Abstract.-we summarize the
methods for estimating relative abun-
dance of seven dolphin stocks in the
eastern tropical Pacific Ocean using
sightings data collected on commer-
cial tuna vessels by trained observ-
ers, developed by Buckland and
Anganuzzi (1988a) and Anganuzzi
and Buckland (1989). Their estimates
of relative abundance, which may
show large year-to-year fluctuations,
are smoothed to provide estimates of
the underlying trend in dolphin abun-
dance between 1976 and 1988. The
bootstrap method provides estima-
tion of precision in a way that allows
trend estimates to be used for man-
agement purposes, without the need
to assume that trends in abundance
are linear. Concerns about the valid-
ity of the estimates are addressed.

Manuscript accepted 27 November 1991.
Fishery Bulletin, U.S. 90:1-12 (1992).

Estimating trends in abundance

of dolphins associated with tuna In
the eastern tropical Pacific Ocean,
using sightings data collected

on commercial tuna vessels

Stephen T. Buckland
Karen L. Cattanach

SASS Environmental Modelling Unit, MLURI

Craigiebuckler, Aberdeen AB9 2QJ, United Kingdom

Alejandro A. Anganuzzi
Inter-American Tropical Tuna Commission

8604 La Jolla Shores Drive, La Jolla, California 92093

Incidental mortality of dolphins in
the tuna fishery in the eastern trop-
ical Pacific since 1959 has been suf-
ficient to affect abundance of stocks
of at least two species of dolphin: the
spotted dolphin Stenrella attenuata
and the spinner dolphin S. longiros-
tris (Smith 1983). Although there is
less information available on stocks
of the common dolphin Delphinus
delphis, mortality estimates (e.g.,
Hall and Boyer 1988) suggest that
abundance of stocks of this species
may also have been reduced. To mon-
itor possible effects of incidental mor-
tality on the size of dolphin stocks,
several attempts to estimate abun-
dance have been made, usually apply-
ing line-transect methodology to data
collected on either commercial tuna
vessels (“‘tuna vessel data’) or re-
search vessels (‘‘research vessel
data’”) or both. Holt and Powers
(1982) and Holt (1985, 1987) consid-
ered analyses of research vessel data
alone, and of tuna vessel data com-
bined with research vessel data.
More recently, Holt and Sexton
(1989, 1990a,b) analyzed data from
research vessels alone. Tuna vessel
data alone were analyzed by Ham-
mond and Laake (1983), by Polacheck
(1987), by Buckland and Anganuzzi

(1988a), and by Anganuzzi and Buck-
land (1989).

The tuna vessel data are collected
by scientific technicians placed by
two organizations onboard commer-
cial tuna purse seiners. The Inter-
American Tropical Tuna Commission
(IATTC) places technicians on vessels
of the international fleet (including
U.S.-registered vessels), and the
National Marine Fisheries Service
(NMFS) of the United States places
technicians on U.S.-registered ves-
sels only. Data were first collected by
NMFS in 1974, and by IATTC in
1979.

Tuna vessel data provide a large
database, with regular coverage of a
substantial portion of the area oc-
cupied by the dolphin stocks. How-
ever, due to the nature of the fishery
operations, the assumptions neces-
sary for line-transect sampling to
yield unbiased estimates of absolute
abundance are often violated. There-
fore, analytic procedures should as
far as possible be insensitive to those
violations. We summarize here the
procedures of Buckland and Anga-
nuzzi (1988a), as modified by Anga-
nuzzi and Buckland (1989). Since
these procedures are unlikely to re-
move all biases, the estimates should
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be treated as indices of relative abundance, rather than
estimates of absolute abundance of the stocks. The
definition of a stock, and its boundaries, is problematic,
but we follow the recommendations of Au et al. (1979),
for reasons stated by Anganuzzi and Buckland (1989),
except in two cases. A more southerly southern bound-
ary was found to be necessary for the southern offshore
stock of spotted dolphins (Anganuzzi et al. 1991), and
we adopt the recommendation of Perrin et al. (1991)
to combine the northern and southern whitebelly stocks
of spinner dolphins. We also derive estimates for pooled
offshore stocks of spotted dolphins and pooled stocks
of common dolphins, since they are not differentiable
in the field.

Buckland and Anganuzzi (1988a) provided three
types of test for assessing whether abundance of a
stock had changed over time. For several stocks, the
tests failed to provide a clear indication of recent
changes, since the occasional large fluctuation in an-
nual estimates indicated that there were significant
changes in abundance that were biologically implaus-
ible. We present here a method of smoothing the
sequence of estimates of relative abundance. Used in
conjunction with the bootstrap, it yields a simple
method of assessing change over time which does not
require that trends are assumed to be linear, and which
does not yield biologically implausible rates of change.

Edwards and Kleiber (1989) have questioned the
validity of estimating trends in abundance from sight-
ings data collected on commercial tuna vessels. We
carry out a simple simulation study to assess their
assertions, and compare the relative abundance esti-
mates calculated from tuna vessel data with those
calculated from research vessel data for the years
1986-89, for which data from both sources are
available.

Methods

The number of dolphins N in an area for a given stock
and year is estimated by

N=A-§-D

where A is the size of the area,
§ is the estimated average school size for the
stock in area A, and
D is the estimated density of schools in area A.

The line-transect method provides the estimate D
(Burnham et al. 1980). Suppose schools farther than
a distance w from the trackline are discarded from the
analyses. Then

5 _ n-f(0)
D = 1
oL (1)

where 7 is the number of schools detected in the area
that are within the truncation distance w,
£(0) is the estimated probability density function
of the n perpendicular distances, evaluated
at perpendicular distance zero, and
L is the total length of transect in nautical
miles within the area.

If we define the encounter rate E to be the expected
number of sightings detected within w of the trackline
per nautical mile of search, then its estimate is given by

E = n/L.
Hence, D= E-g(O) )
and M= ]Logs 4 @)

If D and N were estimates of absolute abundance, then
the following assumptions would be required:

(i) Within each area or stratum, either the search effort
of the tuna vessels is random or the dolphin schools
are randomly distributed;

(i) any movement of schools is slow relative to the
speed of the vessel, at least before detection;

(iii) all schools on or close to the trackline are detected
and identified;

(iv) sighting distances and angles are measured with-
out error;

(v) sightings of schools are independent events;

(vi) school size is recorded without error, and for mixed
schools percent of each species is recorded without
error;

(vii) probability of detection of a school is independent
of its size, at least out to perpendicular distance w.

If the estimates are used solely as indices of relative
abundance, as here, then any or all of the above
assumptions may fail without invalidating the esti-
mates, provided that bias arising from the failure of
an assumption is consistent across time. Even this pro-
viso may be relaxed when trends in abundance over
a long sequence of years are estimated; in this case it
is merely necessary to assume that bias shows no trend
with time. Catch-per-unit-effort methods for estimating
relative abundance are known to show trends in bias
over time in some instances, due to increased efficiency
of vessels (Cooke 1985). We attempt to avoid such prob-
lems by incorporating a parameter that measures the
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efficiency of search of the tuna vessels. This parameter,
the effective search width, is estimated using line-
transect theory. It may be interpreted as twice the
distance at which the number of undetected dolphin
schools closer to the vessel is equal to the number of
detected schools further from the vessel, and is there-
fore the effective width of the strip of ocean searched
by the vessel. As efficiency of the fleet to detect dolphin
schools increases (e.g., through the use of helicopters,
high-resolution radar, etc.), the effective search width
increases, and bias in abundance estimates should re-
main unaffected.

We adopt a strategy of reducing bias as much as
possible, so that the effect of any trend in bias over
time on estimated trends in abundance is minimized.
To estimate the different components of the estimator
of Equation (3), separate stratification schemes are ap-
plied for encounter rate, effective search width, and
school size. In stratifying for a given component, our
aim is to define strata such that each stratum is
relatively homogeneous with respect to that compo-
nent, so that non-random search effort and non-random
distribution of schools generate only small bias in any
given stratum. Crude encounter rates, average school
sizes, and average detection distances are estimated
by 1° square. Where data are insufficient, the crude
estimates are smoothed, and the same smoothing pro-
cedure interpolates for squares in which there was no
tuna vessel effort. These estimates are used to allocate
1° squares to strata, yielding the separate stratifica-
tions for encounter rate, school size, and effective
search width, respectively. Full details are given by
Anganuzzi and Buckland (1989).

Thus the problem of abundance estimation has been
reduced to three simpler problems: For a random point
in the stock area, the expectations of encounter rate,
school size, and effective search width are estimated,
and the three estimates are multiplied together to ob-
tain the final abundance estimate. Lack of indepen-
dence between the three estimates does not bias the
overall estimate, and independence is not assumed
when estimating variance. A nonparametric bootstrap
technique is used to obtain variances. The resampling
unit in the bootstrap is the individual cruise, and for
each bootstrap replicate the full estimation procedure
is applied, thus generating bootstrap estimates of abun-
dance. The sample variance of these estimates yields
the required variance estimates, and confidence inter-
vals are obtained by the percentile method. (See Buck-
land and Anganuzzi 1988a, for details.)

Bias arising from rounding errors in the recorded
sighting distances r and angles 6 is reduced by smear-
ing the data, using the method favored by Buckland
and Anganuzzi (1988b). The recorded location of
each school relative to the tuna vessel at the time of

detection is defined by r and 8, and that location is
“smeared’’ over the sector defined by r-(1 +d) and
6 + /2, to allow for inaccuracy in the recorded values.
The smearing parameters d and ¢ are estimated from
the data. When a small sighting angle is rounded to
zero, the calculated perpendicular distance is zero,
giving a spurious spike in the perpendicular distance
distribution at zero distance. Smearing yields more
robust estimation by removing or reducing this spike.

Here we take the estimates of Anganuzzi and Buck-
land (1989) and of Anganuzzi et al. (1991) and attempt
to estimate the underlying trends in dolphin abundance
by smoothing them. Various smoothing methods such
as moving averages, running medians, and polynomial
regression were investigated (Smith 1988). The chosen
method was a compound running median known as
“4253H, twice” (Velleman and Hoaglin 1981), which
is constructed as follows.

Suppose that {X(t)}, t=1,..., N, is a time-series of
length N, and let {S;(¢)} be a smoothed version of it,
found by calculating an i-period running median. We
can construct compound smoothing methods such as
{Si;(¢)}, which is simply {S;(S;(¢))}. Thus, a 4253 run-
ning median method smooths a time-series using a
4-period running median, which is in turn smoothed by
a 2-period running median, smoothed again by a
5-period running median, and then by a 3-period
running median (i.e., {Ss253(¢)} = {S3(S5(S2(S4(¢)) .
Near the endpoints, where there are not enough values
surrounding a point to be smoothed using the spe-
cified running median, a shorter-period running median
may be used. The endpoints of the resultant time-series
are calculated by estimating X(0) and X(V +1), the
“observed” values at ¢=0 and {=N+1, and then
calculating

Syos3(1) = median {X(0), X(1), Sy255(2)} and

S4253 (N) median {S4253(N - 1), X(N), X(N + 1)}

X (0) is found by extrapolating from the straight line
which passes through the smoothed values at ¢t =2 and
t=3, , X(0)=3"S953(2) — 2 S4253(3); s1m11arly,
X+ 1) 3. *Sy253(N =1) = 2 Syp53(N - 2).

The H in ““4253H, twice’’ denotes a linear smoothing
method commonly used with running medians, which
is known as Hanning. It is a 3-period weighted mov-
ing average for t=2,. .., N -1, with weights {0.25, 0.5,
0.25}. The endpoints remain unchanged.

The pattern of the time-series may be recovered by
calculating the residuals of the series (i.e., the differ-
ences between the smoothed and unsmoothed esti-
mates), smoothing the residual series using the same
method as for the time-series, and then adding the
smoothed values of the residuals to the smoothed
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values of the series. This is known as smoothing
“twice.” For example, if we define the residuals of the
time-series smoothed by 4253H to be {E(t)} = {X(¢) -
Syos3(t)}, then the values of the times-series smoothed
by “4253H, twice” can be defined by

{Suos3H, twice(t)} = {Sazsar(t) + Sszssu(E(E))}

Thus the “4253H, twice” running median method
uses a 4253 running median to smooth the time-series,
estimates the endpoints of the smoothed series, and
then smooths the resultant series by Hanning. The
residuals of the series are calculated and are also
smoothed, using the same method as above. The
smoothed values of the residuals are then added to the
smoothed values of the time-series to produce a time-
series smoothed by “4253H, twice.” The advantage of
using running medians is that the magnitude of an
extreme estimate does not affect the resultant
smoothed time-series. The above method is sufficient-
ly complex that its behavior cannot be readily under-
stood. However, simpler methods were found to suf-
fer from one or more of the following shortcomings:
Estimated trends were not always smooth; implausible
rates of change were sometimes indicated; trends near
the start or end of the sequence of estimates were often
poorly estimated.

Nonparametric bootstrap replicates are generated as
described by Anganuzzi and Buckland (1989). We select
here the bootstrap estimates that correspond to an 85%
confidence interval for relative abundance in each year.
The rationale for the choice of confidence level is that
if two 85% confidence intervals do not overlap, the
difference between the corresponding relative abun-
dance estimates is significant at roughly the 5% level
(P<0.05); whereas if they do, the difference is not
significant (P>0.05). If the abundance estimates are
assumed to be lognormally distributed, each with the
same coefficient of variation, then the exact confidence
level that gives this property is 83.4%. If one estimate
has twice the coefficient of variation of the other, the
confidence level increases slightly to 85.6%. Thus a
choice of 85% makes some allowance for variability in
the coefficient of variation.

. For each abundance estimate, 79 bootstrap replicates
are run, so that the 6th smallest and 6th largest boot-
strap estimates provide an approximate 85% confi-
dence interval (Buckland 1984). If this procedure is
carried out independently for each year, confidence
intervals are wide. Provided the assumed stock area
spans the whole range of the stock, numbers of dolphins
within it are unlikely to vary greatly in successive
years, and a procedure that calculates confidence in-
tervals for a given year incorporating information from
years immediately preceding and following that year

is more informative. For a given stock, we achieve this
by carrying out one bootstrap replication for each year
that a relative abundance estimate is available. These
estimates are smoothed using the routine described
above, and the process is repeated 79 times. For each
year, the 6th smallest and 6th largest smoothed
estimates provide approximate 85% confidence limits.
We use the sequence of medians of the smoothed boot-
strap estimates (i.e., the 40th estimate of each ordered
set of 79) as the “best” indicator of trend, so that it
is calculated in a comparable manner to the confidence
limits. Larger numbers of bootstrap replicates are
preferable, but available computer power was limited.
Repeat runs for the northern offshore stock of spotted
dolphins were carried out, to assess the Monte Carlo
variability.

By using overlapping confidence intervals to test for
a difference between years, independence between
smoothed estimates for different years is assumed.
Given the strong positive correlation in the smoothed
estimates between successive years, the test is unlike-
ly to detect a large change between one year and the
next, but should be reliable for detecting trends over
a period of perhaps five or more years, for which cor-
relations between smoothed estimates are small.

Resuits

Figures 1-10 show the estimates of underlying trend
for each of the main stocks associated with tuna in the
eastern tropical Pacific Ocean. Since stock boundaries
and stock identity are both uncertain, we also show
trend estimates after pooling data from stocks that are
not differentiable in the field. The broken horizontal
lines in these plots correspond to the upper and lower
85% confidence limits for the 1988 relative abundance
estimate. Years for which the entire confidence inter-
val lies outside the region between the broken horizon-
tal lines show a relative abundance significantly
different from that for 1988. Because the smoothed
estimate for the first or final year of a sequence can
be poor, we show the unsmoothed estimate and cor-
responding 85% confidence limits for the first and last
year on each plot.

Figures 1 and 2 show estimated trends for northern
offshore spotted dolphins, with and without the abnor-
mally low 1983 estimate, which corresponded with a
very strong El Nifio event. It is clear that the 1983
estimate affects the smoothed estimate of trend, but
its effect is no greater than if it had been just smaller
than the 1984 estimate. Thus abnormal estimates may
be more safely retained when using this procedure, and
subjective decisions of whether to treat an estimate as
an outlier are avoided.
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Figure 1

Smoothed abundance trends of northern offshore stock of
spotted dolphin Stenella attenuata in the eastern tropical
Pacific. Broken lines indicate approximate 85% confidence
limits. Horizontal lines correspond to 85% confidence limits
for the 1988 estimate. If lower limit lies above upper limit
for an earlier year, abundance has increased significantly
between that year and 1988 (P < 0.05); if upper limit lies below
lower limit for an earlier year, abundance has decreased
significantly.
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Figure 2
Smoothed abundance trends of northern offshore stock of
spotted dolphin Stenella attenuata in the eastern tropical
Pacific, excluding 1983 estimate. Broken lines indicate approx-
imate 85% confidence limits. See Figure 1 for more details.

The estimated trend from Figure 1 is downwards
until around 1983. Estimated abundance in 1976 and
1977 was significantly higher than in 1988 (P<0.05),
but there is some evidence of a recovery between 1983
and 1988 (P<0.05). Thus northern offshore spotted
dolphins appeared to decrease through the 1970s and
early 1980s, with numbers remaining stable or increas-
ing since.

Figure 3 suggests there may have been a marked
decline in numbers of southern offshore spotted dol-
phins since the late 1970s. The smoothed 1988 estimate
is significantly lower than the smoothed estimates for
1977 and 1978, but there is evidence of an increase
since 1986 (P<0.05), after a relatively high unsmoothed
estimate for 1989. As shown by Anganuzzi et al. (1991),
southern offshore spotted dolphins appear to occupy
appreciably different regions from one year to another,
and the extent of mixing with northern offshore
spotted dolphins remains unclear. We therefore believe
that trend estimates for this stock are unreliable. The
estimated trends obtained by pooling data from the off-
shore stocks are shown in Figure 4. The estimates are
dominated by the data from the larger northern off-
shore stock, and the plot is similar to Figure 1. The
1988 smoothed relative-abundance estimate is signifi-
cantly higher than the 1983 and 1984 estimates, and
significantly lower than all estimates preceding 1979.
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Figure 3
Smoothed abundance trends of southern offshore stock of
spotted dolphin Stenella attenuata in the eastern tropical
Pacific. Broken lines indicate approximate 85% confidence
limits. See Figure 1 for more details.

Figure 5 suggests that the eastern spinner dolphin
might have had a pattern of change similar to the
northern offshore spotted dolphin, although estimated
abundance in the late 1980s is roughly equal to that
in the mid-1970s, so depletion between 1975 and 1983
may have been less than for northern offshore spotted
dolphins. The 1988 smoothed estimate is just signifi-
cantly higher than the smoothed estimates for 1981 and
1982 (P<0.05).
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Figure 4
Smoothed abundance trends of pooled northern and southern
offshore stocks of spotted dolphin Stenella attenuata in the
eastern tropical Pacific. Broken lines indicate approximate
85% confidence limits. See Figure 1 for more details.
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Figure 6
Smoothed abundance trends of whitebelly stock of spinner
dolphin Stenella longirostris in the eastern tropical Pacific.
Broken lines indicate approximate 85% confidence limits. See
Figure 1 for more details.
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Figure 5
Smoothed abundance trends of eastern stock of spinner
dolphin Stenella longirostris in the eastern tropical Pacific.
Broken lines indicate approximate 85% confidence limits. See
Figure 1 for more details.
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Figure 7
Smoothed abundance trends of northern stock of common
dolphin Delphinus delphis in the eastern tropical Pacific.
Broken lines indicate approximate 85% confidence limits. See
Figure 1 for more details.

The estimated trend for whitebelly spinner dolphins
(Fig. 6) is similar to that for eastern spinner dolphins
and northern offshore spotted dolphins. There is some
evidence that abundance in 1988 was higher than in
1982 (P=0.05), but no other comparisons with 1988 are
significant. The 1982 smoothed estimate is significantly
lower than those for 1976-78.

End effects in Figure 7 give rise to an implausible
trend in numbers of northern eommon dolphins dur-
ing 1975-78. Since 1980, there may have been a decline

in this stock, but no smoothed estimates differ signif-
icantly. The central stock of common dolphins (Fig. 8)
shows evidence of a steep decline from 1977 to 1983,
with stability since. The smoothed estimate for 1988
is significantly lower than for all years preceding 1980
(P<0.05), but does not differ significantly from any
later estimates. Data on the southern stock of common
dolphins are sparse. There may have been a decreas-
ing trend (Fig. 9), but unsmoothed estimates fluctuate
widely and no smoothed estimates differ significantly.
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Figure 8
Smoothed abundance trends of central stock of common
dolphin Delphinus delphis in the eastern tropical Pacific.
Broken lines indicate approximate 85% confidence limits. See
Figure 1 for more details.
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Figure 10
Smoothed abundance trends of pooled northern, central, and
southern stocks of common dolphin Delphinus delphis in the
eastern tropical Pacific. Broken lines indicate approximate
85% confidence limits. See Figure 1 for more details.
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Figure 9
Smoothed abundance trends of southern stock of common
dolphin Delphinus delphis in the eastern tropical Pacific.
Broken lines indicate approximate 85% confidence limits. See
Figure 1 for more details.

If data are pooled across stocks of common dolphins
(Fig. 10), the 1988 smoothed estimate is significantly
lower than all those preceding 1981.

Four independent sets of 79 bootstrap replicates
were generated for the northern offshore stock of
spotted dolphins. The resulting plots, one of which
corresponds exactly to Figure 1, are superimposed in
Figure 11. If an infinite number of replicates could be
carried out for each set, the four plots would be iden-
tical. Thus Figure 11 indicates the uncertainty that can
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Figure 11

Smoothed abundance trends of northern offshore stock of
spotted dolphin Stenella attenuata in the eastern tropical
Pacific. Broken lines indicate approximate 85% confidence
limits. Estimates and limits were determined from four in-
dependent sets of 79 bootstrap replicates, so that the plot
indicates uncertainty in the estimates arising from Monte
Carlo variation.

be expected in the median and interval estimates due
to Monte Carlo variation.
Discussion

Unsmoothed estimates of relative abundance some-
times show larger year-to-year variation than is
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plausible, even if full allowance is made for the preci-
sion of the estimates. An example is the 1983 estimate
for the northern offshore stock of spotted dolphins,
which is significantly lower than either the 1982 or the
1984 estimate. This has been attributed to the strong
El Nifio event of that year (Buckland and Anganuzzi
1988a). The change in environmental conditions ap-
peared to cause spotted dolphins to split into smaller
schools and to disperse more widely than is normal, so
that tuna vessels were unable to locate areas of con-
centration. If, in normal years when concentrations
occur in known areas, there is positive bias in the abun-
dance index, then a relatively low estimate might be
expected for 1983. This effect would be enhanced if
many animals wandered beyond the normal range of
the stock, so that the abundance index for 1983 cor-
responded to only that portion of the stock remaining
within its normal bounds. Such effects may be regarded
either as bias that fluctuates over time or as an addi-
tional source of variability that is unaccounted for in
the variances of the abundance indices. Provided the
effects are essentially random, and do not exhibit a con-
sistent linear trend over time, the smoothing algorithm
described above smooths out the large fluctuations and,
in conjunction with the bootstrap, provides variance
and interval estimates for the smoothed abundance
indices that take full account of variability not allowed
for in the variance estimates of the unsmoothed indices.

The validity of estimating trends in dolphin abun-
dance from tuna-vessel sightings data has been ques-
tioned by Edwards and Kleiber (1989). They used a
simple simulation model of non-random search vessel
effort coupled with clustered distributions of dolphin
schools to investigate bias. By allowing the clustering
of schools to be slight in one year and extreme in the
next, they showed that bias in the relative abundance
estimates can be inconsistent between years. They
define a change estimate as the ratio of relative abun-
dance estimates for the two years. They state, ‘“This
two-sample change estimate is only a rough approx-
imation to a trend estimate derived from a series of
measurements. . . However, conclusions about the ef-
feets of inconsistent biases on this change estimate will
be valid for trend estimates also, except for the unlikely
case in which effects of various inconsistent biases
cancel each other out, so that the trend estimate
reflects the actual trend, but only fortuitously.” (The
emphasis on ‘“‘change’ and “‘trend” is theirs.) They also
note that “It is obvious. . .that even relatively small
changes of bias can lead to considerably inaccurate
estimates of change and, by implication, estimates of
trend.” If this is so, there would be little value in
estimating trends in abundance from tuna-vessel sight-
ings data. We question whether the simulation model
of Edwards and Kleiber (1989), which is a considerable

Table 1

Actual abundance (millions), and expected and simulated
relative-abundance estimate by year for a hypothetical stock,
declining at an annual rate of 5%. Expected abundance is
calculated assuming estimates are biased down by 20% in El
Nifo years (*} and up by 100% in other years.

Actual Expected Simulated
Year abundance estimate estimate
1975 4.00 3.00 8.04
1976* 3.80 3.04 3.37
1977 3.61 7.22 6.86
1978 3.43 6.86 5.86
1979 3.26 6.52 6.87
1980 3.10 6.19 8.66
1981 2.94 5.88 6.26
1982* 2.79 2.23 1.97
1983* 2.65 2.12 3.22
1984 2.52 5.04 4.98
1985 2.39 4.79 5.72
1986 2.28 4.55 4.02
1987* 2.16 1.73 1.65
1988 2.05 4.11 4.01
1989 1.95 3.90 4.75

simplification of reality, allows such strong conclusions.
However, we use their results to assess the validity of
their arguments. We take their worst-case scenario of
a static environment, using the stratified and smoothed
option, and average across their four replicates for the
high-density case. The calculations indicate a down-
ward bias of about 20% for the ‘“‘simple, gentle” en-
vironmental topography of year 1 and an upward bias
of about 100% for the ‘“‘complex, steep” topography
of year 2. Thus, if the population comprised 2500
schools (as in their simulations), the expected estimate
would be around 2000 schools in the first year and 5000
in the second, a 2.5-fold estimated increase for a pop-
ulation that has constant size. Is this conclusion ‘‘valid
for trend estimates also’’? Suppose a population com-
prised 4 million animals in 1975, and decreased at a
rate of 5% per annum until 1989. Suppose we again
take an extreme scenario in which the “‘simple, gentle”
environmental topography applied in El Nifio years,
and the “complex, steep” topography applied in all
other years. The expectations of the estimates are
shown in Table 1. Also shown are simulated estimates,
for which errors were generated from a lognormal
distribution which yields a coefficient of variation of
15%, close to that observed for estimates based on tuna
vessel data. The errors were then added to the ex-
pected estimates. The estimated rate of decrease for
the expected estimates is 5.0% per annum (SE 2.5%),
and that for the simulated estimates is 4.7% per annum
(SE 2.6%). Thus a scenario of extreme and inconsistent
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bias does not invalidate the procedures when applied
to a long sequence of estimates. In practice, a rate of
change in abundance is unlikely to be roughly constant
over such a long time-period, yet tests for trend over
a short time-period have low power. Figures 1-10 pro-
vide a simple method to test for change over longer
time-periods without the necessity of assuming the rate
of change is constant.

The smoothing procedure used for generating trend
estimates can perform poorly at the start (e.g., Fig. 7)
or at the end of a sequence of estimates, so that sharp
increases or declines during the first or last year or two
should be treated with suspicion. The first and last
smoothed estimate in a sequence are especially un-
reliable, and are omitted from Figures 1-10. Thus,
changes in abundance are assessed relative to 1988
rather than 1989.

To assess the current status of dolphin stocks, and
the effeets of recent levels of mortality, it is necessary
to determine whether trends in dolphin abundance are
best estimated from tuna vessel data or research vessel
data, or whether some combination of estimates from
both sources is preferable. Given sufficient data and
adequate coverage of the entire range of each stock,
research-vessel estimates of trend would be preferred,
since they are likely to be less biased. However, Holt
and Sexton (1989, 1990ab), to exploit fully the small
number of research vessel sightings, made assumptions
that might be seriously violated. Firstly, data are pool-
ed across all sightings of dolphin schools of at least 15
animals, irrespective of species, to improve precision
of effective search-width estimates. This may introduce
bias which is not consistent over time, especially if non-
target species (those which are seldom associated with
tuna, and are therefore seldom encircled by purse
seines) have a different effective search width and a
different rate of change in abundance than target
species. Secondly, although abundance estimates are
given by stock, encounter-rate estimates by stock area
are ignored for stocks that are not separated in the
field. Thus for offshore spotted dolphins, a single abun-
dance estimate per year is generated and then prorated
by stock area, to yield separate estimates for the north-
ern and southern offshore stocks. If the southern off-
shore stock became extinct, and the northern offshore
stock increased at a rate that ensured overall abun-
dance remained constant, the expected trend in re-
search vessel estimates would be zero for both stocks.
The same applies to common dolphin stocks. The esti-
mates of Holt and Sexton indicate that there are large
numbers of common dolphins in the western sector of
the eastern tropical Pacific, yet the species is seldom
recorded there. Using the estimation methods of Holt
and Sexton, valid trend estimates from research vessel
data are not available separately for northern and

southern offshore stocks of spotted dolphin or for the
main stocks of common dolphin.

In Figures 12-15 we show the valid estimates of
trend (i.e., those obtained after pooling data from
stocks that are not differentiable in the field) from the
research-vessel relative abundance estimates for
1986-89, taken from Sexton et al. (1991) and Gerro-
dette and Wade (1991). Also shown are the corre-
sponding unsmoothed-trend estimates from tuna vessel
data. Vertical bars show + 2 standard errors. Plots are
based on the relative abundance estimates and stan-
dard errors of Tables 2 and 3. The research vessel
estimates indicate changes in abundance that are
biologically implausible, even with full allowance for the
estimated precision of the estimates. Thus either the
precision of the surveys is appreciably worse than
estimated or there is strong and inconsistent bias in
the estimates from one year to the next. By contrast,
despite the concerns over the validity of tuna vessel
estimates, they yield biologically plausible rates of
change during 1986-89 when the precision of the
estimates is accounted for.
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Figure 12
Unsmoothed abundance trends of northern and southern off-
shore stocks of spotted dolphin Stenella attenuata in the
eastern tropical Pacific, estimated from research (solid line)
and tuna vessel data. Vertical bars are +2 standard errors.
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Figure 13

Unsmoothed abundance trends of eastern stock of spinner
dolphin Stenella longirostris in the eastern tropical Pacific,
estimated from research (solid line) and tuna vessel data. Ver-
tical bars are +2 standard errors.

@« 8
c
2
g

6
[]
2]
c
(]
©
S
-
<
(V]
>
"3
5 2
4

0

Year
Flgure 15

Unsmoothed abundance trends of northern, central, and
southern stocks of common dolphin Delphinus delphis in the
eastern tropical Pacific, estimated from research (solid line)
and tuna vessel data. Vertical bars are +2 standard errors.
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Figure 14

Unsmoothed abundance trends of whitebelly stock of spinner
dolphin Stenella longirostris in the eastern tropical Pacific,
estimated from research (solid line) and tuna vessel data. Ver-
tical bars are +2 standard errors.
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