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ABSTRACT
The abundance of the only population of vaquitas, Gulf of California harbor
porpoise (Phocoena sinus), is estimated from four surveys conducted in Mexico
between 1986 and 1993, using a variety of methods. A line-transect approach
was applied, using some parameters
estimated
from a related species, the
harbor porpoise (Phocoena phocoena). Vaquita abundance is estimated as 503
(CV = 0.63) from 1986-1988
boat surveys, 885 (CV = 0.50) from 1988-1989 aerial surveys, 572 (CV = 1.43) from a 1991 aerial survey, and 224
(CV = 0.39) from a 1993 ship survey. A weighted log-linear regression in
dicates a rate of population change (decline) of - 17.7% per year (95% CI =:
-43.2%
to +19.3%)
between 1986 and 1993. All of these estimates of
vaquita abundance indicate that the species is at a critically low level.
Key words: vaquita, Gulf of California harbor porpoise, Phocoenasinus, abundance, population,
line-transect
survey, trends, endangered species, Mexico.

The vaquita
(Phocoena sinus) is a small porpoise and is widely recognized as
the most endangered
marine cetacean in the world (Klinowska
1991, Taylor
and Gerrodette
1993, Vidal 1993, Bjorge and Donovan 1995). Its range is
limited to the northern Gulf of California, Mexico (Brownell 1986, Gerrodette
et al, 1995). The species’ existence is threatened by continued incidental mortality in commercial
fisheries in the Gulf. Recent mortality
(1993-1994)
is
estimated as 39-84 vaquitas killed per year in only one of three fishing centers
(D’Agrosa 1995). Given that vaquitas are rare, this mortality
may be a substantial part of the population
and may not be sustainable.
The species may
also be affected by overfishing and other anthropogenic
habitat modifications
in the northern Gulf of California (Barlow 1986, Villa-R. 1993). Currently,
however, there is no published
estimate of vaquita abundance
based on systematic surveys.
Between 1986 and 1993, several surface vessel and aerial surveys were con-
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ducted for vaquitas in the northern Gulf of California. Vaquita abundance has
not been estimated previously from any of these surveys for a variety of reasons:
small sample size, lack of a random survey design, and violation of line-transect
assumptions.
Despite these deficiencies, valid abundance information
was collected on all surveys. For this paper we conducted independent
analyses and
made four independent
estimates of vaquita abundance
from these surveys.
METHODS AND RESULTS

A line-transect
approach (Buckland et al. 1993) was used to make all abundance estimates, even though the first two series of surveys were not explicitly
designed as line-transect
surveys. Within
a stratum, vaquita abundance,
N,
was estimated as
N=

A.123
2.L. W&O)

where
A
n
S
L
W
g(0)

=
=
=
=
=
=

size of the study area,
number of groups seen,
mean or expected group size,
length of transect line surveyed,
the effective search width, and
probability
of seeing a group directly

on the transect

line.

We define the effective search width, K as l/f(o) [or as the inverse of the
probability
density function (fit to the distribution
of perpendicular
sighting
distances) evaluated at zero distance}. The coefficient of variation (CV) for the
abundance
estimate was calculated from the coefficients of variation of each
variable element in Equation
1:

CV(N)= VCvyn) + cvqs>+ Cvz(v53
+ CwgKN

(2)

The CV(n) was estimated as &lln,
which assumes an aggregated distribution
of sightings
with a variance equal to twice a Poisson variance (an approach
recommended
by Burnham et al. (1980) if lacking sufficient information
for
direct estimation).
The CV(S) was estimated
from the standard error of the
mean group size or (for the 1993 ship survey) was estimated
using the regression method of Buckland et al. (1993) as implemented
in the program
DISTANCE
(Laake et al. 1993). The CV(w) [or equivalently
CV(f(O))} was
estimated using maximum
likelihood techniques,
and CV(g(0)) was calculated
using various analytical variance estimators discussed below. Upper and lower
95% confidence intervals for N were computed from CV(N), assuming a lognormal distribution
(Buckland et al. 1993).
Few vaquita sightings were made on any of the surveys, making it difficult
to estimate
W and g(0) from data collected on the surveys. Therefore, the
values used for W (for three of the four estimates) and g(0) (for all estimates)
were estimated based on similar surveys in other areas for a similar species-
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the harbor porpoise (Phocoena phocoena). Vaquitas and harbor porpoises share
many characteristics
that affect sightability.
Both are difficult to see from
boats, ships, or aircraft. Both are small and typically occur in groups of three
et al. 1995). They surface
or less (Barlow 1988; Silber 199Oa, 6; Gerrodette
inconspicuously,
usually without a splash, and do not leap clear of the water.
They surface only three to five times in a series and then dive for an average
of approximately
two minutes (Barlow et al. 1988, Silber et al. 1988). All
studies that have been conducted
on harbor porpoises have shown that the
probability
of seeing a group on the trackline (g(0)) is less than 1.0, and this
is likely to be true for vaquitas as well. To minimize
bias due to missed
trackline animals, we limit consideration
to transects completed in “calm” sea
state conditions
(Beaufort 2 or less), as is typically done for harbor porpoise
surveys (Barlow 1988, Barlow et al. 1988). To correct for bias due to missed
trackline animals in calm seas, we estimate g(0) based on studies of harbor
porpoises using similar survey methods in similar conditions.
When u7 and
g(0) values were taken from other studies (of harbor porpoise), estimates of
their CVs were also taken from the same study.
Estimate

# I : 1986-l

988

Pooled Boat Surveys

Surveys were conducted
for vaquitas from an 8-m boat in spring of 1986,
1987, and 1988 (Silber 1990b). From two to four observers searched with
unaided eyes and 7X-10X
binoculars
from a search height of 3.5 m and at
a survey speed of lo-11
km/h. Surveys were conducted only in calm weather,
and 1,994 km of transect were completed
in Beaufort sea states of 2 or less,
Effort was concentrated
non-randomly
in areas where vaquita density was
thought to be high; therefore, transects were post-stratified
to give four strata
which contained
approximately
uniform survey effort (Fig. 1). Line-transect
methods were not used on these surveys, so we estimate W and g(0) by comparison to similar surveys conducted elsewhere for harbor porpoises.
Wand g(O), we summarize
results of several past vessel
To aid in estimating
surveys for harbor porpoises. Barlow (1988) conducted a ship survey for hlarbor
porpoises in California, Oregon, and Washington
using a 52-m survey vessel
with five observers searching from a height of 10 m with a combination
of
7X binoculars and unaided eyes. He estimated effective search widths (w) of
222 and 143m (CV = 0.22 and 0.19, respectively)
in Beaufort O-I and
Beaufort 2, respectively,
and estimated
the probability
of seeing a trackline
et al. (1990) conducted
a
group (g(0)) to be 0.78 (CV = 0.15). Calambokidis
boat survey for harbor porpoises in central California using 10-13-m
vessels
with three observers searching with 7X binoculars and unaided eyes from an
observation
height of 4.5 m. They estimated an effective search width of 370
m (n = 81, CV = 0.11) for Beaufort 0 and 1. Calambokidis
(in press>1 conducted ship surveys for harbor porpoises off the coast of Washington
using
11-m boats with three observers searching with unaided eyes from a height
of 4.0-4.2
m. He estimated an effective search width of 2 11 m (n = 5 5, CV
= 0.11) for Beaufort O-2 and estimated the probability
of seeing a trackline
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Figure 1. Transect lines, vaquita sighting
analyses for the 1986-1988 boat surveys.

locations, and geographic strata used in

group to be 0.53 (CV = 0.51). Palka (1995) conducted
a ship survey for
harbor porpoises in the Gulf of Maine using a 32-m vessel with three observers
searching by naked eye at a height of 9 m and three additional
observers
searching by naked eye at a height of 14 m. In “good weather conditions”
during her study, the lower observer team was estimated to have an effective
search width of 296 m (CV = 0.15) and a probability
of seeing a group on
the trackline of 0.39 (CV = 0.17) (based on an average of her direct duplicate
estimates for offshore strata). In summary, harbor porpoise surveys, using a
variety of different vessels, have yielded estimates of effective search widths of
143-370
m and estimates of g(0) from 0.4 (with three observers on small-tomedium-sized
vessels) to 0.78 (with five observers on a large ship).
To estimate vaquita abundance
from Silber’s boat surveys, we use the estimate of effective search width (211 m, CV = 0.11) and the probability
of
seeing a trackline group (0.53, CV = 0.5 1) from the harbor porpoise survey
in Washington
(Calambokidis,
in press) because the vessel used in that survey
was most similar to that used by Silber. The resulting estimate of abundance
from Silber’s 1986-1988
boat surveys is 503 (CV = 0.63, 95% CI = 1631,551) (Table 1).
Estimte

#2: 1988-l

989 Aerial Surveys

Aerial surveys were conducted
for vaquitas in May 1988 and September
1989 (Silber and Norris 1991). Transects covered 1,743 km in “calm” sea state
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Figure 2. Transect lines, vaquita sighting
analyses for the 1988-1989 aerial surveys.

locations, and geographic strata used in

conditions
(Beaufort’ O-2). Effort was concentrated
non-randomly
in areas
which were expected to have higher vaquita density, so effort segments were
post-stratified
to give four strata with approximately
uniform survey effort
(Strata A-D, Fig. 2). Line-transect
methods were not used on these surveys,
and perpendicular
sighting
distances were not measured; therefore, as with
the previous boat survey, W and g(0) were estimated from surveys for harbor
porpoises.
Harbor porpoise aerial surveys have estimated the effective search width (W)
to be 140 m (n = 109, CV = 0.12) for 1989 surveys in Washington
and
Oregon (Turnock et al., in press, as re-estimated
by Calambokidis
et al. 1993a),
203 m (n = 494, CV = 0.07) for 1990-1991
surveys in Washington
and
Oregon (Calambokidis
et al. 1993a), and 201 m for 1986-1993
surveys in
California (n = 635, CV = 0.04) (Barlow and Forney 1994). All three surveys
were similar to the vaquita surveys in that they were flown at similar altitudes
(152-213
m, 500-700
ft) and used high-wing
aircraft. Here we assume an
effective search width of 140 m (CV = 0.12) for the vaquita surveys because,
like the vaquita surveys, the Turnock et al. (in press) study used only two
side-window
observers and the other two studies used a center belly-window
observer in addition to two side-window
observers.
The most notable difference between the Turnock et al. survey and the
vaquita surveys is that bubble windows were used on the former, allowing a
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better view of the region close to the trackline, where porpoises are likely to
be more easily seen. We use an estimate of g(0) = 0.324 (CV = 0.17) based
on the measured fraction of trackline harbor porpoises that were seen during
experiments
using land-based validation of aerial observations in northern Puget Sound, Washington
(Calambokidis
et al. 19936). The abundance
of vaquitas based on these aerial surveys is 855 (CV = 0.50, 95% CI = 3402,149) (Table 1).
Estimate #3: 1991

Aerial Survey

An aerial survey was conducted for vaquitas in September
1991 by a joint
team from the U.S. and Mexican fisheries agencies (Barlow et al. 1993). Exactly
the same aircraft and methods were used on this survey as were used on past
harbor porpoise surveys in California (Forney et al. 1991, Barlow and Forney
et al. 1993a). Effort was
1994) and Oregon and Washington
(Calambokidis
uniformly
distributed
in the study area; however, because coverage in “calm”
sea states was more complete in some areas, the study area was post-stratified
(Fig. 3). Transects totalling
659 km were completed in “calm” sea state conditions. Only one confirmed sighting was made of a vaquita, so W could not
be estimated directly from this survey. Previous surveys with the same aircraft
resulted in estimates of effective search widths of 201 m (n = 635, CV =
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0.04) [from 1988-1993
harbor porpoise surveys conducted at 213 m (700 ft)
altitude in California-Barlow
and Forney 19941 and 202 m (n = 494, CV
= 0.07) [from 1990-1991
harbor porpoise surveys conducted at 183 m (600
ft) in Oregon and Washington-Calambokidis
et al. 1993a). Although
the
two estimates of effective search width are almost identical, we use the latter
value because the altitude
during that survey was the same as during the
vaquita survey. We assume that g(0) = 0.324 (CV = 0.17) by analogy to the
harbor porpoise (Calambokidis
et al. 19936). The resulting abundance estimate
for vaquitas is 572 (CV = 1.43, 95% CI = 73-4,512)
(Table 1).
Estimate #4: 1993

Ship Swvey

A ship survey for cetaceans was conducted in the Gulf of California and in
Pacific waters of California and Baja California in fall 1993 using a 52-m
National
Oceanographic
and Atmospheric
Administration
(NOAA) research
vessel (Mangels and Gerrodette
1994). Transect lines in the Gulf were spaced
at even intervals of 30 min longitude
and were oriented north/south
to avoid
morning and evening sun glare. In the area where vaquitas had been previously
seen, additional
transect lines spaced at 7.5-min intervals were added between
the 20- and 40-m isobaths specifically to survey for vaquitas. We therefore
post-stratified
the survey area into a northwestern
stratum
with transects
spaced at 7.5 min and a southeastern
stratum with transects spaced at 30 min
(Fig. 4). Transect lines completed
in the eastern part of the northern
Gulf
were excluded because they were surveyed in rough seas (Beaufort 4 or greater).
The primary observation
team consisted of three observers searching from the
flying bridge of the vessel at a height above the water of approximately
10
m: two observers searching through 25X pedestal-mounted
binoculars
and
one observer (also designated
data recorder) searching by naked eye and 7X
binocular. In addition, two or three independent
observers searched using naked eyes and 7X and 25X binoculars.
Sightings
made by independent
observers were not recorded unless they were clearly missed by the three primary
observers.
For purposes of analysis, we included only transects covered in Beaufort sea
states O-2, and we combined the primary and independent
observer sightings
for estimating
w Six line-transect
models (hazard rate, hazard rate with cosine
adjustments,
hazard rate with polynomial
adjustments,
half-normal
with Hermite polynomial
adjustments,
half-normal
with cosine adjustments,
and uniform with cosine adjustments)
were fit to ungrouped
perpendicular
sighting
distance data (Buckland et al. 1993). Based on the Akaike Information
Criterion (AIC) (Akaike 1973), the best fit was obtained using the half-normal
model with a second-order
cosine term,’ and the effective search width was
’ Preliminary
esrimates of vaquita abundance from the 1993 ship survey were reported by T.
Gerrodette
based only on the hazard rate model (working paper X/46/017
submitted
to the
1994 meeting of the International
Whaling
Commission’s
Scientific Committee).
That model
gave a higher estimate off(O) and produced a higher estimate of vaquita abundance,
but it did
not fit the data as well as the half-normal/cosine
model.
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Figwe 4. Transect lines, vaquita sighting
analyses for the 1393 ship survey.

locations, and geographic strata used in

estimated
to be 1.145 km (f0) = 0.874 km-‘, CV = 0.18) (Fig. 5). We
assume that g(0) is equal to 0.78 (CV = 0.15), the value measured for harbor
porpoises using the identical survey vessel and five observers searching with
7X binoculars and naked eyes (Barlow 1988). The regression of the loga.rithm
of group size on g(0) produced a bias-corrected
(Buckland et al. 1993) group
size estimate of 1.4. The estimated abundance
of vaquitas from this survey is
224 (CV = 0.39, 95% CI = 106-470)
(Table 1).
Trends in Abundance
The results of the four independent
analyses of vaquita abundance
were
combined
using a weighted
regression to obtain an estimate of the rate of
change in vaquita abundance
during this time series. Typically, popu.lation
growth or decline is roughly exponential;
therefore, we regressed the natural
logarithm
of the time series of abundance
estimates against year as the independent variable. To account for differences in the precision of the four estimates, we weighted each point by the inverse of its variance. The variance of
the natural logarithm
of each estimate, N, was estimated as In(l + CV2(N)).
The resulting least-squares regression line (Fig. 6) has a slope of -0.195
(95%
CI = -0.566
to +0.176) which is not significantly
different from zero (P =
0.15, 2-tailed). After back-transforming,
the rate of decline is estimated to be
-17.7%
per year (95% CI = -43.2%
to +19.3%).
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Figure 5. Distribution
of perpendicular
sighting distances and maximum likelihood fit of a probability density function to those data using a half-normal model with
cosine adjustment
terms. Numbers over histogram bars indicate number of sightings.
DISCUSSION

As noted by Taylor and Gerrodette
(1993), precise estimates of abundance
are difficult to obtain for many endangered
species. This problem is exacerbated as the species becomes increasingly
rare. This is exactly the time, however, when abundance estimates are most valuable. Often, conservation
efforts
are delayed because without abundance estimates, many managers will doubt
the true conservation
status of a species. Doubt paralyzes management
actions
when difficult decisions are needed to protect a species. It is likely that the
lack of published
abundance
estimates has delayed conservation
measures for
vaquitas.
Each of the population
estimates presented here could easily be faulted for
many deficiencies. Sample sizes are small in all cases, and none of the estimates
are very precise. Systematic line-transect
methods were used on only two of
the surveys. All the estimates rely heavily on parameters that are taken from
studies of another species in different areas. It is largely because of these
weaknesses that a published estimate of the size of the vaquita population
has
not previously existed.
The strength of our analyses becomes evident only from looking at all of
the estimates in the aggregate (Fig. 6). Despite imprecision
and many potential sources of bias, all of the estimates fall within a rather narrow range (224855). All the estimates
indicate that the abundance
of the species is at a
critically low level.
Likely Biases
The estimate
may be biased

of abundance from the 1986-1988
boat surveys (Estimate #l)
because the vessel used to estimate W and g(0) (for harbor
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Figure 6. Summary of four independent estimates of vaquita abundance with error
bars indicating log-normal 80% confidence intervals. Exponential regression line represents linear least-squares fit to the natural logarithm of the estimates weighred by
the inverse of their log-transformed variances.

porpoises) was larger and observation
height was higher than for the vaquita
surveys. On the other hand, observation
conditions
in the northern Gulf of
California are often better for a given Beaufort sea state than conditions found
during the harbor porpoise surveys summarized
above (JB, personal observation). In particular,
sea swell is minimal
in the northern Gulf, and therefore
the probability
of seeing a distant sighting might be greater there. On balance,
observation
height is likely to be more important;
therefore, the effective
search width would be less than 211 m and the probability
of seeing a .trackline group would be less than 5 3%. Both of these factors might result in a
biased underestimate
of vaquita abundance.
The abundance estimates from the 1988-1989 aerial surveys (Estimate #2)
are likely to be biased by two factors. The effective search width for the vaquita
surveys is likely to be less than that for the harbor porpoise surveys (140 m)
because the aircraft lacked bubble windows. Also, water in the northern Gulf
of California
can be extremely
turbid, which increases the likelihood
that
porpoises would be missed by aerial observers. The true value of g(0) for
vaquitas is therefore likely to be less than the assumed value of 0.324 (which
was measured for harbor porpoises in clearer waters). The overall effect of both
of these factors would be to underestimate
vaquita abundance.
The 1991 aerial survey estimate of abundance
(Estimate #3) is also likely
to be biased low because waters in the northern Gulf are extremely turbid and
g(0) is probably overestimated.
In this case, however, there is no reason to
think thar the assumed value for W is biased; the same methods were used
on this survey that were used to estimate
W on harbor porpoise surveys.
However, sample size for this estimate is very small, and although this estimate
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may be less biased than the 1988-1989
aerial estimate, it is also much less
precise. Overall, abundance
is likely to be underestimated.
The estimate of vaquita abundance
from the 1993 ship survey (Estimate
#4) may be biased because sighting conditions (especially swell height) in the
northern Gulf were generally better than conditions
when g(0) was estimated
for harbor porpoises off the coast of California. Also, the use of both 7X and
25X binoculars
in 1993 increases the probability
that a group of trackline
animals will be seen by at least one method {only 7X binoculars were used
in estimating
g(O)]. For these reasons, g(0) may be underestimated
and abundance overestimated.
Although
this estimate does not include waters in the
northern Gulf less than 20 m in depth, other surveys (Silber 1990a, 6; Gerrodette et al. 1995) have included these waters and have found very low vaquita
densities. When the effort from the 1986-1989
boat and aerial surveys reported here (Fig. 1, 2) is combined, the number of vaquita sightings per 100
km surveyed was 1.45 inside the 1993 ship survey area and 0.16 outside that
area. Because most of the known vaquita habitat was surveyed in 1993, and
because vaquita density outside the surveyed area is approximately
11% of the
density inside that area, the bias due to unsurveyed
areas is probably very
small. Overall, this estimate is likely to be the most accurate and precise of
the four estimates, because it was designed as a systematic line-transect
survey,
W was estimated from survey data, and a relatively large number of sightings
was obtained.
All four of the estimates may be biased low to some degree because some
vaquitas are doubtlessly
found outside the geographic strata that we used. In
all of these cases, however, the surveys covered the vast majority of the known
range of vaquitas, and this source of bias is likely to be very small.
Because the estimates of CV(w> and CV(g(0)) for the boat and aerial surveys
were taken from studies of another species with larger sample sizes, they are
clearly not representative
of the statistical uncertainty
associated with W and
g(0) for vaquitas. These values and the resulting estimate of CV(N) are useful
only as minimum
estimates of statistical uncertainty.
Declining Vaqzlita Abunahzce
Taken together, the four estimates reported here indicate that the vaquita
population
is declining
at about 18% per year. The estimated decline is not
statistically
significant
(at OL = O.OS), but it is very difficult to document
statistically
significant declines for rare species (Taylor and Gerrodette
1993).
Although it has long been suspected that the vaquita population
is declining,
these are the first quantitative
data that are consistent
with this suspicion.
The 95% confidence interval on the estimated
rate of decline includes 0.0,
which means there is some probability
the population
is not declining.
However, the wide confidence interval is not surprising
given the imprecision
of
the estimates and the short span of time. The difficulty of obtaining
a confidence interval which does not include 0.0 can be gauged by estimating
the
statistical power. If a population
were actually declining at 20% per year over
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a six-year period, the probability
is only 0.13 that the decline will be detected
(with statistical
significance)
given four population
estimates with the variability reported here. Even if the true rate of decline were 30% per year, the
probability
that the decline will be statistically
significant
is only 0.20 [from
program TRENDS (Gerrodette
1993)].
A high rate of decline is, however, consistent
with what is known about
the population
size (from this study) and what is known about the rates of
incidental
mortality
in gillnet
fisheries (D’Agrosa 1995, Vidal 1995). For
1993-1994,
the mortality
of vaquitas from gillnet fishing out of the port of
El Golfo de Santa Clara, Sonora, Mexico, has been estimated
as 39-84 per
year (D’Agrosa 1995). El Golfo de Santa Clara is only one of three major
fishing ports within the range of vaquitas (the others are San Felipe, Baja
California Norte and Puerto Pefiasco, Sonora). Even if fishing effort in those
other ports is less than in El Golfo de Santa Clara, the total vaquita mortality
due to gillnet fishing may be greater than 100 per year. Given these levels of
mortality, lower reproductive
potential than for other phocoenids (Hahn et al.
19c)6), and the 1993 population
estimate of 224, we expect decreases in vaquita abundance
to continue in the near future.
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