers. 
comm.; pers. obs.), the current minimum size of available PIT 
tags (2 mm diameter x 12 mm long) precludes intramuscular or 
subcutaneous insertion into hatchlings without causing severe 
trauma. Thus, in this study we explored an alternative technique 
for implanting PIT tags into hatchlings that would minimize trauma 
while remaining detectable for a long period of time. 

We tested the efficacy of insertion of PIT tags into the perito-
neal cavity of juvenile Painted Turtles (Chrysemys picta), as has 
been done successfully in hatchling caiman (Dixon and Yanosky 
1993) and snakes (Keck 1994). We were interested in determining 
whether hatchling turtles could be tagged in such a manner with-
out affecting survival or growth. Additionally, we monitored tag 
retention and readability for nearly one year following implanta-
tion. 

Turtles used in this study were four weeks post-hatching (ab-
sorption of external residual yolk was complete) and were derived 
from five laboratory-incubated clutches. The clutches were ob-
tained from gravid C. picta females caught between 22 May and 7 
June 2002 in southern Maryland. Oviposition was induced using 
intraperitoneal injections of oxytocin at a dosage of 20 IU/kg (Ewert 
and Legler 1978). We randomly selected eight individuals to be 
tagged from a pool of 18 hatchling turtles. Hatchlings were ran-
domized in such a manner that at least one individual from each 
clutch was included in each of the two treatment groups. Wet mass 
and carapace length (CL) of each individual were measured prior 
to insertion of PIT tags, at the time of tagging, and on three subse-
quent dates When size variables were later analyzed it became 
apparent that average initial sizes of tagged individuals exceeded 
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TABLE 1. Summary statistics and comparisons of juvenile traits in tagged and untagged individuals. Results are presented as means ± 1 SE (when 
applicable). CL = carapace length. 

Treatment N inmal 
Initial mass Initial CL Survival Final mass Final CL Instantaneous Instantaneous 

(g) (mm) (%) (g) (mm) growth rate growth rate 
(mass: g-1 ) (CL; mm- ' )  

Tagged 8 4.75 ± 0.18 24.9 ± 0.30 87.5 13.38 ± 2.49 39.0 ± 2.7 0.079 ± 0.016 0.032 ± 0.01 
Untagged 10 3.81 ± 0.16 23.1 ± 0.25 80 11.88 ± 2.23 36.9 ± 2.8 0.084 ± 0.16 0.033 ± 0.01 

P = 0.001 
	

P = 0.001 
	

P= 0.661 
	

P = 0.590 
	

P = 0.829 
	

P= 0.937 

those of untagged individuals. Mean initial measurements (± 1 SE) 
for wet mass and CL were 4.75 ± 0.18 g and 24.9 ± 0.30 mm for 
tagged individuals and 3.81 ± 0.16 g and 23.1 ± 0.25 mm untagged 
individuals (Table 1). The differences in both initial mass and ini-
tial CL were statistically significant at the beginning of the study, 
yet sizes of the two groups had converged by the end of the study 
(Fig. 1). Both the long duration of the experiment and the nearly 
identical growth rates and trajectories of the two groups (Tablel, 
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FIG. 1. Growth trajectories based upon change in mass (upper panel) 
and change in carapace length (lower panel) for tagged and untagged 
Chrysemys picta hatchlings monitored from August 2002 until Septem-
ber 2003 at the Chesapeake Biological Laboratory in Solomons, Mary-
land. Data presented are means ± 1 SE. 

Fig. 1) suggest that initial size differences did not influence the 
results. 

Individuals to be tagged were blotted dry and the skin of the left 
inguinal fossa was cleaned with a topical antiseptic (10% povi-
done-iodine solution). A sharp 1 mm internal diameter PIT tag in-
sertion needle and tag (1 x 12 mm, model TX 1400L, Biomark 
Inc., Boise, Idaho), and a blunt probe were soaked for ca. one 
minute in 91% isopropyl alcohol prior to loading the tag into the 
needle. After extending the left hind leg, the needle was placed 
beveled-edge upwards against the taut abdominal skin midway 
between the limb and the plastron. Pressure was gently applied 
until only the bevel of the needle pierced the skin. Thus the shaft 
of the needle did not enter the body cavity, minimizing wound 
size and potential contact with internal organs. As the needle was 
maintained in position, the tag was slowly pressed through the 
incision using the plunger of the needle until the tag was com-
pletely expelled from the needle. The result of this procedure was 
insertion of the PIT tag into the peritoneal cavity, with the rearmost 
portion (< 1 mm) of the tag protruding through the incision. The 
sterilized blunt probe was then used to gently push the protruding 
end of the tag into the cavity. 

We observed no blood loss during or after the tagging proce-
dure, probably because integumentary and peripheral vasculariza-
tion is minimal in this region of the body. Immediately after inser-
tion of the tag, the incision was cleaned with 10% povidone-io-
dine solution, re-dried, and treated with an antiseptic liquid ban-
dage containing 1% 8-hydroxyquinoline (New Skin', Medtech, 
Jackson, Wyoming) which served to seal the incision and protect 
it from infection. Tagged individuals were placed in individual 800 
ml plastic containers that contained a paper towel moistened with 
a 5% dilution of household chlorine bleach in well water. At two-
day intervals over the following ten days, individuals were re-
treated with New Skin and the towels were replaced. 

During the first few days of the ten-day post-operative period, 
the tags in two individuals were partially expelled from the body 
cavity (< 2 mm extended outside of the body cavity). These tags 
were gently re-seated with a sterile probe prior to being re-treated 
with povidone-iodine solution and New SkinTM.  Note that in sub-
sequent work with adults of other species in which tags were placed 
subcutaneously in a limb, we have found that the use of an adhe-
sive (LocktiteTM  Super Glue, Henkel Consumer Adhesives, Avon, 
Ohio) similar to that currently used in human medicine (e.g., Wood 
et al. 1992) resulted in 100% tag retention over 3-4 week post-
tagging. Thus this product might prove more effective for closing 
tagging sites than the compound employed in the current study. At 
the end of ten days, all tagged individuals were examined to en-
sure that the incision had visibly closed. Additionally, all individuals 

10 
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received unique identifications painted onto the carapace using 
non-toxic acrylic paint that was reapplied as needed. None of the 
animals in either group was fed until after the 10-day period be-
cause hatchlings of this age were likely still resorbing internal 
yolk stores (despite prior absorption of the external portion of yolk). 

Following the post-operative holding period, mass and CL were 
measured in tagged and untagged individuals, and then all turtles 
were released into a common holding tank containing 19 L of well 
water. This and all subsequent measurements of mass of tagged 
turtles were corrected for the mass of the tag. Turtles were fed and 
water was changed at two to three-day intervals for the duration 
of the study. Food consisted of a gelatin-based aquaculture fish 
food containing 50% protein (Aquatic Eco-systems, Apopka, 
Florida) mixed with ground whole fish and shellfish. During the 
study, the laboratory in which the turtles were held was main-
tained between 21 and 24°C and light was provided by overhead 
fluorescent lights (12 hours light:12 hours dark) supplemented with 
natural light from a southwest-facing window 2 m from the hold-
ing tank. 

Individuals were measured and weighed at 1, 4, and 11 months 
post-tagging. Turtles were also scanned to verify tag retention us-
ing a Biomark Pocket Reader EX (Biomark Inc., Boise, Idaho) 
and examined for general health. 

Final wet mass, CL, and growth rates were compared using two-
sample t-tests. Instantaneous growth rates in mass and CL over 
the course of the study were calculated as: 

[ln (final mass or CL) - ln (initial mass or CL)] / 11 months 
(Ricker 1979) 

A Type I error rate of a = 0.05 was used for all statistical tests. 
All animals retained their tags for the duration of the study and 

we were successful in detecting all tags with the scanner. One 
turtle partially expelled its tag (< 1 mm protruded through the 
skin) during the first month after release into the holding tank. 
This tag was re-seated as described above. Survival, wet mass, 
and CL did not differ between treatments (Table 1). Growth tra-
jectories are shown in Figure 1. Instantaneous growth rates over 
the course of the study did not differ between tagged and untagged 
individuals (Table 1). We did not observe any detectable changes 
in behavior between groups that might influence survival prob-
abilities of turtles released into the wild. 

The results of this study suggest that PIT tags can be success-
fully injected into the peritoneal cavity of hatchling turtles with-
out affecting growth and survival. Because C. picta is character-
ized by relatively small hatchling body sizes, it is likely that this 
technique could also be applied to other species characterized by 
small hatchling size. 

The study was terminated in August 2003, when the turtles were 
one year post-hatching, and therefore we do not know how much 
longer the tags would be detectable by the scanner. As the turtle 
grows, it is possible that the tag will become more difficult to 
detect because of the addition of bone and flesh that might block 
communication between the tag and the scanner. However, used 
on full power and in optimal orientation to the body, most PIT tag 
scanners have a communication distance of 6-30 cm, depending 
upon the type of scanner used (www.biomark.com ). In addition, 
the other investigations cited in this report suggest little migration 
of PIT tags from their original implantation site. For example, 

Buhlmann and Tuberville (1998) and Keck (1994) found that PIT 
tags injected into the body cavity become attached in place by 
coelomic membranes or other connective tissues, minimizing mi-
gration and potentially allowing identification of individuals as 
they achieve a considerably larger size. Because our study lasted 
less than one year, we do not know how long the PIT tags would 
remain detectable as the turtles grow beyond the size achieved 
here. 
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The secretive nature of most snake species can hinder efforts to 
understand aspects of their ecology and population biology unless 
systematic capture techniques are employed and potential sam-
pling biases are recognized (Parker and Plummer 1987). For 
herpetofauna other than snakes (e.g., amphibians, lizards, and 
turtles) numerous studies of collecting methods and sampling re-
gimes have resulted in standardized methods, with well-elucidated 
biases (e.g., Dodd 1991; Dunham et al. 1994; Gibbons 1990; Heyer 
et al. 1994; Willson and Dorcas 2004; Willson et al. 2005). Sev-
eral collection techniques have been used successfully for terres-
trial snakes (reviewed in Fitch 1987, 1992), such as terrestrial drift 
fences with pitfall and funnel traps (Gibbons and Semlitsch 1981), 
road cruising (Dodd et al. 1989; Mendelson and Jennings 1992; 
Seigel and Pilgrim 2002), visual encounter surveys (Sun et al. 
2001), and artificial cover objects (Fitch 1992; Grant et al. 1992). 
For capturing snakes in aquatic habitats most studies have relied 
upon visual encounter surveys, opportunistic captures, or aquatic 
funnel traps (Casazza et al. 2000; Gibbons and Dorcas 2004; 
Madsen and Shine 2000; Seigel et al. 1995a; Seigel et al. 2000), 
but the effectiveness and biases of these methods have seldom 
been examined experimentally (e.g., Willson et al. 2005). 

Keck (1994) demonstrated that aquatic funnel traps can be used 
to successfully capture snakes in aquatic habitats and that baiting 
funnel traps with dead prey items (e.g., fish and amphibians) can 
increase capture rates. Here I chose a blocked experimental de-
sign that would allow a further, more powerful test of whether 
baiting traps increases capture rates of aquatic snakes. By design 
this experiment also examines whether aquatic snakes randomly 
enter funnel traps during movements or if they seek out funnel 
traps due to foraging behavior, thereby providing insight into some 
of the potential biases of aquatic trapping. 

This experiment was conducted from 4-25 June 2003 at Ellenton 
Bay, a protected Carolina bay wetland located on the U.S. Depart-
ment of Energy's Savannah River Site in South Carolina. Ellenton 
Bay is an ideal locality for aquatic trapping experiments because 
(1) it generally supports large populations of aquatic snakes, in-
cluding the focal study species, Seminatrix pygaea (Black Swamp 
Snakes; Winne et al. 2005) and (2) it is dominated by shallow 
water (< 1 m deep) and relatively uniform distributions of emer-
gent grasses (predominantly Panicum spp.), water lilies (Nymphaea 
odorata), and water shields (Brasenia schreberi), thus reducing 
variability in capture success attributable to heterogeneous habi-
tat distributions. Traps were set in shallow water with approxi-
mately 3-5 cm of the trap above water to reduce the possibility of 
drowning captured snakes. Two varieties of commercially avail- 

able cylindrical funnel traps, designed to capture minnows (i.e., 
minnow traps), were used during the study: steel (model G-40; 
Cuba Specialty Manufacturing Company, Fillmore, New York) 
and plastic (model 700; N.A.S Incorporated, Marblehead, Ohio). 
Steel funnel traps were 42 cm long and 19 cm in diameter, and 
constructed of galvanized steel mesh (mesh openings = 0.6 cm 
wide). Plastic funnel traps were 43 cm long and 16 cm in diam-
eter, and had slightly smaller mesh openings (0.4 cm wide). All of 
the funnel traps had two funnels, one on each end of the trap (open-
ings 2.5 cm in diameter), that extended 11 cm inwards towards the 
center of the trap. Throughout most of the study a total of 36 plas-
tic and 30 steel funnel traps was used (i.e., 18 and 15 pairs, re-
spectively); however, some pairs were not used during the first 
few days of the study. 

Aquatic funnel traps were set in pairs (traps within a pair < 1 m 
apart) and within pairs each trap was randomly assigned to serve 
as either a "baited" or an "unbaited trap." This blocked design 
removed any variation in trap success that could be due to micro-
habitat differences. Rather than actively baiting traps with dead 
prey items, baited traps were allowed to naturally accumulate (i.e., 
self-bait) live larval amphibians (e.g., tadpoles and salamander 
larvae) throughout the study. In contrast, the unbaited traps were 
emptied of their contents daily. At Ellenton Bay aquatic funnel 
traps rapidly accumulate amphibian larvae; as a result, unbaited 
traps were not always truly unbaited. However, because all snakes 
were captured after the second trap night, baited traps always con-
tained substantially more larval amphibians than unbaited traps. 
Traps were checked daily and all snakes were taken to the lab, 
where sex (presence or absence of hemipenes), snout—vent length, 
mass, and reproductive state (determined by palpation, Seigel et 
al. 1995b) were recorded. All snakes were individually marked 
(branding) and released at their point of capture. All predatory 
aquatic insects were removed daily from both baited and unbaited 
traps. 

I captured 47 adult S. pygaea over 1758 trap nights. I used Chi-
squared tests to test the null hypothesis that there were equal num-
bers of captures in baited and unbaited traps. There was an obvi-
ous bias in captures towards baited funnel traps: 79% of all snakes 

= 15.51, p < 0.001) and 88% 42= 9.94, p = 0.002) of all preg-
nant females were captured in the baited traps (Fig. 1). Capture 
rates (trap nights/captures) were over 3 times higher in baited traps 
(4.2% vs. 1.3%). 

The majority of S. pygaea were captured in baited funnel traps 
despite having an equal chance of encountering the unbaited fun-
nel traps located less than 1 m away. This result confirms Keck's 
(1994) finding that baiting increases capture rates of aquatic snakes 
and demonstrates the benefits of allowing traps to self-bait (e.g., 
Seigel et al. 1995; Winne et al. 2005). The strong bias in capture 
rates of baited funnel traps suggests that the majority of the aquatic 
trap captures were due to foraging behavior rather than random 
entry into traps. Indeed, Seigel et al. (2000) noted that another 
natricine snake, Thamnophis marcianus, often feeds on tadpoles 
inside aquatic funnel traps. Consequently, captures of snakes in 
aquatic funnel traps may be biased towards foraging individuals, 
a result which has important implications for inter- and intraspe-
cific comparisons of relative abundance within snake communi-
ties. 

There are at least four reasons why inter- or intraspecific differ- 
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Pregnant Males 

FIG. 1. Number of pregnant and non-pregnant female and male 
Seminatrix pygaea captured in baited vs. unbaited aquatic funnel traps at 
Ellenton Bay in June 2003. Overall, 79% of snakes (%2 =15.51, p < 0.001) 
were captured in baited traps. 

ences in foraging ecology could lead to biased estimates of rela-
tive species abundance or sex ratios in aquatic funnel traps. First, 
if species/sexes differ in foraging mode (i.e., active vs. sit-and-
wait foragers) funnel trap captures may be biased towards the spe-
cies/sex that is a more active forager. Second, if species/sexes dif-
fer in their diet any potential capture biases of funnel traps to-
wards certain prey species/sizes could translate into biases towards 
the species/sex that forages for that particular prey species/size. 
Third, in studies specifically comparing capture rates over time or 
among sites, capture rates may differ because of differences in 
accumulated bait. Lastly, if species/sexes differ in seasonal pat-
terns of active foraging funnel traps might result in biased esti-
mates of relative abundance during some seasons. 

The current study species, S. pygaea, may serve as one example 
of how intraspecific differences in foraging ecology might trans-
late into biased estimates of relative abundance using baited min-
now traps. Based on aquatic funnel captures, the Ellenton Bay 
population of S. pygaea is significantly female biased during May 
and June, but the sex ratio is equal during other parts of the year 
(Winne et al. 2005). This seasonal change in sex ratio is strongly 
correlated with sexual differences in foraging ecology. During May 
and June pregnant S. pygaea contain food items significantly more 
frequently than adult males (unpublished data), presumably be-
cause males are searching for mates instead of foraging for prey. 
In contrast, in other months of the year, when the sex ratio at 
Ellenton Bay is equal, males are frequently found with food items 
(unpublished data), indicating that they have resumed foraging. 

No single collection method is without biases (Fitch 1992), in-
cluding aquatic funnel trapping. Despite some inherent biases, 
aquatic funnel traps are effective at capturing large numbers of 
highly secretive aquatic snakes (Farancia spp., S. pygaea, and 
Regina rigida; Willson et al. 2005), which are particularly diffi-
cult to collect using other conventional methods (e.g., visual en-
counter surveys, terrestrial sampling; Gibbons and Semlitsch 1991). 
Further, aquatic funnel traps provide an excellent method for sys-
tematically tracking demographic changes in aquatic snake popu- 

lations (e.g., Madsen and Shine 2000; Seigel et al. 1995a) because 
they allow for highly repeatable sampling regimes and greatly re-
duce observer biases associated with visual observation and hand 
collecting techniques (Casazza et al. 2000; Keck 1994). The re-
sults of this study clearly demonstrate that aquatic funnel traps are 
most effective when baited and highlight the importance of con-
sidering some of the potential sampling biases inherent to this tech-
nique. 
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Detectability of vagile species is an important consideration 
when surveying populations. Without an approximation of the pro-
portion of individuals present that are detected by a given method, 
it is difficult to determine how well relative measures represent 
true population values (Boulinier et al. 1998; Burnham and Overton 
1979; Hyde and Simmons 2001; Norvell et al. 2003). This diffi-
culty can be compounded if detectability varies by time (Bonnet 
et al. 2002), temperature (Royle 2004), habitat (Hyde and Simmons 
2001; Prior et al. 2001; Weatherhead and Charland 1985; 
Weatherhead and Prior 1992), or segment of the population (Mar-
tin 1993; Prior et al. 2001). For cryptic taxa such as snakes, de-
tectability should be a particularly important factor because most 
individuals in a given area may not be seen. Despite its impor-
tance, detectability is generally not considered in field studies that 
estimate abundance of snakes (e.g., Mendelson and Jennings 1992; 
Seigel 1998; Stevenson et al. 2003; Sullivan 2000). 

Large-bodied, sedentary snakes (e.g., rattlesnakes) tend to avoid 
traps and artificial shelters (Fitch 1992; Ryan et al. 2002). For 
these species, time-constrained searches (searching a set area in a  

given amount of time) may be the most efficient method of sur-
veying the population. Rattlesnakes can be detected both visually 
and by hearing the rattle. Determining the detectability of snakes 
in time-constrained searches will provide an empirical foundation 
for population estimates, and a standard with which to evaluate 
alternative methods of detection. Using snakes equipped with ra-
dio transmitters, I tested how often, and under what conditions, 
individual Eastern Massasauga rattlesnakes (Sistrurus c. catenatus) 
were found by time-constrained searches when the snake was 
known to be present. 

Methods.—I opportunistically captured Massasauga rattlesnakes 
for use in the study by searching suitable habitat on the Bruce 
Peninsula, Ontario (Weatherhead and Prior 1992). I implanted 7 
adult snakes (2 non-gravid females, 5 males) with temperature-
sensitive radio transmitters (Model SI-2T, Holohil Systems Inc., 
Ontario) in 2002 and 2003 as part of a separate study. Surgical 
procedures generally followed Reinert and Cundall (1982). Post-
surgery, snakes were held for three days and then released at their 
point of capture. Snakes carrying implanted transmitters in this 
and other studies appeared to behave normally over extended time 
periods, although there is little comparative data from non-im-
planted snakes or experimental evaluation of the impact of im-
planted transmitters on behavior (Harvey, pers. obs.; Lutterschmidt 
and Reinert 1990). 

Each detectability trial was conducted by two individuals, a 
tracker and a searcher. After locating a snake with a transmitter, 
the tracker established a 50 x 50 m square around the snake using 
string. The snake's position within the square was randomly de-
termined for each trial using coordinates derived from a random 
number generator (Excel 2002). The searcher, naïve to the snake's 
location other than it was somewhere within the square, was given 
20 min to find the snake. Based on preliminary trials this was 
considered sufficient time to search the entire area at a steady pace. 
Upon completion of each trial, the temperature of the snake was 
determined from the transmitter pulse rate, and the percent of the 
snake that was visible from above was recorded to the nearest 
25%. If a snake was located by the searcher, the time required to 
find the snake and method of detection (audible, visual) were noted. 

Of the 61 trials conducted in June and July 2004, no more than 
two trials were conducted per snake per week, with each snake 
used in an equal number of trials overall (8 or 9 each). Trials were 
conducted during the day (0930-1600 h) in fields, marshes, and 
forests, and in a range of weather conditions. Trials were split 
equally between two experienced and fourteen inexperienced 
searchers. Experienced searchers had observed massasauga rattle-
snakes in the wild more than 500 times each, whereas inexperi-
enced searchers had fewer than 20 observations each prior to the 
trials. To avoid inexperienced searchers improving at finding snakes 
over the course of trials, no individual conducted more than four 
trials. To estimate variance in detection rates I applied the boot-
strap technique with 1000 replications (Efron and Tibshirani 1993). 

Results.—Snakes were successfully located in 9 of 61 trials 
(14.8%, SD = 4.6%). Searchers usually passed near snakes during 
trials but the snakes did not respond by movement or rattling. Only 
in 3 cases was the snake completely hidden during the trial. Nei-
ther the experience of the searcher nor the habitat the snake was in 
affected whether a snake was found (Table 1). Snakes were found 
most often at intermediate temperatures (20-30°C; Table 1). No 
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TABLE I. The number of Eastern Massasauga rattlesnakes found visually and by hearing the rattle during 61 searching trials on the Bruce Peninsula, 
Ontario. Observations are grouped according to four factors. The mean probability (p) that the detection rate was independent of each factor was 
determined using chi-square tests with 1000 bootstrap replicates. 

Searcher experience Snake temperature (°C) Habitat Snake visibility (%) 
Experienced Inexperienced <20 20-30 >30 Field Marsh Forest 0 25 50 75 100 

# trials 31 30 12 28 21 19 	23 19 13 12 10 16 10 
Visual 2 4 0 5 1 2 	2 2 0 0 0 4 2 
Rattle 1 2 0 2 1 2 	1 0 0 0 2 0 1 
Total 3 6 0 7 2 4 	3 2 0 0 2 4 3 

0.31 0.11 0.40 0.07 

snakes were found visually when <75% visible and no snakes were 
found at all when <50% visible. All snakes found visually were 
stationary when detected. Snakes at intermediate temperatures were 
more visible than cool snakes (<20°C) or hot snakes (>30°C) (F 258 

 = 3.10, p = 0.05). Low detection rates prevented us from testing 
for interactive effects between factors or determining the relation-
ship between each factor and the time required to locate snakes in 
successful trials. 

Discussion.— Snakes known to be present were detected by 
searching a 2500 m2  area for 20 min in approximately 1 in 7 trials. 
Snakes were detected most often when their body temperatures 
were intermediate (20-30°C) and when they were more visible. 
Under weather conditions leading to intermediate body tempera-
tures, when snakes were more likely to bask, detectability improved 
to 1 in 4 snakes. 

The physiologically optimal body temperature range in snakes 
is an evolutionarily conservative trait and tends to be between 28 
and 34°C (Lillywhite 1987). Massasauga rattlesnakes may be more 
likely to respond to disturbance by rattling when near physiologi-
cally optimal temperatures (Prior and Weatherhead 1994). In this 
study, however, most snakes were found visually. Snakes were 
more exposed when their body temperatures were just below their 
probable physiological optimum, presumably to warm themselves, 
which made them more visible to searchers. At body temperatures 
below 20°C, however, snakes were more concealed. This may sig-
nal a shift towards crypsis as the means of defense when low body 
temperatures reduce motor performance (Mori and Burghardt 
2004). Conclusions regarding the effects of all factors on detect-
ability should be considered tentative given the modest sample 
sizes and lack of testing for interactive effects. 

All trials were conducted with non-gravid females and males. 
Gravid females of many viviparous species use habitat with less 
ground or canopy cover than males or non-gravid females to as-
sist m embryonic development (Lourdais et al. 2004; Reinert 1993). 
The use of more exposed habitat would likely make gravid fe-
males easier to detect than males or non-gravid females (Bonnet 
and Naulleau 1996), but that remains to be tested for Massasauga 
rattlesnakes. 

Knowing that Massasauga rattlesnake detectability was low, can 
one use a measure of detectability to estimate the actual number 
of snakes present in an area sampled? Using similar search meth-
ods, Weatherhead and Prior (1992) encountered Massasauga rattle-
snakes in my study area at a rate of 0.18 snakes/h. Assuming they  

searched under the same range of weather conditions, and thus 
detected only 1 of every 7 snakes present, the number of snakes in 
the area they sampled would have been 7 times higher than en-
countered. Deriving abundance estimates in this manner requires 
two important caveats. First, estimates based on low detection rates 
(<30%) are more likely to be biased than estimates based on higher 
detection rates (MacKenzie et al. 2002). Second, search effort (thus, 
detectability) may be somewhat inflated in situations where snakes 
are known to be present relative to snake surveys when presence 
is unknown. A more conservative way to use detectability esti-
mates to improve snake surveys is to incorporate the factors that 
affect detectability into the study design. For example, by always 
conducting surveys under the same weather conditions, estimates 
of abundance should always have the same bias. In terms of sam-
pling efficiency, conducting surveys only under conditions where 
detectability is high (e.g., cool, sunny days when snakes are bask-
ing) may result in more snakes being found per unit search effort. 
At the very least, researchers should be aware that population es-
timates based on time-constrained searches may be seriously un-
derestimated, and that the extent of the underestimate can vary 
with environmental conditions. 
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Little information is available on post-breeding movements, 
habitat requirements, and mortality of northern leopard frogs (Rana 
pipiens) because they disperse into upland or other wetland habi-
tats following reproduction and are difficult to detect (Waye 2001). 
Radio telemetry is used to examine these characteristics in other 
taxa, however, its usefulness for studying R. pipiens has not been 
established. An obstacle in deploying telemetry to study move-
ment is finding a transmitter attachment method that does not ad-
versely affect the animal's health and behavior and allows track-
ing over several months. The objective of our study was to evalu-
ate existing external and internal radio transmitter attachment 
methods and adopt or develop a technique appropriate for R. 
pipiens. 

Radio telemetry has been used to study movements of several 
ranid species, including R. draytonii, R. luteiventris, and R. 
clamitans (Bulger et al. 2003; Pilliod et al. 2002; Lamoureux et al. 
2002). Researchers have used external belts or harnesses to attach 
transmitters to anurans (Bartell and Peterson 2000; Bull 2000; 
Goldberg et al. 2002; Matthews and Pope 1999; Waye 2001; 
Hodgkison and Hero 2001; Watson et al. 2003; Muths 2003). A 
few studies successfully used surgical implantation as a method 
of radio tagging frogs (Goldberg et al. 2002; Lamoureux and Madi-
son 1999; Werner 1991), as well as fish and salamanders (Beau-
mont et al. 2002; Colberg et al. 1997). 

Surgical implantation has some advantages over harness attach-
ment, including reducing skin lesions and rates of transmitter loss 
(Werner 1991). However, achieving the proper level of anesthetic 
without compromising survival is difficult (Goldberg et al. 2002; 
Green 2001). Prior to our study, surgical anesthesia had been tested 
in the laboratory (Goldberg et al. 2002; Lamoureux and Madison 
1999), but it was unclear if it could be successfully performed in 
the field. In addition, the postsurgical fate and longevity of R. 
pipiens carrying implanted transmitters was unknown. 

We evaluated four types of external attachments: nickel bead 
chains, aluminum bead chains, plastic cable ties, and sewing elas-
tic in the field. When the belt attachments proved unsatisfactory 
for our purposes, we tested two types of internal attachment tech- 
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niques on frogs in the laboratory: subcutaneous and peritoneal 
implantation. Following the laboratory studies, we tested the effi-
cacy of peritoneal implants on R. pipiens in the field. We tracked 
these individuals for several months post-surgery to assess the 
usefulness of the transmitters for monitoring habitat use and move-
ment over time. 

We attached radio transmitter harnesses (model BD-2GHX, 1.85 
g, 165 MHz band, 20-week life, whip antenna; Holohil Systems, 
Ltd., Carp, Ontario, Canada) to 26 wild R. pipiens adults from 
August to October 2000. Transmitters did not exceed 5-6% of the 
frog's total weight, below the 10% threshold recommended by 
Richards et al. (1994). We tested nickel (N = 15) and aluminum 
bead chain (N = 8) (Rathbun and Murphey 1996), plastic cable-
ties (N = 8), and sewing elastic (N = 5) to find a harness material 
that allowed long-term radio tracking of individual frogs without 
restricting movements or causing injury to the frogs. Plastic cable-
ties were plastic fasteners with a self-locking end, usually used in 
household or light mechanical applications. The sewing elastic 
was purchased at a fabric store; the cut ends were joined by thread 
stitches. Transmitters were attached to the harness by running the 
harness material through a rigid plastic tube affixed to the trans-
mitter package by the manufacturer. The harness was attached 
around the waist of the frog so that the transmitter rested on the 
lower back of the frog just above the vent (Fig. 1). After shedding 
belts, several of the same frogs were refitted with a new harness; a 
total of 36 attachments were evaluated. Frequent escapes from the 
nickel bead chain belts within the first few weeks made it neces-
sary to confine frogs in 1.8 m x 1.8 m enclosures placed along the 
edge of the wetland. Subsequent tests of aluminum bead chain, 
plastic cable ties, and sewing elastic harness materials and their 
effects on incidence of injury, transmitter loss, and behavioral 
changes were tested on frogs in the enclosures. On 12 October, 
the remaining 4 frogs in the enclosure were released and tracked 
with the telemetry equipment to their overwintering burrows. We 
estimated how far external radios could be detected with our re-
ceivers. 

Subcutaneous and peritoneal surgical implantation techniques 
were developed and evaluated in the laboratory during winter 2001. 

FIG. 1. Northern Leopard Frog (Rana pipiens) with external transmit-
ter and whip antenna attached with elastic harness. (Photo courtesy of 
United States Geological Survey.) 

Holohil model BD-2GHX radio transmitters weighing 1.85 g with 
an internal loop antenna coated with epoxy resin were implanted 
using surgical procedures similar to those described by Goldberg 
et al. (2002). Other scientists with experience in anuran surgical 
implantation techniques were also consulted to refine the proce-
dure (G. Birchfield, University of Missouri, Columbia, Missouri 
and S. Heppell, United States Environmental Protection Agency, 
Corvallis, Oregon, pers. comm.). 

Nineteen R. pipiens adults weighing > 15 g, purchased from a 
biological supply company (Ward Biological Supply, Rochester, 
New York, USA), were held for several weeks prior to surgery to 
ensure that they were healthy and feeding. Frogs were fed live 
crickets daily. Immediately prior to surgery, frogs were anesthe-
tized by placing them in a 1-gallon glass (3.79-liter) jar contain-
ing an aqueous solution of 0.02% tricaine methanesulfonate (MS-
222, FinquelTM, Argent Chemical Laboratories, Inc., Redmond, 
Washington, USA) buffered with sodium bicarbonate to pH 7 and 
kept at room temperature (22-23°C). The MS-222 solution was 
deep enough that the frogs could just hold their heads above the 
surface of the solution with all four feet on the bottom of the jar. A 
frog was deemed appropriately anesthetized for surgery when it 
did not right itself when placed on its back and was generally un-
responsive to touch (ca. 2-5 min.; smaller frogs were anesthetized 
faster). All surgical instruments and transmitters were sterilized 
with Benz-allTM (12.9% benzalkonium chloride solution, Xttrium 
Laboratories, Chicago, Illinois, USA); sterile gloves were used 
for each surgery. Anesthetized frogs were placed on a damp sterile 
sponge on their right side. An incision about 15 mm in length was 
made with surgical scissors through the skin and underlying muscle 
and peritoneum (peritoneal implant only) along the left side of the 
frog near the center axis (Fig. 2). A radio transmitter was inserted 
through the incision and under the skin (subcutaneous implant) or 
into the peritoneal cavity, avoiding excessive pressure on the in-
ternal organs. A Polysorb 6/0 suture package with a reverse cut-
ting needle (United States Surgical Corporation, Norwalk, Con-
necticut, USA) was used to close the incision. The peritoneal inci-
sion was closed with a continuous suture technique with the single-
instrument tie knot at the beginning and end of the incision 
(Summerfelt and Smith 1990). The skin incision was closed with 
4-5 simple interrupted sutures with the single-instrument tie knot. 
After suturing, the skin incision was treated topically with 
BactineTM antiseptic spray. Frogs were closely observed until they 
recovered from the anesthetic and were kept in the laboratory for 
up to 19 weeks post-surgery to assess transmitter loss, and health 
and behavioral effects. Frogs were weighed and snout—vent length 
measured at the time of the surgery and also weighed at the end of 
the study or at the time of death. At the end of the study, all live 
frogs were euthanized by emersion in MS-222 (Green 2001) and a 
necropsy was performed. 

In spring and summer 2001 and 2002, 90 wild R. pipiens adults 
weighing approximately 30 g or more were captured adjacent to 
their breeding site (i.e., pond or wetland) and received peritoneal 
implants of radio transmitters (Holohil BD-2GHX, 1.85 g, loop 
antenna). Three study sites were used in 2001 and two in 2002. 
The study area was located in Houston and Winona counties in 
Minnesota, part of the Driftless Area Ecoregion of North America. 
Rolling hills with steep riverine drainages and erosive soils sup-
port a less intensive agriculture than in many parts of the Mid- 
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FIG. 2. Northern Leopard Frog (Rana pipiens) with transmitter surgi-
cally implanted showing incision location (arrow). (Photo courtesy of 
United States Geological Survey.) 

west, with agriculture occupying 30-40% of the landscape, along 
with woodlands and some grasslands (McNab and Avers 1994). 

We conducted our surgeries in the field near the capture site to 
reduce transport stress and avoid accidental transfer of diseases 
from the laboratory to native populations. In 2001, surgeries were 
conducted outside under a canvas tent and in 2002 surgeries were 
conducted in a vehicle. Frogs were observed closely for up to 4 h 
after surgery to monitor recovery from the anesthetic. Frogs were 
released and tracked from the ground with a hand-held Yagi an-
tenna and receiver system (Advanced Telemetry Systems, Inc, 
Isanti, Minnesota, USA). Individuals were located 4-5 days per 
week during 2001 and daily in 2002; frogs were tracked from the 
time of implant until October, or until frogs died, radio contact 
was lost, or transmitters failed. To assess health status, some frogs 
with transmitters were weighed every 30 days following release 
during 2001. To minimize disturbance, frogs were not weighed 
after release in 2002. We estimated how far implanted radios could 
be detected with our receivers. 

Of the 15 frogs fitted with nickel bead chain belts and released, 
10 shed their belts within two weeks and the remaining frogs de- 

veloped skin lesions and the belts were removed (Table 1). Of the 
frogs fitted with aluminum bead chain, sewing elastic, or plastic 
cable-tie belts and confined in enclosures, 18 of 21 harness at-
tachments applied to these frogs failed within 1 to 3 weeks (trans-
mitter was shed, Table 1). Eight of 11 frogs developed skin le-
sions within two weeks and 7 were released. Among the four frogs 
released with transmitters from the enclosure in October, one frog 
shed its transmitter within five days and the remaining three frogs 
were tracked for 14 days, when tracking ended. 

Overall, external belts were tested on 26 frogs; the belts caused 
skin lesions in 14 frogs and transmitters were retained a median of 
10 days after attachment (Table 1). Thirty transmitters were shed 
out of 36 attachments. None of the harness materials we evaluated 
performed satisfactorily. When we tightened the belts, the frogs 
developed skin lesions; when we loosened the belts, they shed 
them. We were able to detect external transmitters with whip an-
tennas at distances ranging from 100 to 200 m in the field. 

The time required to achieve a surgical level of anesthesia dur-
ing our laboratory trials was short and variable (range = 1.5-3 
min) despite constant environmental conditions. Most frogs be-
gan feeding within four days post-surgery and their incisions healed 
within two weeks of surgery. 

During the first laboratory trial (surgery on 15 February 2001), 
three frogs received subcutaneous implants and four frogs received 
peritoneal implants (Table 2). During the subsequent trial (sur-
gery on 2 March 2001), all 12 frogs received peritoneal implants. 
One of three frogs receiving subcutaneous implants in the first 
trial failed to recover from anesthesia and one frog experienced 
suture rupture after 19 days. The third frog retained its transmitter 
until the trial ended. We discontinued subcutaneous implants after 
the first trial because they created a lump on the frog's ventral 
surface that threatened to rupture the sutures. All four frogs re-
ceiving peritoneal implants in the first trial survived the surgery, 3 
frogs lived from 6 to 49 days post-surgery, and the remaining frog 
lived to the end of the observation period (116 days, Table 2). 

In the second trial with peritoneal implants, all 12 frogs sur-
vived the surgery, three frogs died within 10 days of surgery, one 
escaped from its cage after 95 days, and the rest survived to the 
end of the observation period (Table 2). After initial healing of the 
suture site, 8 of 12 frogs developed small skin lesions near the 

TABLE 1. Fate of frogs (Rana pipiens) fitted with radio transmitters attached with four types of harness materials, 1 August to 26 October 2000. 
Includes frogs observed in the field and in enclosures adjacent to the breeding pond. 

Harness type Frogs Attachments Transmitter Min-max Frogs with Min-max Min-max 
(N) (N) shed (N) days until 

transmitter shed 
skin lesion 

(N) 
days until skin 
lesion (median) 

days transmitter 
retained" (median) 

(median) 

Nickel bead chain 15 15 10 2-10 (2.0) 5 3-19 (6.0) 2-23 (3.0) 

Aluminum bead chaina 3b 6 2-31 (7.5) 2 9-13 (11.0) 2-31 (13.0) 

Sewing elastic a  4b  5 5 2-41 (20.0) 2 8-9 (8.5) 2-41 (21.5) 

Plastic cable-ties a  5 7 2-37 (10.0) 4 7-20 (16.5) 2-42 (11.5) 

Total 26" 36 30 2-41 (4.0) 14 3-35 (10.0) 2-42 (9.5) 

Observed in enclosures. Some frogs were re-fitted with another attachment after shedding the first one. 
b  One frog was switched from aluminum bead chain to sewing elastic after 13 days. 

Includes only frogs that ultimately shed their transmitter harness. 
° Includes all frogs, including those that had the harness removed due to lesions and those that retained the harness until the end of the study period. 
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TABLE 2. Fate of frogs (Rana pipiens) undergoing laboratory surgeries, 2001. Fate codes: NRA) Non-recovery from anesthesia; PSC) Death due to 
postsurgical complications; ESC) Escaped; SES) Survived to end of study; and OTH) Other. 

Trial Frog Implant Surgical Final  Days Days until Days until Fate 
number ID location weight (g) weight (g)

a  
survived 

post-surgery 
skin 

lesions 
lesions 
healed 

1 1 Sub-Q 20.8 20.8 <1 NRA 
1 2 Peritoneal 15.1 6 4 Did not heal PSC 

1 3 Sub-Q 23.3 35.2 74 19 Not recorded OTH 

1 4 Sub-Q 19.9 39.1 116 SES 
1 5 Peritoneal 29.3 45.8 116 SES 

6 Peritoneal 23.6 14 PSC 
1 7 Peritoneal 24.7 30.2 49 PSC 

Summary Trial 1 22.4 (4.2) b  34.2 (9.4) b  49' 
2 1 Peritoneal 24.5 10.0 6 PSC 
2 2 Peritoneal 23.9 17.5 9 PSC 

2 3 Peritoneal 25.0 42.5 134 39 Did not heal SES 

2 4 Peritoneal 25.7 3 PSC 

2 5 Peritoneal 25.6 40.6 134 SES 

2 6 Peritoneal 28.1 43.5 134 68 Did not heal SES 

2 7 Peritoneal 27.9 47.5 134 46 18 SES 

2 8 Peritoneal 25.6 51.6 134 33 39 SES 

2 9 Peritoneal 28.9 47.9 134 36 Did not heal SES 

2 10 Peritoneal 42.9 46.1 134 42 17 SES 

2 11 Peritoneal 47.5 65.1 95 31 Did not heal ESC 

2 12 Peritoneal 31.3 53.2 103 51 22 SES 

Summary Trial 2 29.7 (7.6)" 42.3 (15.7)" 134' 40.5' 20' 

Comments 

Transmitter broke 
through sutures day 4 
Transmitter broke 
through sutures day 19; 
euthanized day 74, 
necropsy unremarkable 
Necropsy unremarkable 
Transmitter encased in 
tissue adjacent to 
gastrointestinal system 
Cause of death unknown 
Infection not associated 
with sutures 

Suture failed 
Emaciated, hole in 
incision, bleeding 
Transmitter encased in 
connective tissue 
Emaciated, sutures 
healed 
Transmitter encased in 
connective tissue 
Transmitter encased in 
tissue adjacent to 
gastrointestinal system 
Transmitter encased in 
tissue adjacent to 
gastrointestinal system 
Transmitter expelled 
day 98 
Transmitter encased in 
tissue, 'captured' by 
gastrointestinal system 
Transmitter encased in 
connective tissue, high 
internal parasite load 
Transmitter expelled day 
34, escaped from cage 
day 96 
Transmitter expelled day 
89, necropsy 
unremarkable 

a  Final weight does not include transmitter. 
" Mean (SD) 

Median 

suture site 31-68 days post-surgery; in four frogs these healed 
spontaneously. Nine of the 12 frogs continued to feed, behave nor-
mally, and gain weight (Table 2). Three frogs expelled their trans-
mitters at 34, 89, and 98 days post-surgery, probably via the gas-
trointestinal system; we found no exit wounds elsewhere. The nine 
frogs that survived more than 10 days all gained weight (mean = 

16.0 g ± 6.2 SD) by the end of the observation period. Overall, 
three transmitters broke through the skin shortly after surgery, three 
frogs expelled the transmitter, and necropsies revealed that four 
frogs had encased the transmitter in connective tissue adjacent to 
or inside the gastrointestinal tract (Table 2). 

Among the 90 wild frogs surgically implanted with radio trans- 
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TABLE 3. Fate of frogs (Rana pipiens) undergoing field surgical implantation of radio transmitters, April—July, 2001-2002. Fate is the number of 
frogs experiencing that outcome: A) Failure to recover from anesthesia; PM) Killed by predator or mower; U) Frog found dead—unknown causes; T) 
Transmitter failure; M) Missing; R) Recovered transmitter without frog; and S) Survived to end of study. 

Year Site Frogs 
(N) 

Min-max 
weight (g) 
(mean, SD) 

Min-max 
locations (N) 

(median) 

Min-max 
days tracked (N) 

(median) 

Fate 

A PM U T MR S 

2001 StN 20 35.9-69.2 4-67(36) 6-119 (48) 3 5 1 1 5 5 

(46.1, 10.2) 

ShA 7 41.5-78.7 21-71(44) 28-102 (58) 1 1 3 2 

(56.1, 12.9) 

Urb 17 35.1-58.2 6-66(14) 7-108 (20) 7 2 1 7 

(43.9, 6.7) 

2002 StN 20 30.0-71.8 5-76(25) 4-114(31) 1 3 1 1 9 2 3 

(42.9, 11.1) 

HoA 26 27.6-61.1 2-84 (12) 1-124 (25) 6 5 9 3 3 

(36.5, 3.5) 

Total 4 90 27.6-78.7 2-84 (23.5) 1-124 (38.5) 17 16 11 7 27 2 10 

(43.0, 10.0) 

mitters, 17 did not recover from the anesthesia. Eleven of the 17 
mortalities were associated with elevated anesthesia solution tem-
peratures (> 25 °C). In the initial field surgeries, anesthesia solu-
tion temperatures were allowed to equilibrate with ambient (air) 
temperatures because this strategy had been successful in the labo-
ratory. Two episodes of poor surgical survival associated with sur-
geries conducted on warm days led us to conclude that anesthetic 
solution temperatures might be the problem. We began to control 
the solution temperature to < 25°C, regardless of air temperatures, 
and subsequently 30 of 31 frogs survived the surgery. 

Of 77 frogs that survived the surgery and were released, 27 frogs 
died (predators, N = 8; alfalfa mowers, N = 8; unknown causes, N 
= 11), 7 were recaptured live with transmitter failures, 27 were 
lost (fate unknown), 2 transmitters were recovered without the 
frog (fate of frog unknown), and 10 frogs survived long enough to 
enter hibernation (Table 3). Of the 11 frogs found dead due to 
unknown causes, 9 frogs died within 10 days and 2 frogs died 
within 60 days post-surgery. Eight of the deaths occurring within 
10 days post-surgery occurred following a rapid decrease (from 
25 to 0°C) in air temperatures. Sores near the incision, similar to 
those observed in the laboratory, were noted in three frogs. Frogs 
were tracked for up to 124 days post-surgery (median = 38.5 days). 
Three failed transmitters were sent back to the manufacturer for 
diagnosis; battery failure and component malfunction were iden-
tified as the causes. 

In 2001, most frogs monitored (15 of 19) gained weight (mean 
= 12.8 g ± 14.7 SD). Most frogs were detected hiding in grass or 
near hedgerows of crop fields. We were able to detect transmitters 
with internal loop antennas at distances ranging from 50 to 75 m 
in the field and the longest single-day movement we observed for 
an individual frog was 313 m. 

All external attachment techniques we tested proved inadequate 
for tracking R. pipiens over long time periods because frogs shed 
their belts quickly or developed lesions that required release. In 
comparison, R. pipiens with peritoneal implants were tracked for  

up to 4 months during our field study. Tracking durations reported 
from other studies deploying belts on anurans also have been rela-
tively short, for example, 1-20 days for R. pipiens (N = 24, Waye 
2001), 11-126 days for R. luteiventris (N = 71, Bull 2000), up to 
30 days (mean = 16-21 days) for R. sylvatica (N = 11, Muths 
2003), 5-12 days for Eleutherodactylus augusti (N = 5, Goldberg 
et al. 2002), 9-13 days for Littoria nannotis (N = 19, Hodgkison 
and Hero 2001). Twelve of 38 Bufo boreas shed their belts within 
two weeks (Bartelt and Peterson 2000). Further, nearly all studies 
reported skin lesions associated with the belts, although recent 
work by Muths (2003) using craft elastic strung with glass beads 
shows promise of belt retention without injury. 

We found that nonrecovery from anesthesia was a major mor-
tality factor for R. pipiens receiving surgical implants. Most sur-
gical failures appeared to be associated with elevated MS-222 so-
lution temperatures (> 25°C). Ambient temperature fluctuates more 
in the field than in the laboratory, so this problem did not arise 
during our laboratory trials. We ultimately achieved success in 
surgical implantation and recovery of the frogs using a mobile 
laboratory suitable for both the surgery and postsurgical observa-
tion of the frogs. After our surgical experiences, we found recom-
mendations for limiting the temperature of MS-222 to 25°C when 
used as an anesthetic for amphibians (Green 2001). 

Goldberg et al. (2002) also reported that achieving the appro-
priate level of anesthesia was the most difficult part of surgery, 
although temperature of the anesthetic solution was not mentioned. 
Werner (1991) implanted radio transmitters into six Bufo 
americanus, with no reported mortality using a 0.01% solution of 
MS-222 for 15-20 min. Lamoureux and Madison (1999) performed 
23 surgeries on Rana clamitans with no reported mortality; they 
used a 0.5% solution of MS-222 to anesthetize the frogs, but did 
not report exposure times. Lamoureux et al. (2002) performed 27 
surgeries on R. clamitans with one surgical death. 

Laboratory testing of terrestrial salamanders has demonstrated 
that responses to MS-222 anesthesia vary among species and de- 
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pend upon both pH and concentration (Lowe 2004). Lowe also 
suggests using aqueous pH buffers to prepare the MS-222 rather 
than neutralizing the solution with sodium bicarbonate. It is likely 
that anurans also have species-specific responses to MS-222 (Green 
2001). We conclude that reliable, safe application of MS-222 as a 
surgical anesthetic for amphibians is possible under controlled 
conditions (solution concentration, pH, temperature, and exposure 
time) and with some initial exploratory laboratory testing of the 
target species. 

Presumably, the mortality of frogs that recovered from anesthe-
sia but died from unknown causes within 10 days was related to 
the surgery. The majority of these deaths (8 of 10 frogs) coincided 
with a rapid decrease in ambient temperature within days of sur-
gery. An early April period of warm temperatures in 2002 (highs 
>25°C) induced breeding behavior in adult R. pipiens and was 
followed by a temperature drop to near 0°C. Mortality may have 
resulted from the combined stress of recent emergence from hi-
bernation, breeding activity, an extreme fluctuation in ambient 
temperature, and surgery. Avoiding this type of mortality will be 
difficult because of the need to implant transmitters while R. pipiens 
are concentrated at breeding ponds for brief periods in spring, a 
time of unpredictable weather conditions in the upper Midwest. 
Rudolph et al. (1998) also found that snakes implanted with radio 
transmitters had higher mortality when implants occurred late in 
the season when temperatures were colder. Frogs are at high risk 
of predation in the immediate post-surgical period because indi-
viduals vary in the time it takes to fully recover from anesthesia. 
Protecting frogs from predation during the surgical recovery pe-
riod may improve immediate post-surgical survival. Field enclo-
sures provide predator protection and concealment, but not cli-
mate-controlled conditions. 

Although the surgical implants resulted in health effects, pri-
marily mortality within 10 days of surgery, R. pipiens that sur-
vived past 10 days behaved normally and gained weight, both in 
the laboratory and in the field. Our laboratory trials indicated that 
frogs experienced low mortality from 10 to 134 days post-sur-
gery, although some small skin lesions developed. In the field, 
frog mortality occurring after 10 days post-surgery was apparently 
unrelated to the surgery, as evidenced by good health (e.g., weight 
gain and apparently normal behavior). We observed that preda-
tion and hay mower strikes were the primary non-surgical mortal-
ity factors for R. pipiens. Ours may be the first direct evidence of 
mortality due to hay mower strikes reported from a telemetry study. 
This has obvious conservation implications for amphibian popu-
lations. For example, frequently-mowed hay fields located adja-
cent to amphibian breeding sites may reduce post-breeding sur-
vival. 

Even surgical implantation does not ensure that frogs will re-
tain the transmitters for the duration of studies. With subcutane-
ous implants, transmitters can break through the sutures and be 
lost within days of surgery. Conversely with peritoneal implants, 
some frogs retained transmitters a month or more before expel-
ling them, presumably via the gastrointestinal tract. Shedding trans-
mitters via the gastrointestinal tract also has been observed in fish 
(Marty and Summerfelt 1986), but to our knowledge, has not been 
previously described in frogs. 

Another challenge to the use of internal implants with a highly 
mobile species like R. pipiens is the limited detection range that  

we observed for transmitters with internal loop antennas (50-75 
m). Undoubtedly, this was a factor in the high rate of missing frogs 
(35%) we experienced. Likewise, Goldberg et al. (2002), using 
somewhat smaller transmitters, detected external transmitters at 
distances > 200 m, whereas detection was limited to 6-40 m with 
implanted transmitters. Although external implants have longer 
detection ranges, they may be of limited value in some studies 
because of their short retention times. If tracking frogs over sev-
eral months is needed to meet study objectives, frogs may need to 
be tracked more frequently to reduce loss rates due to long dis-
tance movements between tracking events. In the case of R. pipiens, 
tracking events may need to occur at intervals shorter than 24 h. 
In summary, we believe surgical implantation holds the most fu-
ture promise for tracking R. pipiens over relatively long periods 
with minimal health effects. 

Our data indicate that both external belts and surgical implanta-
tions of radio transmitters can have significant health risks for 
frogs. For those studying movements of rare species, this presents 
a dilemma because high morbidity and mortality are unacceptable 
in small populations. We make several suggestions for limiting 
morbidity and mortality. First, we found that all attachment meth-
ods required significant skill and experience to be successful, a 
non-trivial problem for beginning researchers. We suggest that 
novices spend time practicing attachment techniques with some-
one skilled in the desired method. If possible, practice the tech-
nique on a common frog species similar in size to the target spe-
cies, perhaps a species available from biological supply compa-
nies. Belt retention and skin lesion development may be species-
and perhaps habitat-specific, therefore, we suggest testing the best 
available external belts on the target species in field enclosures. If 
external belts are retained long enough to achieve the research 
purposes without causing skin lesions, belts are the best solution. 
If not, proceed to surgical implantation. 

Likewise, we recommend practicing the initial surgeries in the 
laboratory on a similar non-target species under the supervision 
of someone skilled in the technique. Because anesthetics and dos-
ages are species-specific (Green 2001), anesthesia concentration, 
pH, exposure time, and temperature should be tested on the target 
species in the laboratory. Surgeries should be conducted under 
controlled conditions. If a vehicle is available that provides pro-
tection from adverse weather and temperature extremes, field sur-
geries can be done; otherwise, conduct surgeries in the laboratory. 
This decision will also depend upon the distance from the field 
site to the nearest laboratory. We recommend that frogs be pro-
tected from predation for at least 24 h post-surgery in the labora-
tory or in a field enclosure. Frogs should display feeding and/or 
escape behaviors before release. Track frogs at least daily and more 
frequently during wet weather to minimize loss of study subjects. 
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Large scale trapping protocols for snakes can be expensive and 
require large investments of personnel and time. Typical methods, 
such as pitfall and small funnel traps, are not useful or suitable for 
capturing large snakes. A method was needed to survey multiple 
blocks of habitat for the Louisiana Pine Snake (Pituophis ruthveni), 
throughout its historic range in Louisiana and Texas, to obtain 
presence-absence data and to obtain specimens for radio-telem-
etry studies (Himes et al. 2002; Rudolph and Burgdorf 1997; 
Rudolph et al. 2002). 

We required a method that was feasible with respect to cost of 
materials, time necessary to service traps, ease of installation, and 
efficiency in capturing snakes. The trapping method needed to 
capture large, mobile species, but not small, litter-dwelling spe-
cies. We ultimately designed a large four-entrance funnel trap, with 
extensive drift fence arms to guide snakes toward the trap open-
ing. These traps have been in use since 1993 to survey large snakes 
in Arkansas, Louisiana, and Texas. This trap design also was used 
to examine the impact of roads and vehicle-related mortality on 
large snakes (Rudolph et al. 1999). 

Traps consisted of 121.9 x 121.9 cm (48 x 48 in.) tops and bot- 
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15.2 cm (6") 

funnel 
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lumber 

(...ii/rthout panel in place) 
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FIG. 1. Schematics of a successful trap design to capture large, mobile species of terrestrial snakes in eastern Texas a) top view of the trap b) top view 
of trap without top panel in place to show position of funnels c) an individual funnel and d) front view of trap. Trap dimensions and components are 
shown in English units of measurement to facilitate purchase from local building supply stores. 

toms constructed of 1.3 cm (1/2 inch) treated plywood supported 
by wooden uprights 45.7 cm (18 inches) in height (Fig. 1). The 
sides were screened with hardware cloth (0.64 cm [1/4 inch] mesh). 
One or two hinged doors in the top of the trap allowed access for 
retrieval of snakes. Four funnel entrances of 64 cm (1/4 inch) mesh 
hardware cloth wired to the box at midpoint of each side allowed 
entrance of snakes (Fig. 1). Minimum diameter of the inner por-
tion of the funnel was approximately 5.1 cm (2 inches). 

Traps were installed by placing them on a soil surface that had 
been previously cleared and leveled. Excess soil was used to fill 
any gaps that would allow snakes access beneath the traps. Drift  

fences were constructed of 6.4 mm (1/4 inch) mesh hardware cloth 
approximately 15 m (50 feet) in length and 61 cm (2 feet) in height 
(Fig. 2). Longer drift fences could be used if desired. Drift fences 
were installed perpendicular to each side of the trap beginning at 
the midpoint of the funnel entrance. Fences were buried approxi-
mately 10 cm in depth and braced with wooden stakes or short 
pieces of iron reinforcement bar as required. Small pieces of hard-
ware cloth were cut to fit, inserted part way into the funnel open-
ing and wired to the drift fence to keep snakes from going around 
the terminus before entering the funnel (Fig. 2). Mesh size, height, 
and length of drift fences could easily be varied to capture snake 
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TABLE 1. Snake trap materials. 

Materials Quantity 

1.3 cm ( 1/2 in.) thick sheet, treated plywood 
	

1 
5.1 x 5.1 cm (2 x 2 in.) treated lumber, 2.4 m (8 ft) long 	 4 
2.5 x 5.1 cm (1 x 2 in.) treated lumber, 1.2 m (4 ft) long 	 1 
0.64 x 0.64 cm (1/4 x 1/4 in.) mesh, hardware cloth 61 cm (24 in.) wide 
30 m (100 ft) roll for drift fences 	 2 
8.5 m (28 ft) piece for trap & funnels 	 1 
7.6 cm (3 in.) strap hinge 	 2 
turn button 	 2 
20-gauge galvanized wire 15 m (50 ft) 

	
1 

nails (or screws), box of 100 
	

1 
heavy duty staple gun and box of staples 	 1 

Cut-away view of drift fence attachment and placement 

FIG. 2. More schematics of the trap design a) full view of the trap and drift fences and b) a cut-away view of drift fence attachment and placement. 

species of varying body sizes. Other commonly used drift fence 
materials such as sediment cloth or metal flashing could also be 
used. Funnel traps may be placed at distal ends of each 
drift fence to increase capture rates. In addition, each trap 
was supplied with a 3.8 liter (1 gal.) chick watering source. 
When possible, traps were installed in situations that pro-
vided some shade to further reduce stress on captured indi-
viduals. Snake traps were constructed using treated wood, 
making them very durable. We have had traps in the field 
continuously in use for up to 6 years, in both wet and dry 
forest situations. These traps are in good condition and are 
still serviceable. See Table 1 for list of materials. 

Trap success varied depending on site characteristics. 
However, in the upland pine habitat where most of our ef-
fort has been directed, we captured an average of 7.5 snakes 
(large species only) per trap per season during the early 
March to late October trapping period (240 trap days). 
Snake capture data for an array of 15 traps located in 
Nacogdoches Co., Texas, from 1999-2002, approximately 
13,920 trap days, indicate the diversity of species captured  

(Table 2). These data documented a significant range extension 
for the Glossy Snake, Arizona elegans (Collins et al. 2001), and 
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TABLE 2. Snakes captured in 15 traps located in Nacogdoches County, 
Texas from 1999 to 2002. 

Scientific name 
	 Common name 	No. Captured 

Arizona elegans 
	 Glossy Snake 	 4 

Coluber constrictor 
	Racer 	 10 

Elaphe obsoleta 
	 Eastern Ratsnake 

	44 
Heterodon platirhinos 
	Eastern hog-nosed Snake 	1 

Lampropeltus calligaster 
	Yellow-bellied Kingsnake 	11 

Masticophis flagellum 
	Coachwhip 	 79 

Nerodia fasciata 
	 Southern Watersnake 	1 

Agkistrodon contortrix 
	Copperhead 
	

49 
Agkistrodon piscivorus 
	Cottonmouth 
	

7 

Unidentified species 	Skeleton in trap 	 18 

suggested that the Louisiana Pine Snake, Pituophis ruthveni, might 
not occur at this site. 

The trapping protocol resulted in some snake mortality, prima-
rily because of occasional infestations of imported fire ants 
(Solenopsis invicta). We used a variety of commercially available 
ant poisons to treat all visible mounds within approximately 10 m 
of the traps. This was generally sufficient to control ants within 
the traps. During the four-year period of trapping, 30 snakes died 
in our traps, an average of 7.5 snakes per year, or 13.3% of the 
snakes captured. We also suspected that ophiophagous snakes such 
as Common Kingsnakes (Lampropeltis getula) and Prairie 
Kingsnakes (L. calligaster) occasionally entered traps and con-
sumed other captured snakes. 

The design of our traps resulted in few small litter-dwelling spe-
cies being captured. This presumably resulted from their reluc-
tance to leave the litter surface and ascend the inclined funnel to 
enter the trap, and the fairly large mesh size that allowed very 
small individuals to pass through. Adjustments in funnel orienta-
tion and mesh size would easily allow the trap to be tailored to 
specific needs. The use of 3.2 mm (1/8 inch) mesh hardware cloth 
for the trap, funnels and drift fences would permit the capture of 
smaller species of snakes. However, it should be noted that the 
finer mesh hardware cloth tears easily compared to the 6.4 min (1/ 
4 inch) mesh hardware cloth and requires more support when used 
for drift fences. 

Taxa other than snakes were frequently captured in the traps. 
The capture of invertebrates, amphibians, and reptiles presented 
few problems. However, the capture of birds and small mammals 
resulted in considerable mortality. Birds, in particular, had very 
short survival times in the traps, as they tended to injure them-
selves attempting to escape. Reducing the size of the funnel en-
trance from 8-10 cm to < 5 cm prevented larger mammals (skunks, 
opossum, squirrels) and most game birds (quail) from entering 
the traps, and had no obvious impact on capture rates for snakes. 
Small passerines could still get in the traps. However, more fre-
quent checking on a daily basis would reduce mortality of trapped 
animals. 

This trap design, especially in conjunction with the long drift 
fences, was quite effective at capturing large terrestrial snakes. 
The large size of the trap itself and the water source was intended  

to limit the number of trap visits to once per week. However, in 
our study we had a higher mortality rate of captured snakes than 
expected, largely because of fire ants that are common in our re-
gion. More frequent trap visits and fire ant eradication would have 
likely reduced the amount of mortality. We suggest that our trap 
design in conjunction with efforts to reduce snake mortality, such 
as ant control, placing traps in shade when possible, and daily trap 
visits, should maximize success in capturing large terrestrial snakes. 

Acknowledgments.—We thank J. Keel for several design and construc-
tion improvements that improved trap utility. Research was conducted 
under Texas collecting permit (SPR-0490-059). Initially, in 1993 we 
checked traps weekly because we assumed that the large trap design and 
watering system would limit mortality and allow longer intervals between 
checks. However, our observations of mortality in traps checked weekly 
support the recommendation to check traps daily as suggested in the ASIH 
Animal Care Guidelines (see Guidelines for Use of Live Amphibians and 
Reptiles in Field Research, American Society of Ichthyologists and Her-
petologists; http://www.asih.org/pubs/herpcoll.html.).  
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This article describes the rattlebox, an apparatus designed to 
study learning in rattlesnakes (genera Crotalus and Sistrurus). The 
rattlebox is relatively inexpensive, simple to construct, and can be 
adapted to study several learning paradigms. First, we describe 
the construction of an automated box that consistently induces 
rattling. Second, we report preliminary results of a study of ha-
bituation of the rattling response in three Western Diamondback 
Rattlesnakes (Crotalus atrox). Finally, we suggest potential uses 
of the apparatus for studies of classical and operant conditioning. 

Learning can be defined as a "relatively permanent change in 
behavioral potential as a result of experience" (Abramson 1994). 
Countless studies have been published which assess the learning 
capacities of gold fish (Carassius auratus), pigeons (Columbia 
livia), white rats (Rattus norvegicus), and dogs (Canis familiaris) 
under various learning paradigms ranging from habituation to clas-
sical conditioning and operant procedures. While much has been 
discovered about learning processes using these traditional "labo-
ratory species," a true phylogeny of learning will require experi-
ments with a greater number of non-traditional species (Bitterman 
1965). Further, behavior (and performance in learning tasks) can 
be used as characters in phylogenetic analysis (de Quieroz and 
Wimberger 1993), which by its very nature requires a much broader 
taxonomic scope. Snakes are one such group in which noticeably 
few learning studies have been published. There are probably sev-
eral reasons for this paucity. 

Burghardt (1977) noted the difficulties encountered in perform-
ing learning experiments with snakes. Among these difficulties 
are their relative inactivity (snakes spend a large proportion of 
their time sedentary), a general lack of positive reinforcement (most 
snakes consume large meals infrequently [although see Burghardt 
et al. 1973, Holtzman et al. 1999, Kleinginna 1970, and Begun et 
al. 1988 for exceptions]), and a limited number of dependent vari-
ables in which to measure (the tubular body form of snakes sug-
gests a rather simple behavioral repertoire relative to other verte-
brates). 

Rattlesnakes are noticeably lacking from studies of learning 
probably because of the limitations listed above along with the 
relatively large body size of some species and handling difficul-
ties associated with their venomous nature. One dissertation (Mills 
1970) describes attempts to use escape and avoidance contingen-
cies with Sidewinder (C. cerastes) and Mojave (C. scutulatus)  

rattlesnakes. Mills concluded that while escape response topogra-
phy was subject to change, true avoidance was not trainable in his 
three subjects. It should be noted that in studies of avoidance and 
escape it is important to consider the study animal's "species-spe-
cific defensive response" (Bolles 1970). Thus, dependent variables 
appropriate for rattlesnakes should include occurrence of rattling, 
latency to rattling, and duration of rattling, along with the proto-
typical striking, and flight behavior that have been utilized in pre-
vious learning studies of colubrids. With the first three dependent 
variables in mind, we have designed an apparatus that consistently 
releases the rattling response and allows for easy quantification of 
latency and duration. 

The purpose of the rattlebox is to repeatedly apply an invariable 
stimulus to a test subject that consistently results in the subject 
rattling its tail. Previous studies have used stuffed animals (LaDuc 
2002), predator effigies (Shipman 2002), or a human observer 
(Duvall et al. 1985) to elicit defensive behavior from rattlesnakes. 
However, because the experimenter presents each of these, there 
is variation among presentations in the way they are perceived by 
the test subject. Additionally, whenever a human observer serves 
as the stimulus, they risk being envenomated by the test subject. 
The apparatus diagrammed in Fig. 1 reduces inter-presentation 
variation and the risk to the experimenter of being bitten. 

The rattlebox is a simple 60 cm (L) x 64 cm (W) x 60 cm (H) 
box in which a moveable top is affixed to heavy-duty cabinet 
drawer slides that allow it to slide open horizontally. To reduce 
the possibility of pheromones influencing behavior, we built the 
prototype out of plywood covered with latex paint. We also cov-
ered the bottom of the rattlebox with newsprint that was changed 
following each training session. If pheromones are an issue, or the 
object of investigation, we suggest that the plywood be replaced 
with Plexiglas. Plexiglas is easier to clean and less likely to be 
contaminated by potentially confounding odors. 

A snake is introduced into the apparatus through a 6.5 cm diam-
eter keyhole located at the lower center of one side of the box. 
Snakes are coaxed into the box with a snake hook via this open-
ing, which is closed with a swinging door. A clear acrylic barrier 
is located on the inside ca. 18 cm from the floor of the box to 
prevent snakes from escaping or being caught in the door as it 
returns to the closed position. The barrier has a removable portion 
to facilitate cleaning and handling of subjects. The inside walls 
(above the acrylic barrier) and the underside of the moving door 
are covered with open-cell foam (5 cm thickness), which absorbs 
some of the noise made by the motor (see below) and the move-
ment of the drawer slides. Three compression springs (one of which 
is mounted to the stop contact; see below) are glued to the leading 
edge of the door to dampen the force upon closing. 

The rattlebox is automated to open and close automatically at 
preset intervals using the motor of a remote-controlled toy train 
(Coastal Express, Scientific Toys, LTD, Chai Wan, Hong Kong), 
four electrical contacts and a cyclic timer (Canakit, Vancouver, 
BC, Canada. http://www.canakit.com ). Whereas we used a toy train 
motor to open and close the lid, any radio-controlled motor with 
forward and reverse will work. 

The motor is fixed in a horizontal position with the wheels in 
contact with a track that is attached to the moving top (Fig. 1). 
When the motor is engaged in the forward direction the box top is 
drawn open. The motor is engaged in the forward direction by two 
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Fib. 1. Schematic representation of the rattlebox. Note the compression spring on the stop contact positioned on the top of the flange bearing the 
reverse contact. (—) indicates wiring for the forward direction (i.e., open). (– –) indicates wiring for the reverse direction (i.e., closed). (= --) indicates 
wiring to stop the motor. 

wires that connect the forward button of the remote controller to 
the normally open and common contacts on the interval timer. To 
return the top to the closed position, the motor is engaged in the 
reverse direction by contact made by copper contacts attached to a 
downward projecting flange affixed to the moving door and the 
stationary back wall. Contacts are soldered to wires that lead to 
the reverse button on the circuit board of the remote controller. 
The motor is stopped at the end of a trial by two additional con-
tacts attached to the forward moving edge of the door and the 
inside of the front wall of the box. These contacts are soldered to 
wires that lead to the stop button on the circuit board of the remote 
controller. A parts list is available from the authors upon request. 

A microphone (Earthworks model # M30, Milford, New Hamp-
shire) placed inside the center of the box and pre-amplifier 
(Earthworks model #1021) outside the box are controlled via a 
laptop computer by an observer in an adjacent room. Just prior to 
the beginning of a trial, the observer starts a digital recorder (we 
used Audio Record Wizard http://www.nowsmart.com/arwizard)  
and obtains a digital recording of each trial. Between trials each 
recording is analyzed and the occurrence/non-occurrence of rat-
tling (along with other relevant variables) is recorded. 

The rattlebox can be used in the implementation of multiple 
learning procedures. Below we give a preliminary description of 
its utility in the study of habituation of the rattle response in West-
ern Diamondback Rattlesnakes. We also outline its potential uses 
in classical and operant conditioning studies. 

Three wild-caught C. atrox from Oklahoma were used to test 
the Rattlebox in a study of habituation of the rattle response. To 
produce habituation of the rattling response, the top of the box 
was opened every five minutes (i.e., intertrial interval = 5 min) 
automatically with the interval timer. For each trial, occurrence or 
non-occurrence of rattling was determined from playback of digi- 

tal recordings. Habituation was achieved when a snake failed to 
rattle for ten consecutive trials, which is a strict criterion for be-
havioral studies (Ashmead and Davis 1996). Midway between the 
tenth consecutive no response trial and the eleventh trial, snakes 
were prodded with a snake hook through the keyhole for ca. 5 sec. 
This prod served as a dishabituating stimulus. Dishabituation is 
used to rule out effector fatigue and sensory adaptation as expla-
nations for the observed response decrement to repeated stimula-
tion (Abramson 1994). Two and a half minutes following the pre-
sentation of the prod, the lid was opened and the presence or ab-
sence of rattling was recorded. The presence of a rattling response 
during the re-introduction of lid opening is evidence for a learned 
changed in behavior. 

5-trial blocks 

Flo. 2. Habituation of the rattle response by three Crotalus atrox tested 
in the rattlebox. Note the ordinate is in 5-trial blocks and that some sym-
bols overlap. 
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The habituation curves of the rattle response for subjects D1, 
D3, and D12 are shown in Fig. 2. Note the high probability of 
response in the first 50 trials for all three individuals (mean ± SE 
= 0.99 ± 0.007 for all three individuals combined). Following the 
dishabituating stimulus, all snakes responded. It is evident that 
the rattlebox is useful in consistently eliciting a rattle response 
and in detecting individual differences in rattling behavior. 

In addition to habituation, the rattlebox can also be used to study 
classical conditioning in rattlesnakes. Our laboratory has just be-
gun to test classical conditioning in rattlesnakes in which the open-
ing and closing of the box serves as an aversive unconditioned 
stimulus. To serve as a conditioned stimulus, we have mounted a 
60 W incandescent light on the inside of the box. Temporarily 
turning on the light serves as a conditioned stimulus. 

We have also designed an operant procedure that utilizes the 
rattlebox. In operant conditioning, a subject's response is rein-
forced by its consequences. By placing the rattlebox in a cold room 
and positioning a heat lamp inside wired to a voice-activated re-
lay, each rattle response is rewarded with an increase in ambient 
temperature. Because rattling typically does not occur spontane-
ously, it can be shaped by gently prodding the snake with a snake 
hook through the keyhole. 

The results presented here demonstrate the utility of the rattlebox 
in studies of learning in rattlesnakes. Specifically, Western Dia-
mondback Rattlesnakes repeatedly exposed to an aversive yet 
harmless stimulus show a learned decrease in rattling. Further-
more, the box is relatively inexpensive and can be built in one 
day. Extension of the rattlebox to studies of classical and operant 
conditioning is also easily accomplished. We hope this apparatus 
will shed light on the perceptual world of rattlesnakes and stimu-
late further research in the area of learning in snakes. 
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NATURAL HISTORY NOTES 

Instructions for contributors to Natural History Notes appear in Volume 
36, Number I (March 2005). 

CAUDATA 

AMBYSTOMA OPACUM (Marbled Salamander). 
SPERMATOPHORE DEPOSITION. On 4 Nov 2000, a lone 
male Ambystoma opacum was observed depositing a 
spermatophore at Ginger's Bay, a small Carolina Bay on the 
Savannah River Site in Aiken Co., South Carolina. The nearest 
conspecific, another male, was more than 3 m away during 
deposition, too great a distance to have influenced the sexually 
active male by female mimicry (Arnold 1976. Z. Tierpsychol. 
42:247-300). Because spermatophore deposition in A. opacum 
occurs very rapidly, with certain individuals achieving as many as 
4 depositions in as short as 30 seconds (pers. obs.), there was not 
sufficient time for another salamander to have interrupted normal 
courtship with this male, leaving him alone to be observed in an 
attempt to finish mating. A search of the immediate vicinity yielded 
no other spermatophores. Previous reports of courtship in 
Ambystoma have emphasized the tendency for males to deposit 
spermatophores repeatedly, but only in the presence of other 
courting individuals (e.g., Noble and Brady 1933. Zoologica 11:89-
132; McWilliams 1992. Behaviour 121:1-19). These lines of 
evidence strongly suggest that this individual was engaging in 
spermatophore deposition in the absence of courtship or influence 
by either past or present male sexual activity. Males of congeneric 
species have been reported to deposit in solitude but only after 
being initially stimulated by mating aggregations or courtship 
behavior by conspecifics (Anderson 1961. Copeia 1961:132-139; 
Arnold 1976. op. cit.; McWilliams 1992. op. cit.). Because males 
presumably are limited in the number of spermatophores they can 
produce in a breeding season (Verrell 1986. J. Comp. Psych. 
100:291-295; Verrell 1988. J. Herpetol. 22:394-400), selection 
should strongly favor male mating strategies that result in 
successful insemination of females. Thus, if isolated spermatophore 
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