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This paper documents the emergent snake ‘fishery’ occurring on Tonle Sap Lake where an
estimated 6.9 million snakes (mostly homalopsids) are removed annually, representing the
world’s largest exploitation of a single snake assemblage. Based on interviews with hunt-
ers, we found that snake catches declined by 74-84% between 2000 and 2005, raising strong
concerns about the sustainability of this hunting operation. A combination of experimental
trials to estimate population sizes and extensive catch and trade monitoring programs
indicated that population density varies both spatially and temporally, largely due to the

Keywords: seasonally fluctuating environment of Tonle Sap Lake. The quantity of snakes captured
Fisheries mirrors the lake’s seasonal fluctuations, due to temporal changes in both catch per unit
Homalopsidae effort and the number of people hunting. Through interviews with hunters we scored
Enhydris the seven exploited species for perceived changes in catch size. All species were reported
Reptile as declining and their scores match their predicted vulnerability based on a combination
Cambodia of timing of exploitation relative to breeding, proportion of catch consisting of mature
Sustainability females and large fecund females, fecundity, body size, size at maturity, and vulnerability
Conservation to capture by gill nets. This information can inform conservation decisions for the long-
term preservation of this snake assemblage. We propose emphasis should be placed on
the snake skin trade that is targeting the largest, highly fecund females, and that any
efforts to reduce hunting should focus on the peak in trade that occurs during the main

breeding season.
© 2007 Elsevier Ltd. All rights reserved.
1. Introduction of models for estimating sustainable rates of exploitation (Mil-

ner-Gulland and Akcakaya, 2001; Reynolds et al., 2001a). Many

Sustainability of exploitation has become a central issue in
conservation, due to growing demands on biological resources
for food, shelter, fibre and medicines (Milner-Gulland and
Mace, 1998; Reynolds and Peres, 2006). The extent of exploita-
tion that can be sustained depends on the biology of the spe-
cies and the intensity of the activity. For wild animals, there
has been extensive research in both the fisheries domain and
in studies of the bush meat trade, which has yielded a range

* Corresponding author: Tel.: +44 7941 871662.

of the assessment approaches used are very data intensive,
which precludes their use in most situations, particularly in
many tropical regions where heavy exploitation occurs with
little knowledge of the species involved and the extent of
exploitation occurring. However, a range of indicators can be
used to provide initial assessments based on basic features
of life histories in relation to capture statistics (Reynolds
et al.,, 2001a; Dulvy et al., 2004; Froese, 2004).
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Many snake species around the world face heavy exploita-
tion pressure (Keogh et al., 2001; Zhou and Jlang, 2004), yet
this is rarely studied. This means that impacts of hunting
on snake populations are largely undocumented. Snakes have
been captured throughout history for medicinal products,
meat, leather, objects of worship and decoration. Within Chi-
na, the commercial trade in snakes became large-scale
domestically in the 1980s, and more recently regional trade
has expanded (Klemens and Thorbjarnarson, 1995; Zhou
and Jlang, 2004). For some species such an expansion in trade
had led to concerns about the ecological sustainability of
exploitation (Shine et al., 1999; Keogh et al., 2001).

In recent years, snake hunting has become a prevalent fea-
ture of the Tonle Sap Lake in Cambodia (Stuart et al., 2000).
Although this ecosystem holds one of the most productive in-
land fisheries in the world, since the lake became securely
accessible again in the 1990s, there has been gross overexploi-
tation of many fish species and substantial decreases in the
catch per unit effort (Lim et al., 1999; Bonheur and Lane,
2002). There has also been extensive exploitation of the other
wildlife of the lake such as birds, turtles and snakes which are
also being depleted (Bonheur and Lane, 2002).

Concurrently, within the Tonle Sap basin there has been a
substantial boom in the local crocodile farm industry, which
is breeding and rearing the native Siamese crocodile, Crocody-
lus siamensis, and the non-native Cuban crocodile, Crocodylus
rhombifer for commercial purposes (Campbell et al., 2006).
This has added considerable pressure to the demands for pro-
tein from the lake which, in recent years, has been partly pro-
vided by the exploitation of water snakes (Stuart et al., 2000).
There are also international markets for the snakes of Tonle
Sap, including skins are used for fashion products, as well
as live animals used for human consumption, often in expen-
sive restaurants (Stuart et al., 2000; Bonheur and Lane, 2002).

Tonle Sap Lake is the largest lake in SE Asia and one that
exhibits a unique hydrological system. Each year, as a result
of the increased flow of the Mekong River during the SW mon-
soon, the Tonle Sap river changes direction and floods the
lake, increasing its area from 2500 km? to between 10,000
and 16,000 km? (Lim et al., 1999). This creates a highly dy-
namic ecosystem, with seasonally fluctuating water levels
and areas of flooded habitat. This in turn provides an array
of seasonally available resources, shaping patterns of fishing,
wildlife exploitation and other livelihood activities.

The majority of snakes living within Tonle Sap are semi-
aquatic homalopsid water snakes, previously known as
homalopsines (Saint Girons and Pfeffer, 1972; Voris et al,,
2002; Lawson et al., 2005). Despite their abundance, they
are seldom seen in the wild, as they spend most of their
time beneath the surface of the water, where they are vul-
nerable to capture by gill nets. Therefore, in response to
the market demand for snakes from the crocodile farm
industry, Tonle Sap fishers have recently begun to target
these snake species (Stuart et al., 2000). This has led to large
numbers of snakes being captured, yet the true extent of the
exploitation and the impact on snake populations was previ-
ously unknown. Of the species involved, only the pythons
(Python spp.) and cobras (Naja spp.) are listed under the Con-
vention on International Trade in Endangered Species
(CITES), and protected by Cambodian law. Species that breed

in water currently fall under the jurisdiction of the Depart-
ment of Fisheries, which has made no provision for the pro-
tection of water snakes.

Following on from the work provided by Stuart et al. (2000),
this paper provides a detailed documentation of the emergent
snake ‘fishery’ occurring on Tonle Sap Lake. We provide the
first statistics of capture rates and trade quantity that are
based on year round sampling. By overlaying catch data with
biological data, we assess the relative vulnerability of differ-
ent species based on the timing of exploitation relative to
their breeding season, proportion of catch consisting of ma-
ture females and the large fecund females, fecundity and
body size, including size at maturity. Through interviews with
local hunters, we present the perceived rate of decline in
catches over recent years, and obtain scores of the relative de-
clines of the various species involved, which we then relate to
intrinsic life history traits and capture statistics in order to
make preliminary inferences regarding the sustainability of
snake hunting.

2. Methods

2.1.  Assessment of trade

We used a combination of methods to assess the trade in the
five provinces that surround Tonle Sap Lake. The study was
carried out between June 2004 and March 2006, with esti-
mates of annual trade based on a hunting season that ex-
tends from June until March. For some sites we have
obtained data for two hunting seasons and in these cases
the mean was taken as our annual estimate. In all five prov-
inces we identified landing sites where snakes were sold by
both hunters and lake-based intermediary traders to land-
based traders. In some provinces landing sites are clearly de-
fined areas through which the majority of trade passes,
whereas in others, trade occurs over an undefined area. In
the latter situation trade is more difficult to monitor and is
therefore likely to be underestimated. In addition to the
large-scale trade, snakes that are caught as by-catch are often
consumed within the household or sold in small local mar-
kets in numerous villages both on and around the lake. These
activities have not been quantified but are likely to be small-
scale in comparison to the targeted catch.

We identified major landing sites in Siem Reap, Battam-
bong and Kampong Chhnang province where large quantities
of snakes were sold. The Chong Khneas landing site in Siem
Reap province was chosen as the principal site to monitor
the trade, based on the known high level of trade that occurs
there as a result of the high density of crocodile farms, and
hence high demand for snakes for food. We monitored this
landing site intensively from July 2004 until March 2006.
Monitoring occurred over 24h periods on a weekly basis
throughout the hunting season and additional shorter visits
were made opportunistically. When our monitoring periods
lasted for less than 24 h, we used correction factors to esti-
mate the total for a 24 h period based on average quantities
of snakes being landed for each hour of the day for that
month. For each boat that arrived, we recorded the weight
of snakes landed in kg. We divided the snakes into two cat-
egories according to the way they were sold: (1) small-bodied
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snakes of mixed species normally sold dead for crocodile
food and occasionally for human consumption; (2) large-bod-
ied, high value snakes of two species, sold separately by
weight or by number depending on their size, and sold for
skins and live export. For each landing the boat owner was
asked the origin of the catch. This information was gathered
by an assistant who has lived in the local village all his life,
and has a good rapport with the people involved in the trade,
minimising potential bias from dishonest replies. We also
used this method at Battambong landing site in 2004 on
two occasions. At these trading ports the mean number of
snakes traded per day in each month was used to calculate
the estimated total number of snakes traded for that month.
This information was then used to estimate the total quan-
tity traded through each port.

At Kampong Chhnang and Battambong province landing
sites, we identified the traders that purchase the majority
of the snakes landed at these sites. We asked them to retain
records of the quantities they traded on a daily basis. While
we acknowledge the potential for dishonest recordings,
these traders record this information under normal circum-
stances and would have little reason to write false records.
We estimated the remaining quantity of snakes traded at
these sites from regular visits and interviews with other
traders who purchased their snakes directly from the land-
ing sites.

We spent 12 days visiting sites within Siem Reap, Kam-
pong Thom, Kampong Chhnang and Pursat province to quan-
tify previously unidentified trade. We derived estimates of
annual trade through several sites from interviews with vari-
ous traders. Much of this trade, particularly within Kampong
Thom, occurs directly from trader to trader and no clearly de-
fined landing site exists. This method is the most limited and
potentially biased as it does rely on honesty. However,
through interviewing several traders, we were able to triangu-
late our findings and discard interviews that did not concur
with others. Only the trade that could be quantified was in-
cluded in our estimates and there are likely to be more trade
routes than those we have identified.

Conversion factors based on repeated counts of known
weights of snakes taken from major landing sites were used
to convert weight into number of snakes. Our estimates of
trade quantity of the high value large-bodied snakes are
based on those traded at Chong Khneas port, although this
trade does exist at various localities around the lake.

2.2. Catch species composition

We haphazardly sampled catches at landing sites to record
species composition. From the crocodile food trade we
counted and recorded the species of a total of 62,230 snakes
from 162, 18 and 5 separate samples in Siem Reap, Kampong
Chhnang and Battambong province respectively. In Siem
Reap this was carried out throughout the season on a weekly
basis, as far as possible, providing a time series of the rela-
tive proportions of each species in the catch. We estimated
the species composition of the large-bodied snakes traded
at Chong Khneas in Siem Reap from the trade monitoring
data, whereby people were asked how many of each species
were in each landing.

2.3.  Catch per unit effort

We had 1475 encounters with snake hunters located out on
the lake who we intercepted at trading points before they sold
their catches to the traders. These locations were recorded
using a Geographical Positioning System (GPS) and were typ-
ically less than 3 km from the areas where hunting occurs. We
identified, counted and where possible weighed each species
in their catch to obtain the quantity of each species caught.
We then conducted a short questionnaire with each hunter
regarding their effort (gear type and size and duration set in
water), habitat where hunting occurred (water depth and col-
our, habitat type and distance from current location) and
whether they were targeting snakes. Of the 1475 catches re-
corded, 1335 were caught using a gill net. The area of each gill
net was calculated from the length and height provided in the
questionnaire. We then calculated the catch per unit effort
from the number of snakes per 1000 m? of gill net per day,
for snakes overall and for each species separately. For the
comparisons of catch per unit effort with trade quantity we
converted this into kg per 1000 m? per day based on the aver-
age weights of each species measured at landing sites. When
testing for the effect of different variables on catch per unit
effort, we log10 + 1 transformed the data and excluded zero
values for individual species to provide a normal distribution
for parametric statistics. The removal of zero values removed
cases where species were not present, but had no effect on
their relative abundances in the areas where they were
encountered.

2.4. Size—frequency of snake catches

From the catches landed at Chong Khneas we randomly se-
lected, measured, weighed and sexed 8826 snakes: 4244 Enhyd-
ris enhydris, 1599 Enhydris longicauda, 1600 Homalopsis buccata,
141 Enhydris bocourti, 869 Erpeton tentaculatus, 234 Xenochrophis
piscator and 139 Cylindrophis ruffus. No data are available for
the other species that we recorded in the hunters’ catches as
they did not appear in the trade. Using these size-frequency
data we applied simple fisheries indicators to assess the po-
tential for sustainability of this snake ‘fishery’ for each species
involved. Using the length at which 50% of the female popula-
tion is mature (Brooks, unpublished data), we calculated the
proportion of mature females in the catch. In order to assess
the proportion of females that were in the upper size ranges,
we calculated the proportion of captured females above 85%
maximum length. We calculated the fecundity at mean length
of capture and maximum body length for females, using the
linear regressions of clutch size and body length (Brooks,
unpublished data), which we used to express the proportion
of potential reproductive output realised prior to capture. In
our calculations using maximum length, we used the maxi-
mum observed length at the 99th percentile as this was found
to remove sample size biases. In our comparisons of life histo-
ries, the maximum mass was estimated from the mean of the
largest 10% of the distribution, to remove sample size biases
between the species. Such biases would have been particularly
apparent in some species, where many of the larger females
contained eggs and were therefore removed from the sample
when using mass.
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2.5. Interviews with local hunters

We interviewed 60 snake hunters between June 2004 and
December 2005 in Battambong province. These interviews
were independent of those carried out during the catch mon-
itoring and were conducted in people’s households. We asked
each person to estimate the quantity of snakes that they
caught in the current year, the previous year and in the year
they started hunting. All estimates were given for both the
high season, when people target snakes and obtain high
catches, and the low season when snakes are generally
caught as a by-catch. Additionally, we asked hunters which
months of the year they hunt snakes. Using picture cards of
the main seven species we see in the trade, we asked people
to score each species for changes in their abundance. We ap-
plied the scores to the categories as follows:

+2 Increase

0 No change

-1 Small decline
-2 Medium decline
-3 Large decline

For each species we multiplied the proportion of people
who described changes in each category by the score for that
category, and then calculated a total score from the sum of
these scores. A high negative score thereby reflects a large de-
cline. Increases were seldom reported and therefore only a
single grade was included. More often, species were recorded
as declining and therefore it was necessary to scale decline
scores into three grades. An alternative scoring system, in
which an increase in abundance was given a value of +1,
did not change any conclusions.

2.6.  Population estimates

We conducted two preliminary depletion experiments to
estimate snake densities in the flooded forest of Battam-

bong province. One was carried out in August and one in
November 2005. The experimental design consisted of three
replicates. Three circles, each 700 m circumference, of gill
net were set to act as a barrier closing off areas of flooded
grassland dominated with the woody legume species Sesba-
nia javanica; a common habitat in the floodplain. The circles
were set a minimum of 100 m apart from each other. We
used three small circles instead of one large one because
it was easier for the hunters to set nets in smaller circles.
Inside each circle a further 350 and 700 m of gill net was
set in the two experiments, respectively. The location of
the experimental areas was recorded using a GPS so that
we could calculate each area accurately using Arcview
GIS. Six hunters were hired to carry out the experiment
and those responsible for the barrier nets identified the
direction from which each snake had entered the net, in or-
der to record snakes caught from inside and outside the
experimental area separately. Although the snakes become
very tangled in the nets, it was possible to determine the
direction of entry from the side where the tail was, as the
entire body of the snake was not able to pass through the
net due to the small mesh-size. The nets were checked dai-
ly and we recorded the numbers of each species caught in
each net for seven days. Data from the three circles were
combined. The population estimate was derived from the
standard fisheries depletion method (Jennings et al., 2001)
whereby the number of snakes caught in each sampling
period, N;, was regressed against the cumulative number
caught, X;:

Nl' =a-— in.,

where a is a constant and b is the slope of the regression. The
total number in the population, N, is calculated as

N = -a/b.

Confidence intervals were set at 95% and calculated from the

standard formula used to estimate confidence limits on esti-
mates derived from linear regressions.

Table 1 - Estimated quantity of snakes traded in the five provinces around Tonle Sap Lake and the species composition for

three of these provinces

Province Trade quantity Species composition
per annum (kg) ~\ymper Enhydris Enhydris Homalopsis Enhydris  Erpeton  Xenochrophis Cylindrophis
counted enhydris longicauda buccata  bocourti tentaculatus  piscator ruffus
Siem Reap
Crocodile 311,959 + 56,559 57,038 71.0 16.2 31 0.6 6.9 1.5 0.8
food trade
Skin trade 46,496 + 9143 22,867 97.6 2.4
Kampong Thom 162,195 + 19,655
Kampong 139,402 + 50,233 4114 56.1 393 1.2 0.2 3.2 0.1 0.02
Chhnang
Pursat 88,286 + 45,607
Battambong 28,511 + 15,035 1178 71.6 17.0 3.0 0.4 6.1 1.5 0.4
Total 776,849 + 196,232

Estimates for the two distinct trades that occur in Siem Reap province are given separately. Species composition data indicate the total number

of snakes counted and the percent of these belonging to each species.
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3. Results

3.1. Trade quantity

The quantity of snakes traded in Siem Reap includes both
those traded for crocodile food and those for the international
skin trade (Table 1). Species composition for the skin trade at
Chong Khneas is taken from the monitoring data whereby
people were asked how many of each species were in each
landing. Species composition for the crocodile food trade
was taken from direct counts of samples in the three prov-
inces; Siem Reap, Battambong and Kampong Chhnang.

We found that a total of at least 777 tonnes of snakes are
traded at various destinations around the lake per year, which
equates to 6.9 million individuals (Table 1). Although there are
potential biases where our methods rely on being told the
truth by traders, in areas where we have both quantities re-
corded by traders and quantities we recorded, they are of
the same magnitude, indicating that this bias is minimal.
The actual number removed may be considerably higher as
this estimate does not include those used for human and

SR
B
KT
PS el
KcC
%
3 .
200 km

crocodile consumption on the lake (i.e. not landed at ports),
nor smaller unidentified trade routes.

Of the trade we identified, 46% occurred in Siem Reap
province, where we focused our efforts on trade monitoring.
Of the landings in this province, 98% came from traders from
various locations who used motorized boats to collect snakes
from multiple hunters. Our trade monitoring program
showed that 93.4%, 3.2% and 2.8% of the quantity of these
snakes originated from the forests of Battambong, Siem Reap
and Pursat province, respectively. Of all trade identified, 49%
of the snakes were therefore caught within the flooded forests
of Battambong province, where we focused our catch moni-
toring program to quantify the catch per unit effort of hun-
ter’s catches.

The quantity of snakes traded at Chong Khneas port in
Siem Reap province shows a strong seasonal fluctuation, as
did the catch size per area of net per day (Fig. 2). However,
the quantity of snakes traded is affected not only by catch
per unit effort, but also by the proportion of hunters that
are hunting in any given month (Fig. 3). The total number of
people who hunt snakes is unknown. At low values of both

Mekong
River
I Tonle Sap Lake
Inundated area

\_UJ{_I:"

CPUE
kg/1000m?/
day

* 02
® 34
® 56
® 78
® 911

Tonle Sap

Fig. 1 - Map of Cambodia showing the location of Tonle Sap Lake and the surrounding flood zone. The five provinces
surrounding the lake are labelled [Siem Reap (SR), Kampong Thom (KT), Kampong Chhnang (KC), Pursat (PS) and Battambong
(BB)]. The inset shows the study site and the black markers represent locations of catch per unit effort (CPUE) data. The size of
each marker indicates the mean catch per unit effort at each location, ranging from 0-2 to 9-11 kg/1000 m?/day.
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catch per unit effort and proportion of hunters hunting, no
trade occurred because too few snakes were caught to trans-
port to landing sites. The low trade quantity at the two high-
est catch per unit effort values is driven by the low proportion
of hunters that hunt in the months of November and Decem-
ber when most (but not all) hunters are excluded from fishing
lots (see Section 4). A multiple regression shows that while
both catch per unit effort and proportion of hunters who
are hunting are significant predictor variables, the latter ex-
plains more of the variation in trade quantity than catch
per unit effort (model R? = 0.66, P < 0.001, partial correlations
(catch per unit effort) r = 0.50, P = 0.59 (proportion of hunters
hunting) r =0.73, P < 0.001).

3.2.  Catch per unit effort (catch size per area of net per
day)

Mean catch per unit effort taken at various sites showed both
spatial (Fig. 1) and temporal variation (Fig. 2). The water depth
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Fig. 2 - (a) Estimated quantities of snakes traded over two
hunting seasons at Chong Khneas port in Siem Reap
province, based on mean values of quantity traded per day
multiplied by the number of days in each month in which
trading occurred. The standard error bars represent the
variation between sample days. (b) The mean monthly catch
per unit effort (CPUE) measured from gill net catches in the
flooded forest of Battambong province over the same time
period. Standard error bars represent the variation between
hunters’ catches. The arrows above the figures show the
time of year when the resource is open access. At all other
times access is restricted due to the operation of the private
fishing concessions.

at hunting sites also fluctuated with seasonal changes in the
overall lake level (Fig. 4). We therefore controlled for these
seasonal effects when analysing the effects of other variables
on catch per unit effort. A two-factor ANCOVA showed that
habitat type and water colour each had significant effects
on catch per unit effort after controlling for water depth
and month (Fs o3, = 8.44, P < 0.0001, Fg 30, = 5.87, P < 0.0001 for
habitat and colour, respectively). The highest catches per unit
effort occurred in shallow water (standardized p=-0.07,
P <0.0001). Bonferroni corrected post hoc analyses showed
that the differences lay in the low catch per unit effort of open
water compared to all other habitats, with the highest catches
in flooded grassland and forest habitats compared with those
along channels and in habitat dominated with Sesbania java-
nica (P < 0.05). Catch per unit effort also tended to be higher
in the darker black and red coloured water than in the lighter
blue, green and brown coloured water.

Unsurprisingly, the catch per unit effort was significantly
higher when hunters were targeting snakes, rather than tak-
ing snakes as a by-catch (t =—5.25, d.f. =209.5, P < 0.0001). The
fishing gear used to catch fish and snakes is identical. In order
to target snakes, hunters set their net in darker shallow water
among vegetation, rather than the clear open water where
they are able to catch fish. This therefore concurs with our re-
sult of a decrease in catch per unit effort with depth and open
non-vegetated water. The hunters do not remove small fish
that become caught in the net as these fish serve as a lure
for snakes.

We recorded 11 species of snake in the catches. These vary
considerably in their catch per unit effort, with Enhydris
enhydris dominating the catch (Table 2). Some species occur
in the catch that are undetectable in the trade. Enhydris plum-
bea, a non-venomous homalopsid, is believed by local people
to be venomous and is therefore often killed and discarded.
The cobras and pythons (Naja kaouthia, N. siamensis and Py-
thon molurus), which are more terrestrial than the homalops-
ids, are also sold. However, this is often done secretly as the
trade in these species is illegal and can incur heavy fines.

For eight of the species recorded in the catches, habitat
had a significant effect on catch per unit effort, after control-
ling for depth (Table 3). In all species except for Erpeton tentac-
ulatus and E. plumbea the catches were highest in flooded
grassland habitats. Most of the species do not occur in the
open lake, but are restricted to the vegetated areas. Individu-
als of E. enhydris and Cylindrophis ruffus were very occasionally
caught in the open water of the lake. Only three individual
granulated file snakes, Acrochordus granulatus, were recorded
during this study, and they were found in the open lake.
Whereas E. plumbea had the highest catch per unit effort in
deeper water, all of the other species that showed significant
relationships between catch per unit effort and depth were
caught most often in shallower water (Table 3).

3.3.  Population density

The population estimates obtained from the two preliminary
depletion experiments varied both between species and be-
tween experiments, which were conducted at different times
and places (Table 4). Although these were preliminary trials,
they give the first indications of possible densities in the wild
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Fig. 4 - Mean water depth taken from various hunting sites
in Battambong province (bars) and at Prek Kdam
hydrometric station, Tonle Sap Lake (line). The former is
taken from our hunting monitoring program and shows
standard error bars, and the latter from continual
monitoring by the Mekong River Commission (MRC).

for these species, depending on how good the assumptions
prove to be. E. enhydris and E. tentaculatus both showed signif-
icant depletion regressions (i.e. number caught declining with
time) in the August and November trials. Both of these spe-
cies had much higher densities in November. Although the
experiments were carried out at the same depth (4 m) and
in the same habitat type (flooded grassland dominated with
Sesbanea javanica), they were carried out at different locations.
Therefore, the differences in densities could be due to either
temporal or spatial effects.

Table 3 shows the average rank abundances between the
two trials for each species. These ranks match perfectly with
the species compositions in the trade at Siem Reap (Table 1),
except for the fact that E. longicauda and E. tentaculatus were
ranked equally in these trials, and in the trade E. longicauda
was more abundant. As a “back-of-the-envelope” calculation,
we scaled up these preliminary results for snake densities to
the entire study area, encompassing all areas of data
collection shown in Fig. 1. This gave preliminary estimates

Table 2 - The exploited species and their catch per unit effort, measured as the number of snakes per 1000 m? gill net per

day, and the mean weight of each species caught using gill nets

Family Species Catch per unit Mean weight per
effort + SE snake (g) + SE
Homalopsidae Enhydris enhydris 23.03+0.78 100.8 +3.9
Enhydris longicauda 4.36+0.21 1475+ 6.9
Homalopsis buccata 2.34+0.08 195.9 + 11.3
Erpeton tentaculatus 1.75+0.10 107.3 +4.45
Enhydris bocourti 0.41+0.03 187.9+9.8
Enhydris plumbea 0.02 + 0.005 189.6 + 18.1
Colubridae Xenochrophis piscator 0.88 + 0.05 180.3 + 10.0
Cylindrophis ruffus 0.39+0.03 269.4 +13.4
Elapidae Naja kaothia/siamensis 0.004 + 0.007 500.0 + 100.0
Boidae Python molurus 0.01 + 0.005 250.0 + 150.0
Acrochordidae Acrochordus granulatus 0.002 + 0.001 100.0 + 0.0
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Table 3 - The effect of depth and habitat type on the catch per unit effort (number snakes per 1000 m?/day) of seven snake
species based on a one-factor ANCOVA with depth as the covariate

Species Depth (p) Habitat (P) Habitat type (all aquatic)
Grassland Forest Grass/forest Channel S. javanica Open lake

mix

E. enhydris —0.09" 1= 2b g 5¢ 4° 64

E. longicauda —0.07" : 1 2 5 3 4

H. buccata -0.07" 12 3P 4° e 5¢

E. bocourti -0.02" 1° 3° 5P 4° 2%

E. tentaculatus —0.04" 22b 4be 5¢ 3P 12

X. piscator —0.004™ : 12 22t 420 32 4°

C. ruffus —0.007 i 3° 5ab 4 7 62°

E. plumbea 0.03° 2b 12 3P

Naja spp. 1

P. molurus 0.03 2 1

A. granulatus 1

Standardized f values and their significance levels are provided for depth and significance of the habitat effect is given ('P < 0.05; *P < 0.001;
"P < 0.0001). The rank order of catch per unit effort in different habitat types is given, with significant differences between them based on the
Bonferroni corrected post hoc analyses, denoted by different superscript symbols (a, b and c).

Table 4 - Population densities of snake species from depletion experiments conducted in August and November 2005

Species (mean

Experiment 1 - total area = 85897 m? August 2005

Experiment 2 - total area = 83122 m? November 2005

rank

Nb  Regression coefficients P  Density snakes Nb Regression coefficients P  Density snakes
abundance) 10m2 (95% Cl) 10m-2 (95% Cl)
b a R? ° b a R? °
E. enhydris (1) 89  -0009 1010 063 <005 013 (0.05-0.70) 403 —0.005 3.581  0.56 0.05  0.84°
E. longicauda (2) 37 —0.002 0.268 0.15 0.38 0.14 58 —0.006 0.552 0.53 0.06 0.10
H. buccata (3) 50 -0.011 0625 083 <0.01 0.07" (0.04-0.12) 5
E. tentaculatus (2) 21 —0.021 0.427 0.87 <0.01 0.02" (0.01-0.04) 90 -0.018 1.516 0.83 <0.01 0.10" (0.06-0.18)
X. piscator (4) 3 42 —0.005 0.371 0.32 0.18  0.08
E. bocourti (6) 8 0
C. ruffus (5) 8 6

Linear regression coefficients (a and b), R? values and significance levels are given for the depletion plots for each species. Confidence intervals
are provided only for those with significant regressions. The total number of each species caught (Nb) is given for each experiment, along with

the mean rank of abundance between the two experiments.

of population sizes with 95% confidence intervals for all spe-
cies combined of 3.5 (2.5-9.4) and 10.5 (10.1-11.2) million
snakes from the August and November trials, respectively.
The confidence intervals provided here are based only on
the species for which they are known and therefore a wider
range of densities is possible. Given the estimate of nearly 3
million snakes traded from this area each year, we would ex-
pect the actual population density to be in the upper range of
what we have shown here.

3.4. Sustainability

The estimates of catch per hunter over the last 25 years, based
on the recall of hunters, show considerable variation, but
there has been a distinct decline over the last 5 years. Be-
tween the years of 2000 and 2005, high season catches have
declined by 74% and low season catches by 84% (Fig. 5).

3.5.
females

Maturity and reproductive potential of exploited

In all species except H. buccata and E. bocourti, the mean
length of captured females is at or above the length of matu-

rity, with the proportion of females above maturity ranging
from 45% to 92% (Table 5). Due to the large size at maturity
of H. buccata and E. bocourti, most of the females captured
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Fig. 5 - Temporal changes in catch sizes of snakes per
hunter, based on the perceptions of 60 hunters in
Battambong province. Data are shown for both the high and
low season; times of year when snake catches are typically
high and low, respectively. The sample size for each year
ranges from 1 to 46 and standard error bars show the
variation between these estimates.
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Table 5 — The proportion of captured females above the mean length of maturity and above 85% maximum length for

seven snake species

Species Mean SVL % captured % captured females Fecundity at Potential fecundity  Fmean as
of captured females above 85% mean size of at maximum a % of Frax
females + SE (n) mature max length capture (Fmean) size (Fmax)

E. enhydris 50.5 + 0.2 (1723) 56.1 16.1 10.1 20.3 49.9

E. longicauda 48.7 + 0.2 (866) 72.4 21.5 16.1 29.2 55.1

H. buccata
Crocodile food trade  58.5 + 0.8 (273) 3.3 1.5 0 20.2 0
Skin trade 81.1+ 0.4 (603) 48.6 11.9 8.7 20.2 43.3

E. bocourti
Crocodile food trade  45.7 + 1.6 (50) 2.0 0 0 19.4 0
Skin trade 86.2 + 2.7 (20) 95.0 30.0 12.9 19.4 66.4

E. tentaculatus 50.1 + 0.3 (366) 65.3 12.6 11.8 18.9 62.6

X. piscator 60.7 + 1.0 (112) 44.6 12.5 29.0 64 45.3

C. ruffus? 71.5+0.8 (78) (92.3) 41.0 9.1 13.4 67.5

Fecundity at mean length of capture is shown for each species and expressed as a proportion of fecundity at maximum body length.
a The size at maturity was insignificant (P = 0.1) and the result derived from this parameter is therefore bracketed.

using the size-selective gill net technique are immature. In
the skin trade, however, where individuals are caught using
traps and baited hooks, the mean lengths are equal to and
above the mean length of maturity for H. buccata and E. boco-
urti, respectively, with a much higher proportion of mature
individuals in the catch of E. bocourti than H. buccata (Table 5).
For comparative purposes we have calculated size-based
reference points for each species at 85% maximum body length.
Of the females occurring in the skin trade, 30% are above this
reference point in E. bocourti, compared to 12% in H. buccata.
Of the other species occurring in the crocodile food trade,
41% of caught C. ruffus are above this size-based reference
points, with all other species ranging from 13% to 22% (Table 5).
The fecundity of captured individuals, expressed as a per-
centage of the potential fecundity of that species at 90% body
length, indicates the reproductive output that has been rea-
lised, as a proportion of the potential that could have been
possible in the absence of fishing mortality. Immature indi-
viduals, such as those of H. buccata and E. bocourti which enter
the crocodile food trade, have therefore achieved 0% of their
reproductive potential. Of those occurring in the skin trade,
the individuals of E. bocourti are closer to their maximum
fecundity than H. buccata. Of the individuals of the other spe-
cies caught for crocodile food, those of E. enhydris, E. longicau-
da and X. piscator have realised approximately half of their
reproductive potential and those of E. tentaculatus and C. ruf-
fus are much closer to their maximum (Table 5).
3.6.  Temporal overlap of reproduction and exploitation
The degree of overlap between exploitation and reproduction
provides an indication of population vulnerability based on
timing. E. enhydris, which exhibits two breeding seasons, as
also shown in previous studies (Saint Girons and Pfeffer,
1971; Murphy et al., 2002), shows the greatest degree of over-
lap, with exploitation peaking just prior to, or at, the peak
reproductive periods (Fig. 6). C. ruffus, which also breeds dur-
ingJuly and August, shows considerable overlap with this first
peak in exploitation. All other species show a single reproduc-

tive period from December to February and March. Of these
species, E. longicauda and E. tentaculatus show the greatest
overlap between reproduction and hunting mortality due to
the majority of trade in these species occurring during the sec-
ond peak in hunting, just prior to their reproductive seasons.
H. buccata and E. bocourti occur in two separate trades that tar-
get different sized individuals. While the skin trade is small in
comparison to the crocodile food trade overall, it is responsi-
ble for half of the total catch of H. buccata each year and selects
for the larger individuals. During the first peak in trade the
numbers caught for crocodile food exceed those caught for
skins, but this pattern is reversed in the second trade peak,
which shows considerable overlap with the breeding season
for this species. Although fewer E. bocourti are caught for skins
than for crocodile food, this species also shows a peak in trade
of large-bodied individuals during their breeding season
(Fig. 6). The timing of exploitation of the smaller individuals
of these two species for crocodile food is less important as
the majority of these individuals are immature.

3.7.  Life histories

The interviews with hunters indicated that catch rates of the
seven main species have declined over time (Table 6). Using
maximum female body mass, mass at maturity and fecundity
at maturity taken from unpublished data, we did not find any
clear life history correlates of differences among species in
their rates of decline. However, the two species with the
strongest declines (H. buccata and E. bocourti), were the largest,
including their mass at maturity, and they had the lowest
fecundity next to C. ruffus (Table 6).

4, Discussion

The scale of exploitation of snakes from Cambodia’s Tonle Sap
Lake that we have reported here represents the largest docu-
mented snake hunting operation in the world, with an esti-
mated minimum of 6.9 million snakes (777 tonnes) captured
per year. Although we focused on the region with the greatest
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Fig. 6 - Seasonal patterns of exploitation and reproduction for seven snake species. The two lines for exploitation of
H. buccata and E. bocourti represent the two separate trades in which they occur. The standard error in estimates of trade
quantity in each month is derived from the variation in quantity traded between sample days.

Table 6 - Scores of relative declines in catch sizes of seven snake species based on hunter interviews, ranked in order of

decreasing decline

Score Rank Mean maximum Mass at Fecundity at maturity
female mass (g) + SE (n) maturity (g) (no. eggs per breeding bout)
E. bocourti —2.36 1 857.5 +70.4 (64) 418.4 7.7
H. buccata -2.29 2 569.1 + 27.5 (728) 310.1 8.8
E. enhydris -1.86 3 200.2 + 4.2 (1160) 96.4 9.0
E. longicauda -1.77 4 288.9 + 6.6 (712) 119.2 12.7
X. piscator —0.59 5 432 + 32.1 (103) 149.4 28.8
E. tentaculatus —-0.25 6 188.7 +7.2 (322) 90.6 10.6
C. ruffus —0.23 6 360.3 + 9.6 (78) 170.5 6.6

These are shown in comparison with female life history traits of each species: maximum female mass is taken from the mean of the largest
10% of the sample and the total sample size is shown in brackets. Mass and fecundity at maturity are derived from body length at maturity and
relationships of clutch size and body mass with body length (Brooks, unpublished data).
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level of exploitation, the true figure is probably much higher,
as our calculations do not include local consumption and
smaller unidentified trade routes. E. enhydris, which represents
around 70% of this total quantity, is therefore the most heavily
exploited snake species that has been documented. Our esti-
mates of trade quantity are considerably higher than those re-
ported by Stuart et al. (2000) for the same region, mainly due to
differences in both the estimated number of snakes per kg.
The authors report that E. enhydris accounted for a similar pro-
portion of the catch to what was found in this study and it is
therefore likely that the discrepancy between the studies is
the result of a decrease in average size of snakes and / or a de-
cline in the abundance of the larger species, such as H. buccata.

Where possible, estimates of sustainability of exploitation
are obtained by combining information on the hunting oper-
ation with baseline catch statistics and information on the
biology of the species involved (Milner-Gulland and Mace,
1998; Reynolds et al., 2001b). In practise this is rarely possible,
with notable exceptions in wealthy countries for commercial
fisheries, recreational hunting, and logging (Reynolds and
Peres, 2006). We lack long time series of catch and effort data
from Tonle Sap Lake, and although known for other popula-
tions of some species (Murphy et al., 1999), we lack population
parameters such as population size, age at maturity and
growth rate for the Tonle Sap populations, thus precluding
the use of standard exploitation models to determine
whether hunting mortalities are sustainable. However, we
do have several lines of evidence, ranging from interviews
with hunters to life history variation among snake species,
which enable us to rank species according to vulnerability,
and provide general guidelines for sustainable hunting meth-
ods. These sustainability and vulnerability issues are dis-
cussed below, following an initial overview of the hunting
operation in this seasonal environment.

4.1. Hunting interactions with habitats

The homalopsids in this assemblage are semi-aquatic snakes
that typically live within mud-root tangle habitat in shallow
water (Murphy et al., 1999; Karns et al., 1999-2000). This habi-
tat preference concurs with the higher catch rates in shallower
water and in flooded grasslands shown here. Due to the an-
nual flood cycle of Tonle Sap Lake, these shallow areas move
several kilometres back and forth each year and we do not
know how the snakes respond to the strong seasonality of this
environment. Previous studies on E. enhydris in Thailand
showed they exhibit sedentary periods punctuated by longer
movements, with a mean daily rate of movement of approxi-
mately 20 m (Karns et al., 1999-2000). These studies were con-
ducted in relatively static environments with little fluctuation
in resource availability, vegetation cover, water depth and clar-
ity. The snakes of Tonle Sap may show similar patterns but will
travel greater distances gradually over time in order to main-
tain their association with preferred habitats and food supply.
We have shown through preliminary population density
experiments and catch monitoring that snake population den-
sities vary both spatially and temporally. Catches are higher
both as the water first enters the forest and again as it recedes,
which could be the result of a concentration of snakes at low
water levels. However, at this stage we cannot separate these

density effects from catchability effects, i.e. snakes become
more difficult to catch in deeper clearer water. Spatial differ-
ences are apparent from our catch monitoring data, through
which we often observed snake hunters moving their gill nets
until they find a location where catches are sufficient. We have
also shown a significant effect of targeting on catch size,
which highlights a well-known problem of using catch per unit
effort as an index of abundance, as it compounds the behav-
iour of the hunter with the relative abundance of snakes.
The extent of hunting will also depend on accessibility of the
habitat. At the end of September each year the commercial
fishing lots (publicly auctioned fisheries domains which cover
a large areas of Tonle Sap Lake), begin operation and large
areas of flooded forest are closed to public access. Therefore,
despite the high catches as the water recedes, overall effort
is reduced as many of the hunters are refused access to these
areas of the forest. This accounts for the drop in trade quantity
with high catch per unit effort in Fig. 3.

4.2.  Sustainability issues

The intensity of exploitation experienced by the Tonle Sap
snakes gives cause for concern. Despite the fact that tropical
snakes are more likely to be able to withstand intensive com-
mercial exploitation than their temperate zonerelatives, as are-
sult of faster growth, earlier maturation and higher reproductive
output (Shine et al., 1999), their ability to withstand the mortal-
ity shown in this study is highly questionable. A large population
of hunters with gill nets penetrates all areas occupied by these
snakes, concentrating effort along the shallow edge, which
appears to be favoured by the snakes, leaving few or no unex-
ploited refuges. This is in contrast with what has been shown
for the exploitation of other tropical aquatic snakes. Shine
et al. (1995) attributed the inaccessible habitat and low snake
population density, as a result of high water depth, to the low
vulnerability of file snakes to over-exploitation. The low densi-
ties exhibited by many snake species may deter targeted hunts,
although even as a by-catch, many sea snakes are showing high
susceptibility to over-exploitation, due to intense commercial
trawling (Milton, 2001). Therefore, given the combination of
the by-catch and targeted exploitation of the Tonle Sap snakes,
itis not surprising that severe declines have been reported.

In the absence of temporal data on catch statistics for this
trade, we have relied upon recall by hunters to establish rates
of decline and differences among the species. The use of
interviews to reconstruct recent historical changes in popula-
tion status is often used in conservation studies (Sadovy and
Leung, 2003) and while this technique is far from perfect, the
relative declines of each of the species reported in this study
do concur with catch statistics and expectations from ele-
ments of their biology. Specifically, species differ in their rel-
ative abundance, degree of targeting, timing of exploitation
relative to their breeding season, proportion of catch consist-
ing of mature females and large fecund females, fecundity
and body size, including size at maturity.

4.3.  Population size and exploitation rate

Without knowledge of population sizes we cannot calculate
per capita exploitation rates. Differences among species in
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catch per unit effort reflect a combination of differences in
their natural abundance with differences in their vulnerabil-
ity to capture. C. ruffus, X. piscator and E. plumbea are the only
species within this assemblage that are seen swimming on
the surface of the water and are probably more terrestrial in
nature (Saint Girons, 1972; Voris and Karns, 1996). They are
therefore likely to be less vulnerable to capture by gill nets
set beneath the water and the low catch per unit effort levels
shown here are likely to be a reflection of this. All other spe-
cies are homalopsid water snakes that are likely to have a
higher vulnerability to capture due to the time spent beneath
the water. Homalopsids, however, have been shown to exhibit
considerable ecological diversity; in particular between E. ten-
taculatus which is a sit and wait predator and the other homa-
lopsids in this assemblage which are active feeders (Voris
et al., 2002). We therefore cannot assume that these species
will show similar rates of exploitation. Therefore, the relative
differences in their catch rates shown in this study are likely
to reflect both their differing natural abundances and differ-
ences in their ecology and catchability. Our population den-
sity estimates provide only a preliminary guideline. Further
replication of this method is required in all habitats and
throughout the year, to establish the overall density of the
various species throughout the Tonle Sap basin. Nonetheless
our estimates indicate that a significant proportion of the
snake populations may be removed each year.

4.4. Vulnerability based in timing of exploitation

Not all individuals are equally important to the growth of a
population. The reproductive value of an individual, which is
a measure of its expected contribution to the population (Mac-
Arthur, 1960), changes with age and with season. Thus, the
timing of exploitation relative to the timing of reproduction
is a likely determinant of vulnerability. Reproductive value in-
creases as an individual approaches its reproductive season,
peaks at parturition, and decreases following reproduction,
when there is a greater chance that it will die before the next
reproductive bout (Kokko et al., 2001). Vulnerability due to tim-
ing of exploitation is therefore highest in E. enhydris, with
peaks in exploitation occurring before and during the peak
reproductive periods. Previous studies of fish have shown that
the impact of removing an individual before or during the
spawning season, can be up to 46% higher than removing
one after the spawning season (Matsuda et al., 1994). This
may be a significant factor in the reported decline of E. enhyd-
ris. All species except C. ruffus breed during the second peak in
trade from October through January. This peak in trade will
therefore have a disproportionate impact per individual re-
moved, compared to the first peak, as a result of the high
reproductive value of individual females during this time.
Such information can be used to inform management choices.

4.5.  Size-based determinants of vulnerability

In fisheries, there is widespread support for the ‘let them
spawn at least once’ policy, to help prevent stock collapse
(Die and Caddy, 1997; Myers and Mertz, 1998). Based on this
premise, the probability of having bred before capture has
been applied to assessments of vulnerability of sea snakes

to exploitation (Milton, 2001) and we have applied it here.
All species in this study show a positive relationship between
clutch size and body size (Brooks, unpublished data) and this
has also been shown in other parts of their range (Murphy
et al.,, 2002; Karns et al., 2005). Reproductive output therefore
continues to increase with age. Mortality is likely to decrease
with age until senescence has an effect. The reproductive va-
lue of an individual female to the growth of a population
therefore increases with age. Based on this assertion, it has
been suggested that, in the case of highly depleted popula-
tions, a few successful and highly fecund females can effec-
tively safeguard a population (Caddy and Seijo, 2002). Larger
fish often produce larger offspring that will have a greater
chance of survival (Aubone, 2004) and a similar trend has
been shown for snakes (Madsen and Shine, 1992). It therefore
follows that, unless they are close to the end of their lifespan,
larger mature females should also be protected. Froese (2004)
termed female fish above the optimum length of capture
‘mega-spawners’ and proposed the implementation of fishing
strategies that result in 0% mega-spawners caught. Optimum
length of capture is the length of maximum yield per recruit,
where the product of the number of surviving individuals
multiplied with their average weight results in the highest
biomass, usually corresponding to the highest egg production
(Froese and Binohlan, 2000). The optimum length is unknown
for these snake species and we have therefore set as a bench-
mark for comparisons, a maximum size limit at 85% maxi-
mum length.

In this study, we have presented the proportion of females
caught that are above the size at which 50% of the population
is mature, as well as above 85% maximum length. E. bocourti,
followed by H. buccata, therefore, show the greatest potential
impact on the population per individual removed, due to the
high proportion of the catch that is immature and above this
size-based reference point. The lower number of large sized
individuals in the catch of some species may reflect depletion
due to over-hunting (Froese, 2004). However, since hunting
snakes for skins has a long history in this area, it is unlikely
that the exploitation rate in the upper end of populations is
greater for any species, than for H. buccata and E. bocourti.
The trade of large snakes for the skin trade is undoubtedly
having a large impact on the population of H. buccata and E.
bocourti. While these species are not CITES listed, a license
is required for their transport and export, which is seldom ob-
tained. Greater enforcement against the illegal export of these
snakes would therefore be a necessary and feasible step in the
protection of these species. As the capture of snakes for croc-
odile food is indiscriminate to species, it is much harder to
devise methods that would reduce the number of immature
females of H. buccata and E. bocourti caught.

4.6. Vulnerability based on intrinsic life histories

The intrinsic life history traits of species are important deter-
minants of the resilience of populations to exploitation (Rey-
nolds, 2003). Maximum body size, size at maturity and
fecundity are likely to be important for persistence or recov-
ery and have been shown to correlate with decline in other
taxa (Jennings et al., 1998; Purvis et al., 2000). We found no
clear correlates with our scores of decline and any single life
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history trait, although the two species with the strongest de-
clines were the largest and had relatively low fecundities. It is,
however, difficult to disentangle the effects of these intrinsic
life history traits from the other factors that could cause pop-
ulation declines, which are highlighted in this paper as hav-
ing differing effects on each species.

Enhydris enhydris was scored as showing the third strongest
decline, despite the fact that this species is one of smallest,
with a small size at maturity. However, it has a relatively
low fecundity and perhaps more importantly shows the
greatest overlap of exploitation with its breeding season. C.
ruffus appears to be an anomaly in this assessment. It has
been scored with showing the least decline, yet it is a rela-
tively large-bodied species, with a potentially large size at
maturity, low fecundity and a large proportion of captured fe-
males are mature. However, this species is more terrestrial
than the other species in this assemblage, as supported by
our observations of it basking in trees, and therefore is likely
to be less susceptible to capture.

5. Conclusion

The enormous scale of snake hunting that we have docu-
mented for Tonle Sap Lake (at least 6.9 million snakes per
year) raises obvious questions about sustainability. While we
are unable to use standard exploitation models to produce
testable predictions regarding sustainability, we have at-
tempted to answer those questions by showing that variation
among species in life history traits as well as the extent and
timing of hunting and the size distribution of the affected
population, is correlated with differences among species in
rates of decline reported by hunters. We propose that any ef-
forts to reduce hunting should focus on the second peak in
trade occurring from October to December, in order to protect
breeding females. The size ranges of individuals targeted by
the two trades described here (crocodile food and snake skin
trade) are together causing the greatest declines in the largest
species, H. buccata and E. bocourti. This snake community rep-
resents a crucial income source for some of the poorest people
in Cambodia and the governance system managing natural re-
sources in this area is weak and under-resourced. Therefore,
conservation of this system requires a multifaceted approach
to ensure any intervention is both ethical and feasible. The
information in this paper highlights priority areas of focus
that can feed into assessments of conservation strategies for
the long-term preservation of this snake assemblage, and
the benefits that local communities derive from them.
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