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Irrawaddy dolphin demography in the Mekong River:
an application of mark-resight models
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Abstract. Riverine Irrawaddy dolphin populations are critically endangered and much uncertainty
exists over the population status in the Mekong River of northeast Cambodia and southern Lao People’s
Democratic Republic (Lao PDR). We conducted 11 surveys over three years to estimate abundance at each
survey as well as survival and the probability of individuals becoming unavailable for detection between
surveys. We utilized novel mark-resight estimators to account for the detection process in estimating these
parameters. Annual survival was 0.977 (0.040 SE) and movement in (0.060) and out (0.018) of an observable
state was low. We estimated abundance at 84.5 (95% CI=77.9-91.2) with little change over our surveys. We
also estimated recruitment and population growth rate for the marked, and presumably older, individuals
by estimating seniority using a reverse-time model. Seniority was estimated at 0.999 (0.028 SE), recruitment
at 0.001 and population growth rate at 0.978. Although the population size appears to be stable, we believe
this represents the slow disappearance of a long-lived animal with no recruitment. Along with the isolated
nature of the population and reduced population size as compared to historical estimates, we believe this
population is in serious threat of extirpation. We believe there may be as few as 7 or 8 animals in Lao PDR
and that the species is at risk of extinction there in the short-term. Although recent management actions
(e.g., outlawing of explosive fishing and some restriction on the use of gill-nets) have likely been beneficial
we believe identifying population goals to work towards, identifying additional management actions to
improve recruitment, and designing the survey methods to best estimate the success of these actions is
needed.
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INTRODUCTION Wang 2009, Bashir 2010, Trujillo et al. 2010). The
recent extinction of the baiji, Lipotes vexillifer, in

River dolphins are highly threatened through- the Yangtze River (Turvey et al. 2007), and
out the world (Braulik 2006, Smith et al. 2007, sensitivity of river dolphins to anthropogenic
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disturbance and environmental degradation
have prompted increasing momentum and focus
on riverine dolphin conservation (e.g., Smith et
al. 2007, Trujillo et al. 2010). Here we consider the
facultative freshwater Irrawaddy dolphin, Or-
caella brevirostris, which occurs patchily in coast-
al, brackish, and freshwater habitats in South and
Southeast Asia (Smith and Jefferson 2002).
Though some marine populations remain rela-
tively abundant (Smith et al. 2008), freshwater
populations are highly threatened, with all
exclusively riverine populations, in the Mekong
River in Cambodia and Lao People’s Democratic
Republic (Lao PDR), the Mahakam River in
Indonesia and the Ayeyarwady River in Myan-
mar, considered critically endangered by IUCN
criteria (Smith et al. 2007). These riverine
populations are all isolated from the marine
environment, and appear to represent distinct
genetic lineages (Beasley et al. 2005). As charis-
matic mega-fauna, and the only representatives
of the mammalian order Cetacea in these
systems, these unique freshwater Irrawaddy
dolphins are also an important umbrella species
for wider conservation of the aquatic systems
they inhabit.

Concern for the Mekong River population has
grown in recent decades due to a number of very
different anthropogenic threats. In the 1970s a
large number of dolphins were slaughtered for
oil (Smith and Jefferson 2002), and in the 1980s
and 1990s, intensive fishing practices with gill
nets and explosives emerged as the major threat
(Baird and Mounsouphom 1994, 1997). Irra-
waddy dolphins are now protected in both
Cambodia and Lao PDR. Explosive fishing is
outlawed and the use of gill nets has been
restricted in some dolphin habitat areas. By-catch
of dolphins now appears to have been reduced,
but not eliminated (WWF, unpublished data). In
recent years, a large number of unexplained
deaths, particularly among calves, has implicated
environmental contamination as a factor in
mortality (Dove 2009). Concurrently, the rise of
dolphin-watching tourism, where many boats
may approach dolphins within close range, has
engendered concerns as a stressor in some areas
(Beasley et al. 2010), although we note that well-
managed ecotourism has potential to provide
benefits for the animals and local communities.
The culmination of these threats is concern that
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the Mekong River Irrawaddy dolphin population
may be in ongoing decline.

Because of the conservation concerns for
dolphins generally, much attention has been
focused on estimating abundance. In the case of
Mekong River Irrawaddy dolphins, there have
been numerous contrasting estimates of popula-
tion size and divergent opinions of trend,
ranging from an estimate of 71 and threatened
(Dove et al. 2008), to the opinion that the dolphin
population is closer to 160 and growing (Kyodo
News Service 2009). This discrepancy has greatly
hindered consensus on dolphin conservation
management in the Mekong River. Estimating
abundance is difficult because dolphins are hard
to locate, catch, mark, and handle. Consequently,
some methods focus on observational data such
as raw counts of individuals detected (e.g., Baird
and Beasley 2005). However the realization that
detection probabilities are often less than 1, has
led to the use of mark-recapture estimators, such
as the Lincoln-Petersen estimator, to correct for
this error (e.g., Currey et al. 2008, Kelkar et al.
2010). These methods inevitably rely on naturally
evolving marks such as those from scars or
irregular fin shapes, which are not present at
birth and are more likely gained as individuals
age.

Correcting for a mean detection error is often
not enough because heterogeneity in detection
probability (Gowans and Whitehead 2001) will
often lead to abundance estimates that are biased
low. To help address heterogeneity in detection
error, modeling approaches have included dis-
tance sampling (Smith et al. 2008), Burnham’s
Jackknife (i.e., model Mh in Program CAPTURE,
e.g., Chilvers and Corkeron 2003), the use of
covariates (Smith et al. 2006), mixture models
(Silva et al. 2009) and resighting rates of
individuals (i.e., Bowden’s estimator in Program
NOREMARK, e.g.,, Oremus et al. 2007). One
challenge in using Bowden’s approach is that the
total number of marked individuals must be
known; a difficult assumption to meet when
individual marks are natural (e.g., fin shapes vs.
tags) and the total number of “marked” individ-
uals is unclear. Thus most studies disregard
multiple observations of the same animal in
formal mark-recapture analyses.

However, multiple observations of marked
and unmarked individuals, are often used in a
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subsequent step to better estimate the entire
population size, not only the population of
potentially marked individuals (e.g., Williams et
al. 1993). Many of the above studies correct
mark-recapture abundance estimates by the
proportion of unmarked individuals (or photo-
graphs of unmarked individuals) detected dur-
ing surveys (e.g., Chilvers and Corkeron 2003,
Dove et al. 2008).

Beyond estimating abundance for a single
point in time, estimating transition rates such as
survival over multiple time periods has also been
attempted for bottlenose dolphins, Tursiops trun-
catus (Silva et al. 2009). Relying on a robust
design model, Silva et al. (2009) were able to
estimate survival and address the problems
associated with “temporary emigration” (Ken-
dall and Nichols 1995)—the possibility that some
individuals may not be present in an observable
state during some surveys. In our case, we define
temporary emigration as applying to any move-
ment from observable, and available to be
detected, to unobservable, and not available for
detection, states (and vice versa). For instance,
some individuals that had been detected in a
previous survey may be in a part of the river that
is not searched, or under water (and not available
for detection) when a survey boat passed by, in a
future survey.

When multiple abundance surveys can be
combined in a single analysis, the distinction
between biological process variance and sam-
pling variance becomes important (Link and
Nichols 1994). Total variance across time can be
decomposed into both sampling variance and
biological process variance (i.e., total variance =
process variance + sampling variance) compo-
nents (e.g., Link and Nichols 1994). The biolog-
ical process variance is the component that we
are most interested in explaining. By factoring
out sampling variance, more precise and accurate
abundance estimates can be derived, especially
when testing for time trends.

Only recently were all of these survey/model-
ing issues (e.g., detection < 1, individual
heterogeneity in detection, using all resight data
from marked and unmarked individuals, esti-
mating survival and temporary emigration
across time), incorporated in a single, formal
framework (McClintock et al. 2006, McClintock
and White 2009, McClintock et al. 2009) and
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available in user-friendly software (i.e., Program
MARK) that can also separate process variance
from sampling variance. We used this analytical
advancement with survey data collected for the
Irrawaddy dolphin in the Mekong River (Cam-
bodia and Lao PDR), and believe this approach
can be applied to similar surveys to great effect
as well. We then apply a reverse-time approach
(Pradel 1996) to the mark-resight data to
estimate seniority (i.e.,, the probability of an
individual present at time t being present at time
t — 1) and deriving estimates of recruitment and
population trend for the marked individuals.

Using data collected over 3 years, our objective
was to estimate Mekong River Irrawaddy dol-
phin abundance, transition rates (i.e., survival,
temporary emigration, seniority), and derive
estimates of recruitment and population trend
while correcting for detection rates. We also
conducted simulations and power analyses to
inform future survey efforts.

METHODS

Study area

The Mekong River is a large seasonal flood-
plain river, including deep pool areas which are
important dry season habitat for dolphins and
many fish species (Poulsen et al. 2002) and a
Ramsar wetland site that provides habitat for
several globally threatened species (Bezuijen et
al. 2008). The survey route is along the Mekong
River’s main channel from Kratie Town, Kratie
province, Cambodia, to below the Khone Falls
complex in Champassak Province, Lao PDR, and
back again; a distance each way of around 190
km (Fig. 1). Each survey took 9-11 days (Table 1).
Previous extensive surveys suggest this area is
the current extent of dolphin distribution in the
Mekong River (Baird and Mounsouphom 1997,
Beasley 2007), and Khone falls is thought to be a
physical upper limit to the dolphin’s range;
dolphins never having been recorded upstream
in recent history (Baird et al. 1994). The short
time period for each survey and that we
surveyed the known area of dolphin distribution
supports the assumption of demographic and
geographic closure for abundance estimation.

Survey methods
Survey methods followed those previously
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Fig. 1. Map of the lower (left) and upper (right) Cambodian Mekong River that we surveyed. Deep pools are
designated by black and the dots represent dolphin groups we sighted. Inset: Lower Mekong Basin.

detailed by Dove et al. (2008). Surveys used a 9 concrete channel-markers installed by the former

m, narrow wooden boat with a long-tail out- French colonial government, though these mark-

board engine, and the route followed a system of ers were only visible in the low water season
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Table 1. Survey dates, survey length (days), number of days between midpoints of surveys (interval), cumulative
time since first survey, the number of unique individuals identified each survey, the cumulative number of
unique individuals identified, and the proportion of individuals uniquely identified for Irrawaddy dolphin
surveys in the Mekong River. The camera and lens combination(s) used are designated in footnotes.

Survey Interval Cumulative time No. Cumulative no. Proportion of
length length since first survey individuals individuals individuals
Survey dates (days) (days) (months) identified identified identified
17-25 April 2007+ 9 - - 62 62 0.93
21-29 May 2007} 9 34 1.1 61 76 0.95
29 Oct-8 Nov 20077 11 162 6.4 41 76 0.93
18-27 Feb 2008} 10 111.5 10.1 60 78 0.95
21 Apr-1 May 2008} 11 63.5 12.2 48 79 0.96
25 May-3 Jun 20087 10 33.5 13.3 40 80 0.93
30 Nov-9 Dec 2008§ 10 189 19.5 38 83 0.96
13 Mar-22 Mar 20098, 10 103 229 69 85 0.93
21-30 Apr 200989 10 39 24.2 64 87 0.91
2-10 Mar 20104, || 9 314.5 34.5 63 88 0.95
31 Mar-9 Apr 2010%)|| 10 29.5 35.5 62 88 091

+ Nikon D200/Nikkor 70-400 mm;  Canon EOS 350D/Sigma 170-500 mm; § Canon EOS 350D/Canon 100-400 mm; ¢ Canon

EOS 450D/Sigma 170-500 mm; # Canon EOS 450D/Canon 100-400 mm; || Canon EOS 50D/Canon 100-400 mm.

(December—-May; Starr 2003). Eleven surveys
were conducted from April 2007 to April 2010
(Table 1), generally during low water when the
river covers a much smaller area, and dolphins
are more easily found. The boat travelled at ~5-
10 km h™', and where the river was wider than
~500 m, a zigzag course was traveled from bank
to bank to more effectively cover the whole area.
In addition to the driver, at least six active
observers were present, with two on the bow
looking forward, and two in the center looking
behind, and two toward the stern looking to
either side.

When dolphins were sighted the engine was
stopped and, by oar, we approached cautiously
to within ~100 m. To further avoid disturbing
the animals, we approached in parallel to the
dolphin groups, rather than head directly to-
wards them, usually stopping upstream. Where
the current was strong, repeatedly motoring
upstream of the group and drifting past was
necessary. Dolphins were photographed by one
or two photographers using a digital camera
with a large zoom lens (Table 1), from a bow
platform raised ~25 cm above the water. Dolphin
groups were photographed for sessions that were
a minimum 30 minutes and a maximum of 2
hours long. We thought this amount of time
allowed for good photographs of all animals
present. The upper time limit ensured that an
inordinate amount of time (and vessel distur-
bance) was not applied to any one group and
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that survey effort was allocated throughout the
study area. These sessions formed the base of our
resightings. Generally tens of fast-action photos
would be taken of each dolphin as it surfaced
and these photos were used to identify individ-
uals for each session (see Photograph identification
below). Survey days were constrained by light,
and observations finished ~16:00. Each day the
boat began in the place it ended the afternoon
before, incrementally working up-, and then
down-stream within the study area.

In addition to these surveys, a carcass report-
ing network is fostered among local communities
in dolphin habitat areas. Records are maintained
of reported deaths, and confirmation, where
possible, is obtained by project staff or from
photographs.

Photograph identification

Surveys took large numbers of photographs of
which only a small number of high quality shots
were retained. Only those photographs where
the dorsal fin was close to perpendicular to the
camera, in clear focus, entirely in the shot, and
otherwise of sufficient size and quality that
subtle markings could be identified, were kept.
Individuals were identified based on the profile
shape of the fin, supplemented by deformities,
pigmentation, scarring and lesions, and com-
pared with a developing base catalogue (Dove et
al. 2008). High quality photographs of unmarked
animals were also kept and recorded in a similar
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way to marked animals. Although insufficiently
distinct for confident re-identification over a long
period of time (i.e., across sessions), subtle
distinctions occur among all fins such that we
were able to differentiate unmarked animals
within the same group/session (a short period
of time). Given the small group sizes (mean 5.62,
SD 3.95) and a low proportion of unmarked
animals, we believe this is a reliable method.

As marks are naturally occurring in this
population and acquired over time, calves are
not born with markings and we believe that most
unmarked animals are of a young age. Further,
we believe that young calves (<1 year) are more
boat shy than older animals, and therefore more
difficult to resight and the main assumption of
our main modeling efforts (below) is that the
marked individuals are representative of the
whole population in terms of sighting probabil-
ities. For this reason unmarked photographs
thought to be calves (by size) were excluded
from further analysis, as per similar studies (Silva
et al. 2009).

Analytical methods

We applied the recent developments of
McClintock et al. (2009) and McClintock and
White (2009), specifically the (zero-truncated)
Poisson log-normal estimator (ZPNE) as avail-
able in Program MARK, (White and Burnham
1999) to our dolphin data. For each survey (n =
11) we summed the number of sessions each
identifiable dolphin was observed. We also
summed the number of unidentifiable dolphins
observed during sessions for each survey period.
Using these data we estimated the number of
unmarked individuals in the population during
each primary survey period (U;), the mean
resighting probability for each primary period
(o) on the log-scale, additional variance in
resighting due to individual heterogeneity (c?)
on the log-scale, apparent survival between
primary survey periods (¢,), the probability of
transitioning from an observable to unobservable
state between primary survey periods given an
individual was present to be observed (y,), and
the probability of remaining in an unobservable
state (i.e., 1 — the probability of returning to an
observable state) given an individual was not
present to be observed (y,) and derived the
overall mean resighting rate for each primary
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survey period as well as the population size (N;)
at each primary period.

We modeled U as a function of survey, i.e., we
assumed there would be a different number of
unmarked individuals for each survey so that we
would not enforce a situation where changes in
population size would only come from the
marked population. We modeled the resighting
probability as a constant across surveys (o) as
well as a function of survey (o). We modeled the
individual heterogeneity as a constant (¢, as
function of survey (o}), as well as equal to zero
(62). We modeled survival as a constant (¢.) and
as a function of survey (¢;). Because surveys
were spaced from 1 to 10 months apart we chose
to standardize the estimation (and presentation)
of transition rate (i.e, @, v{, vi{) estimates as
annual rates rather than as monthly rates. Thus a
3 month interval was considered 3/12, or 0.25, of
a year. Some monthly rates (e.g., survival) were
expected to be very close to the upper boundary
of 1 since dolphins are long-lived, and therefore
these rates would be hard to estimate and hard
for the reader to interpret. Estimating and
presenting transitional rates on an annual scale
helped addresses these issues. Because of the
limited sample size and our primary interest in
estimating other parameters, we chose to esti-
mate y” and Yy’ as constants and either separate
from each other or equal to each other (i.e., v’ =
y)) to avoid confounding the model by over-
parameterization. We modeled all combinations
of these parameters for a total set of 24 models.
For comparative purposes we also constructed an
additional model in which all parameters were
considered to vary with survey. We used
Akaike’s Information Criterion with a small
sample size correction factor (AICc) to rank and
compare models (Burnham and Anderson 2002).
We were especially interested in estimating
dolphin abundance over time and took a
variance components approach with our abun-
dance estimates. For investigating and explaining
biological process variance, the sampling vari-
ance should be factored out of the analysis (e.g.,
Link and Nichols 1994), and thus our focus on a
variance components approach. We used the
variance component option (Burnham and White
2002) available in Program MARK and construct-
ed, and compared, a means (i.e,, no change in
abundance over time) and a trend (i.e., change in
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abundance over time) variance components
model.

We were also interested in recruitment rate. We
had raw counts of calves detected, but since these
animals were unmarked, estimating reproductive
rates, as well as recruitment into the breeding
population, with these data was difficult. Instead
we used a reverse-time approach (Pradel 1996,
Nichols et al. 2000) to estimate seniority (p); the
probability that an individual present at time ¢
was present at f — 1. This can be done by
reversing the data order in a survival model and
has been used, and well developed, with other
mark-recapture data types, but not with mark-
resight data. Since this reverse-time approach has
not been applied to mark-resight data and the
joint forward-reverse model has not yet been
developed, we used the top model from our first
analysis and used the reversed time series of data
to obtain our estimate of p. An estimate of
recruitment ( f) can then be derived as

_ 1—Pr+1>
().

An estimate of population growth rate (1) for the
age classes represented by the encounter histories
can also be derived as

B =
Prs1

The associated variances of these terms, from the
delta method, are

var(f) = [ 2, (1= poavar(®,) + ¢7var(p,..)

~20,0p1 (1 = Prir)oov(y, Py )|
P

and

= ) 3 o

1 '
Jr2(pr+l) <_ p(fl)Jr1>COV(d)t7 Pz+1)

respectively. Since the joint forward/reverse
model has not been developed, the covariance
terms for these equations are currently unavail-
able, so we set those terms = 0. However, from a
standard robust-design Pradel model that ig-
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nores multiple observations of individuals within
a survey, as well as any observations of un-
marked individuals, we estimated the cov(¢,, p)
to be 0.11, which is low and we doubt the
covariance of the mark-resight data (with mul-
tiple observations and observations of unmarked
individuals) would be much different, and
probably not in terms of the direction (+) of the
covariance. By leaving out this covariance term
our estimates will be conservative in the sense
that our confidence intervals will most likely be
slightly larger than they should be.

Finally we wished to inform future survey
efforts through a power analysis. Using our
results as a basis we simulated a population of
85 dolphins, of which 5 were unmarked, with
zero recruitment and temporary emigration,
undergoing a 3%, 5%, or 10% annual decline
for 3 years. The study design features we can
influence in the field are the resighting rate (by
increased effort per survey) and the number of
surveys per year. We simulated a resighting rate
of 1.5 (the average resighting rate for the last 3
surveys) as well as a doubling of the rate to 3. We
also simulated 1, 2, and 3 surveys a year. We
simulated each combination of population de-
cline, resighting rate, and number of surveys per
year 100 times using the ZPNE mark-resight
model and the simulation capabilities of Program
MARK. For each simulation we calculated a
likelihood ratio test (probability of type 1 error =
0.15), between a ZPNE mark-resight model that
modeled a decline, and one that did not model a
decline. We used the proportion of the 100
simulations in which the likelihood ratio test
indicated a decline as our power statistic.

REesuLTs

The 11 surveys were conducted over a 3-year
period with each survey being conducted over 9—
11 days and intervals between surveys (defined
as the time from the midpoint of one survey to
the next) ranging from 33.5 to 314.5 days (Table
1). Two hundred and eighteen groups (defined as
1 or >1 dolphins congregated together) were
sighted over all surveys, ranging from 13-32
groups seen per survey. Sightings were primarily
concentrated around 8 deep pool areas (Fig. 1).
The number of marked individuals observed
over the 11 survey periods ranged from 34-69,
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and a total of 88 individuals were identified over
the whole period (Fig. 2); 6 of which are known
to have died during the survey period (and 2
since). The proportion of individuals that could
be uniquely identified ranged from 0.91-0.96
(Table 1). We also sighted calves 44 times over
the 11 surveys. Mean group size from photo-
graphs was 5.62 (SD 3.95), ranging from 1-19,
and the modal group size was 3. We note
however, that this is likely to be a slight
underestimate as it is unlikely that all animals
present were photographed in every session.

Model selection results

Our top model indicated that the mean
resighting probability varied by survey (a,), that
there was no additional variation in the resight-
ing rate beyond that associated with a Poisson
process (c=,), that the number of unmarked
individuals varied by survey period (U;) appar-
ent survival was constant (¢) and that the
probability of transitioning to an unobservable
state between surveys (y”) was different than the
probability of remaining unobservable (y; Table
2). The second-best model was identical to the
top model except the o was allowed to be
estimated versus being fixed to zero, thus an
additional parameter was estimated in this
second model. The —2log(L) for both of these
models is identical and the actual estimate of o2,
is 0.4 X 107* * 0.02736; which is essentially zero.
Thus the first and second model can be consid-
ered identical except that the o is being fixed to
zero in one model and estimated at zero in the
other. Otherwise the parameter estimates are
essentially identical. This relationship between
models in which o is fixed to zero, or estimated
at zero occurs multiple times within our model
set (Table 2).

Resighting rates

Strong evidence existed for resighting rates
varying across surveys as models with ranked
highly (Table 2). However there was no evidence
that additional variance beyond the variance
associated with a Poisson distribution was
needed to model heterogeneity in resighting
rates, as 6° was estimated at nearly zero and
models in which ¢* was fixed to zero ranked
highly (Table 2).The average number of times an
individual was resighted was 1.23 with much
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variability across the surveys (Fig. 3). Resighting
rates increased for the last four surveys as
compared to prior surveys.

Transition rates

Apparent survival of marked individuals was
best estimated as a constant across our survey
periods. We estimated annual apparent survival
as 0.977 (0.040 SE). The probability of marked
individuals transitioning to an unobservable
state between primary survey periods (y”) was
0.018 (0.013 SE), and the probability of transi-
tioning to an observable state, given a marked
individual was unobservable was 0.060 (0.062
SE). We present estimates of seniority below (see
Recruitment rate and population growth).

Abundance

We assumed that the number of unmarked
animals would vary over time and we estimated
the number of unmarked individuals between 2.2
and 7.2 (Fig. 4). To obtain our best estimates of
total abundance and associated variance we
focused on the process variation only. We did
this for estimates from the top model as well
from the fully time-dependent model (AAICc =
65.96). Results were similar and we focus on the
estimates from our top model. There was no
evidence of any clear + or — trend across time in
dolphin abundance as the slope was estimated as
0.120 with a SE of 0.167 (a coefficient of variance
of 139%). Thus our best variance components
model estimated an average of 84.5 (95% CI =
77.9-91.2) dolphins over our surveys with survey
specific estimates presented in Fig. 5.

Recruitment rate and population growth

By relying on a reverse time approach we
estimated seniority, the probability that an
individual in the population at time t was in
the population at time t — 1, as 0.999 (0.028 SE).
Seniority can also be interpreted as the sensitivity
of population growth to adult survival and in
this case, in a long-lived species with a low birth
rate, adult survival is very influential in terms of
defining the population change. We derived a
population growth rate of 0.978 (95% CI 0.883-
1.074) and a recruitment rate of 0.001 (95% CI
—0.053-0.055). The recruitment and population
growth rate apply only to the marked individu-
als.
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Fig. 2. The cumulative number of marked Irrawaddy dolphins detected in the Mekong River (Cambodia/Lao
PDR) across 11 surveys. The first survey (month 0) was in April 2007 and the x axis is relative to that start date.

Power analysis

Our power analysis indicated that the current
survey effort of 2—4 surveys per year is probably
adequate to detect declines of 3% or higher. Effort
that is less than 2 surveys a year has little power
to detect a decline. Although increasing the
resighting rate results in an increase in power,

Table 2. Model selection results for the Irrawaddy
dolphin mark-resight analysis. We estimated the
number of unmarked individuals in the population
(U), the mean resighting probability (o) on the log
scale, addition variance in resighting due to indi-
vidual heterogeneity on the log-scale (%), apparent
survival between surveys (¢) the probability of
transitioning to an unobservable state between
primary survey periods (y”) given an individual
was observable, and the probability of remaining
unobservable (i.e., 1 — the probability of returning to
the survey area) given an individual was unobserv-
able (y’). These parameters were estimated as a
constant (), for each survey period (t) or set equal to
zero (=0). The minimum AICc was 2277.20. We only
show models with AAICc < 20.

AlCc No.

Model AAICc weights parameters —2log(L)
o U vy 0.00 0.56 25 2225.01
w2 U Yy 2.18 0.19 26 2225.01
0ol Uy =y 222 0.19 24 2229.40
Uy =7 4.40 0.06 25 2229.40
0,62 U9,y 1698 0.0 34 2222.10
wc Uy =y 17.65 0.00 33 2225.01
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increasing the number of surveys has a much
larger effect (Fig. 6).

DiscussioN

The transition rates into and out-of an unob-
servable state were low, and we note that
individuals were 3X as likely to move into an
observable state as move out. This result helps
support the idea that our survey area is a fairly
complete representation of the dolphin’s dry
season range in the Mekong River, and that
minor side channels probably do not represent
important habitat. We also note that this section
of the Mekong River is populated and we believe
that, through historic surveys (Baird and Moun-
souphom 1997, Beasley 2007) and ongoing
communication with the local people, we have
a good understanding of where dolphins are
likely and unlikely to be located. The high
probability of staying unobservable once an
individual dolphin becomes unobservable might
indicate that some dolphins are especially boat-
shy or cryptic.

As expected, annual survival was high for this
long-lived species, though the number of dead
animals estimated over the survey period (~6) is
a little lower than the number of known dead
marked animals recorded by the carcass recovery
program in that period (9). However, we note
that information for estimating survival in this
model only comes from the marked individuals
(versus abundance that includes both marked
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Fig. 3. Resighting rates of Irrawaddy dolphins in the Mekong River (Cambodia/Lao PDR) across 11 surveys.
The first survey (month 0) was in April 2007 and the x axis is relative to that start date. Error bars are 95%

confidence intervals.
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Fig. 4. The estimated number of unmarked dolphins photographed during the surveys for Irrawaddy dolphin
in the Mekong River (Cambodia/Lao PDR). The first survey (month 0) was in April 2007 and the x axis is relative
to that start date. Error bars are 95% confidence intervals.

and unmarked individuals). If the marked
individuals are not representative of the un-
marked, then this survival rate should be viewed
with caution. Because individuals have naturally
evolving marks, we believe that an age structure
in our data is an important consideration. If
marks are only gained later in life, then our
survival and transition estimates only apply to
older animals.

Resighting rates were variable, but notably
higher in the last four surveys. We believe that
the use of two photographers from 2009, and
significantly improved equipment in 2009 and
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2010 (Table 1) probably accounted for much of
this variation. We also note that our modeling
assumes that marked and unmarked animals
have similar sightability. We believe we met this
assumption well as photographs were not taken
in relation to whether an individual was marked
or not. In fact, taking photos was a fast reactive
activity in which individual identifiers were only
noted after examining the photos. Further,
photographs of young calves, which may differ
in sightability from older animals, were excluded
from the analyses.

Our best estimates of abundance indicate a
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Fig. 5. Estimated number of Irrawaddy dolphins in the Mekong River (Cambodia/Lao PDR) across the 11
surveys. The first survey (month 0) was in April 2007 and the x axis is relative to that start date. Error bars are

95% confidence intervals of process variance only.

W Resighting rate = 1.5 times/survey
# resighting rate = 3 times/survey
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Fig. 6. The power to detect a 3%, 5%, or 10% average annual decline over 3 years of data collection given a
starting population of 85 dolphins, 1, 2 or 3 surveys per year and with an individual animal resighting rate of 1.5

or 3 times per survey.

stable number of dolphins over the last three
years of about 85 animals which includes both
marked and unmarked animals. While current
management actions seem to be preventing a
detectable short-term decline of dolphins, there is
no evidence that the population is growing. We
believe that as individuals age, they are more
likely to become naturally marked. Thus our
marked population tends to be older, or adult,
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animals. Our derived estimate of population
growth, A (0.978), does not indicate a positive
trajectory, although the uncertainty around this
estimate is great and this estimate applies to
marked animals only. With long-lived animals
this pattern probably means that adult animals
(and ones more likely to be marked) are
surviving, but few new animals are recruiting
into the adult population (i.e., the marked
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population), as is also indicated by our seniority
estimate of 0.999. This corroborates concerns of
the unsustainably high calf mortality rate docu-
mented through the carcass reporting program in
Cambodia (Gilbert and Beasley 2006, Dove 2009).
We note that the 44 calf sightings over the 11
surveys, excluded from the analyses, are approx-
imately half that of the sighting of unmarked
adult animals (74). If we assume that calves have
the same resighting rate as adults and use a ratio
estimator that equates the ratio of resightings of
adults:actual adults to the ratio of resightings of
calves:calves, then we would estimate ~5 calves
on average. If in fact calves have lower resighting
rates (and why calf resightings were excluded
from analysis), then the number of calves would
be higher. Dove (2009) reported roughly 9 calf
deaths per year from 2003-2008, and we doubt
all dead calves are recovered. Our derived
estimate of recruitment (0.001) was also very
low, and though we note this represents recruit-
ment into the marked population, we detected no
apparent increase in the estimated unmarked
population either. These three pieces of informa-
tion suggest that many, if not all, calves are dying
and that recruitment to maturity may be close to
zero. We believe this is a serious concern. With
the ongoing threat of by-catch, the increasing
threat from poorly managed tourism (Beasley et
al. 2010), the looming threat of hydropower dam
construction in and around dolphin habitat
(Bezuijen et al. 2007, ICEM 2010), possible
environmental contamination (Dove 2009), and
the still unexplained mortality in many calves
(WWE, unpublished data) the Mekong River’s
Irrawaddy dolphin population is at risk of
extirpation. We believe that additional actions
are needed to manage these threats.

Dove et al. (2008) focused on the data from the
first two surveys in our analysis. Our abundance
estimates are higher than their estimate of 71
(95% CI 66-86) although the confidence intervals
of each study overlap. This difference is probably
best explained by a much larger dataset and a
difference in analysis methodologies. We were
able to employ analytical methods not available
to Dove et al., and we were able to use all the
data, including resightings of unmarked animals,
to better model heterogeneity and transition
rates. Taking these methodological advances into
account, we would have less biased estimates
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that we expect in this case slightly higher.

Beasley (2007) estimated >115 dolphins dur-
ing 2004 and 2005 relying on older analysis
methods. In comparing Beasley’s and our esti-
mates, a >25% decline in population size is
apparent from 2005 to 2007. We note that Beasley
had 90 individuals identified in 2004-2005, and
99 between 2001 and 2005, which when account-
ing for the known deaths of ~6 adults per year in
that period (Dove 2009), compares more favor-
ably to our raw count of identified individuals
(88; Fig. 2). We suggest that Beasley’s study (and
analysis methods) may have confounded tempo-
rary emigration with detection rates. Such a
situation could have detection rates biased low,
and abundance rates biased high, and this may
account for some of the apparent decline over
time. We were able to account for temporary
emigration formally in our modeling. Without
accounting for this transition probability, detec-
tion probabilities will be lower, which would
result in higher estimates of abundance. We think
that collating the previous survey data of
Beasley’s with ours would be useful to better
estimate temporary emigration across all the
survey efforts and better estimate the magnitude
and shape of this population decline.

Although our adult population appears stable
over the last 3 years, the current core range is
greatly reduced from the historical range that
included the Sekong River, from Cambodia into
Lao PDR, the Tonle Sap, or Great Lake in
Cambodia, and far downstream in the Mekong
River into Viet Nam (Baird and Mounsouphom
1997, Smith and Jefferson 2002). In addition to a
reduced range, the population in our survey area
is also greatly reduced from presumed historical
levels which, on consideration of reported
hunting levels the latter half of the 20th century
(Smith and Jefferson 2002, Beasley 2007), may
have been an order of magnitude larger than it is
today. We note that small, isolated populations
such as this are at risk from demographic
stochastic events, random catastrophes, and the
longer-term issue of genetic drift. Of special
concern is that we only noted 6 individually
identifiable dolphins and probably 1 or 2
unmarked animals at the trans-boundary pool
between Cambodia and Lao PDR (Fig. 1). These
animals probably represent most, if not all, the
dolphins in Lao PDR because of the waterfall
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boundary upstream. With so few animals at this
site, and the additional pressure of frequent
disturbance from tourism activities (Beasley et
al. 2010), we believe that the population is at
considerable risk of extirpation in Lao PDR in the
short-term. As the only cetacean species present
in Lao PDR, we believe that future Irrawaddy
dolphin conservation efforts there should be a
high priority.

Our analysis strategy, based on the advances
presented by McClintock et al., was able to
address many issues with abundance estimation
and use all of the adult survey data collected.
Our power analysis also indicates that our
current survey effort is adequate to detect
declines of 3% or greater. We believe the
application of mark-resight models would be
useful to other researchers who have similar data
to ours, and in particular to produce robust and
efficient estimates for small, identifiable popula-
tions of conservation concern. In future develop-
ments we look towards the formalized
incorporation of counts of unmarked calves.
Identifying offspring when present with their
mother is one potential avenue (e.g., Lukacs et al.
2004), though as the calves mature, they behave
individually, and the association with the mother
is lost. A formalized method of judging age class
is needed to determine the age structure of
marked and unmarked animals. Developments
in laser photogrammetry to measure body size
(Currey et al. 2008, McGuire et al. 2009) are one
option we believe may be worth pursuing.
Another source of data that may be incorporated
into future developments in mark-resight mod-
eling are dead recoveries, which with the carcass
recovery program implemented in the Mekong
River could provide additional precision and
power. If a method of marking, or identifying
individuals (e.g., DNA biopsies), could be safely
employed with these dolphins, a more represen-
tative sample of individuals could be followed.
However, the dolphins have proven to be
susceptible to disturbance and such marking is
still a challenge. Finally formalizing a reverse-
time model for mark-resight data and making it
available in user-friendly software would also be
beneficial.

While national governments and conservation
organizations recognize, and are attempting to
deal with a number of threats to dolphins (MAFF
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2005), we believe an important step is to
designate a desired population size and distri-
bution, against which conservation and manage-
ment actions can be benchmarked. Such a step
should involve wide stakeholder consultation
and may involve heuristic risk-assessment and
modeling tools such as a population viability
analysis approach (Burgman et al. 1993). Without
planning and actions to ameliorate identified
threats, we believe that the Irrawaddy dolphin
will be extirpated from the Mekong River.
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