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Accounting for responsive movement in line
transect estimates of abundance

D.L. Palka and P.S. Hammond

Abstract: A method is developed to account for effects of animal movement in response to sighting platforms in line
transect density estimates using data on animal orientation. Models of expected distributions of animal orientation show
that presence of responsive movement is determined by the ratio of animal sightings with angles of orientation in the
third quadrant relative to the first quadrant. The distance at which response began is estimated using logistic general
ized additive models of the relationship between radial distance and orientation. Density corrected for responsive move
ment is estimated by applying the Buckland and Turnock two-team analysis method to data poststratified into regions
“close” to and “far” from (beyond the distance that responsive movement began) the observation platform instead of
the original stratification by observation team. For data collected in the North Atlantic, white-sided dolphins, harbor
porpoises, and minke whales responded by avoiding the survey ship, and white-beaked dolphins were attracted to the
ship. For these populations, our method to correct for responsive movement gave significantly higher estimates, from
1.4 to 2.7 times the uncorrected estimates.

Résumé: On trouvera ici une méthode qui tient compte des déplacements des animaux en réaction a la présence de
plates-formes d’observation dans les estimations de densité par transects linéaires basés sur des données sur
I'orientation des animaux. Les modéles des distributions attendues des orientations des animaux indiquent gue la pré
sence de mouvements de réaction peut étre déterminée par le rapport du nombre d’animaux apergus avec un angle
d’orientation dans le troisieme quadrant par rapport au nombre dans le premier quadrant. La distance a partir de la-
quelle la réaction se fait sentir a pu étre estimée a I'aide de modeéles logistiques additifs généralisés de la relation entre
la distance radiale et I'orientation. La densité, avec correction pour tenir compte du mouvement de réaction, est estimée
par I'application de la méthode d’analyse a deux équipes de Buckland et Turnock; les données ont été stratifiées a pos-

teriori en «proches» et «éloignées» (au dela de la distance ou se manifeste le mouvement de réaction) de la plate-
forme d'observation, au lieu de la stratification originale faite par les observateurs. Dans les cas de données récoltées
dans I'Atlantique Nord, les Dauphins a flancs blancs, les Marsouins communs et les petits Rorquals réagissent en évi-
tant le bateau d'observation, alors que les Dauphins a nez blanc sont attirés par le bateau. Chez ces populations, notre
méthode de correction des mouvements de réaction donne des estimations significativement plus élevées, de 1,4 a 2,7
fois les estimations non corrigées.

[Traduit par la Rédaction]

Introduction A potentially more serious violation occurs if animals move

. . ) ) in response to the survey platform. If animals respond prior
Line transect estimators of animal density assume, among, qetection by moving either towards (attraction) or away

other things, that animals do not move. When animals movgom (avoidance) the transect line, density will be over- or
randomly, estimates of density are biased upward by a factqjnqer-estimated, respectively. In recent years, line transect
that depends on the speed of the animals .relatlve to _th§ampling has become a primary tool for estimating abun
speed of the survey platform and on the animal detectiogjance of cetacean populations (Hiby and Hammond 1989;
rate (Koopman 1980; Hiby 1982). The bias is small unlessy,ckjand et al. 1993). Aircraft typically survey at speeds
the ratio of animal speed to survey platform speed is aroungat are sufficiently high for animal movement not to be con
0.5 or greater (Buckland et al. 1993). sidered. However, cetaceans have a well-developed sense of
hearing and are capable of responding to ships at distances
far greater than those at which they may be detected by an
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Fig. 1. lllustration of definition of swimming directions and data) and in the waters of the Northeast Atlantic (Hammond
quadrants (Q1, Q2, Q3, and Q4). et al. 1995; Gien 1996). In each case, we determine if there
Track line is a response to the survey ship and estimate the bias in esti
mates of density that result if responsive movement is not
0° 0° taken into account.
R @« Materials and methods
270° 90° 270° 90°
Q3 Q2 Q3 Q2 Swim direction data
Swim directions are defined relative to the transect line and
180° 180° measured clockwise from 0 to 360°; 0° describes an animal swim
ming parallel to and in the same direction as the ship, and 90° de
2,%2 stasrit;oeard scribes an animal swimming perpendicular to the transect line and

to the right (Fig. 1). It is assumed that observers scan from the
track line to 90° on either side of the track line. Starboard sightings

) . . are animals seen initially at sighting angles 10-90° and port-sight
1990; Hammond et al. 1995), and data on the swim directioings as initially seen at 270-350°. Sightings 10° on either side of

of animals when initially detected were also examined (e.9.the transect line were excluded to simplify the parameterization of

Leatherwood et al. 1982; Polacheck and Thorpe 1990). Thegke models. Swim directions were pooled into quadrants where

studies indicated that some species might be responding beuadrant 1 represents swim directions 0-90°, quadrant 2 swim di

fore observers detected them, but results were inconclusivgctions 90-180°, etc. -

because of small sample sizes. To depict expected distributions of swim directions as affected
Buckland and Turnock (1992) developed an analyticalPy Various factors, the following conventions are followed. If the

method, which was an extension of Turnock and Quinn (1991)8r0bablllty of detecting an animal group is independent of swim

t timate abund ted for the effects of Jdirection, an equal number of sightings would be expected in all
0 eslimate abundance corrected for the elfects of reSpONSIy, yrants. Let this be represented as unity in all quadrants.-A fac

movement. This method required observers on a helicoptgp causing an increase in the detection probability in a quadrant is

to follow a group of animals until the group was detected byrepresented by a number greater than 1. Conversely, a decrease is

observers on a survey ship. Borchers et al. (1998) extende@dpresented as a number less 1 one but greater than 0. The product

this methodology to allow animals to be tracked by an inde-of values in all quadrants is assumed to equal 1, and factors are as-

pendent team on the same ship as the primary search teasumed to be independent. In line transect sampling, factors affect-

The tracker team searched further ahead than the primaf9g detection of animals are assumed to be the same on both sides

team in an attempt to detect animals before they responded.Of the. platform; thus, we “fold over’.’ starboard S|ght|ngs onto the
For the methods of Buckland and Turnock (1992) angpPort side and henceforth only consider the port side.

Borchers et al. (1998) to take full account of responsive . o

movement, it was assumed that animals detected by the trackelVim direction models . .

team had not yet reacted to the survey ship. If sightings from 'n the case when the sighting platform is not present, it is as-

the tracker team are made within the average distance med that swim directions of the animal groups are randomly dis

hich . h f th buted (random model). In cases where the sighting platform is
which responsive movement occurs, then success of theggesent, it is possible that the distribution of swim directions is

methods will be incomplete. This situation is more likely to jnfluenced by two factors. One factor is that the probability of de
occur if the tracker team is a second independent team ontacting a group may be dependent on the orientation of the ani
ship. In such cases, it is important to determine the distanceal's body with respect to the observer’s line of sight (presentation
from the survey ship at which responsive movement occurangle model). The other factor is that animals may actively respond
so that the tracking methodology can be properly applied tdéo thg platform (responsive movement model). These models are
fully account for responsive movement. described below.

In this paper, we develop a method that uses animal orie |
tation data collected on shipboard line transect surveys t al?na(ljn%rgmmr?wgsement of animals affects their encounter rate in
determlne whether, and at. what distance, cetaceans are rt 0 ways: movement along the ship’s line of travel (“forwards—
sp_ondmg to the survey ship. We assume that the observ ckwards”) and movement across the line of travel (“left-right”).
orientation of an animal at the surface is representative ooncerning left-right movement, for animals detected on the port
the direction of travel. We present models to describe eXside, more will be encountered with swim directions in quadrants 1
pected distributions of orientation when accounting for randonmand 2 than in quadrants 3 and 4 (see Appendix for more details).
movement, the angle at which the animal presents itself, an@oncerning forward—backwards movement, more animals on the
responsive movement. We describe how to determine whethgort side will be encountered with swim directions in quadrants 2
responsive movement is occurring and to estimate the critiand 3 than in quadrants 1 and 4. Combining these two effects, for
cal distance from the ship at which the effects of avoidancé@nimals encountered on the port side, there is a peak in the ex
or attraction begin. Finally, we develop a modification of the pected distribution of swim directions in quadrant 2, with a corre

: . sponding trough in the opposite quadrant 4 (see Appendix). Hiby
thlsggll{aer(]jdiﬁgd“;g;lgcgn?%}gg’dré%i\(l)vr?slcreltgt?vg?:)a tﬁ;ee'g?iSt(lgSZ) found that this is particularly true for species that surface

. . . only a few times within the area of detection, which is the common
mated critical distance rather than by observation team.  gjtation in cetacean sighting surveys.

These methods are applied to data from cetacean speciesjt forwards—backwards and left-right movements were independ
collected on shipboard line transect surveys off the east coasht, then effects would be multiplicative and the ratio of relative
of the United States (Palka 1995; D.L. Palka, unpublishe@ncounter rates in quadrants 1 versus 3 would be 1. However, be
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cause both ship and animals are moving, the ratio of expected errig. 2. Relationship between the ratio of animal speed to ship speed
counter rates in quadrants 1 versus 4 differs from the ratio inand the ratio of the relative encounter rates in quadrants 1 versus 3.
qguadrants 2 versus 3. Thus, the ratio of relative encounter rates in
quadrants 1 versus 3 deviates from 1 as the ratio of the animal
speed to ship speed increases (see Appendix). However, deviations
from 1 are small until the ratio of animal speed to ship speed is
greater than about 0.5 (Fig. 2). Animal swim speed is typically
much less than ship speed when a line transect survey is con
ducted. We assume that the ratio of animal speed to ship speed is
small and therefore that the ratio of relative encounter rates in
quadrants 1 versus 3 is 1 (Figa)3Using simulations, Hiby (1982)
reached similar conclusions. Specifically, he found that when search
effort was equal at all angles between 0 and 60° on either side of
the track line, increase in encounter rates due to fast swimming
whales was insignificant even when whales’ blow rates were high.

Ratio of relative encounter rates

Presentation angle model
If presentation angle affects the probability of detection, more
animals will be detected side-on to the observer than head-on or
tail-on, relative to the line of sight between the observer and ani S o
mal group. As a result, using the common framework for animalFig. 3. Expected swim direction distributions for the) (random
orientations defined as that with respect to the ship’s track linenodel, p) presentation angle modek)(responsive movement
more animals on the port side will be detected with swim direc model, @) random — presentation angle moded) fandom —
tions in quadrants 1 and 3 and fewer in quadrants 2 and 4 (B)g. 3 responsive movement model, arfjifandom — presentation angle —
. responsive movement model. The four quadrants represent ex
Responsive movement model _ pected swim direction distributions of sightings detected on the
For animals on the port side, if they are attracted to the Sh'pport side of a survey ship. In Figa3y > 1 represents an in-

they will tend to be detected with swim directions in quadrants 1crease in the probability of detection resulting from random

and 2 (Fig. 8 with v < 1). If animals are avoiding the ship, they t inFig. B z> 1 ¢ . in th b
will tend to be detected with swim directions in quadrants 3 and gmovement, In Fig. B, z represents an increase in the proba-

0.0 0.2 0.4 0.6 0.8 1.0
Ratio of animal speed to ship speed

(Fig. 3 with v > 1). bility of detection resulting from angle of presentation to the
ship, and in Fig. 8, v represents a change in the probability of
Estimates of model parameters detection resulting from responsive movement, where avoidance

To estimate whether avoidance or attraction occurred during 4 vV > 1 and attraction i < 1.
survey, parameters for all the above models were fitted. This was
done by modeling the number of sightings, detected with swim
directions in quadranit(i = 1-4) using a log-linear relationship for
a two-way contingency table for multinomial factors. The factors
were random movement, presentation angle, and responsive- move
ment (either avoidance or attraction). Assuming a log-linear model
(Agresti 1990) and that the factors are mutually independent, the
log of expected counts in quadrantn; = log (n;), was modeled for

(@ My 1 (b) 1z
1 y z
each combination of factors. For example, the log-linear model for
(d)y lyz z (e) vy
z ylz \

| 1/z v ‘ 1

the random — presentation angle — responsive movement combina 1 ) vz | 2zl

tion (Fig. J) is the product of the two-way tables representing the
random model (Fig. &, presentation angle model (Figb)3 and
responsive movement model (Fige)3

yiv vz yivz

7

(1) m=u+0+Z-V m=p+ y- 2=V that emerged was the ratig/n, When the rationg/n, was signifi
cantly greater than 1, avoidance was evident, and when the ratio
ny/n; was significantly less than 1, attraction was evident. A test
whereyp is the meany’ = log(y), Z = log(2), v’ = log(v), andy, z, for either avqidance or a.lt.traction is a .o.ne-sided test Wighr, =

and v are defined in Fig. 3. Assuming a multinomial sampling 0.5, Wherer, is the conditional probability of the number of swim
model, maximum likelihood estimates of the parametgrsz(v)  directions falling in quadrant 1ng) given that in quadrant 3ng).

for all the model combinations were estimated (Table 1). Asymp Whenn, andn; were greater than 5, the chi-square test was used to
totic standard errors (ASE) of the estimates can be found by th@valuateH,; otherwise, the exact binomial test was used.

delta method, for exampl&SE{" ) =% S + 1] for the random —  Estimation of the critical distances
) ] M o The expectation is that animals do not react to ships when sighted
presentation angle — responsive movement combination model. at sufficiently far distances (greater than a critical radial distance
r.), and so the ratimy/n; (whenr > r.) would not be significantly
Relationships between model parameters different from 1. At closer distances, if responsive movement oc
The aim of modeling swim direction data in this way is to iden curs, the rationy/n; (whenr < r.) would be either significantly
tify a key quantity that indicates evidence of responsive movementgreater than 1 (for avoidance) or significantly less than 1 (fer at
whether or not presentation angle affected the probability of detectraction). If no responsive movement occurs, then the ratio;
tion. This was found by comparing parameter estimates betweewould be 1 at all radial distances. This is illustrated by a plot of the
models with and without responsive movement. The key quantitycumulative sum ofY (XY;) versus radial distanag, whereY; = ng —

Mg=pn+0+Z+V m=p— Y- 2+ ¥
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Table 1. Maximum likelihood estimators of model parameters, wherare the positive number
of sightings detected with swim directions in quadraifi = 1-4).

Model parameter

Model y z
Random n )2 1 1
Ny
Ny
: 1/2 1/4
Random — presentation angle n, NyNs 1
Ny NNy
H 1/2 1/2
Random — responsive movement N,Ns 1 ny
1/2

Random — presentation angle — responsive movement'p, n,
NNy

1/4 1/2
Ny Ng N3
n2 n4 nl

n,; for all i sightings with radial distances less than or equal.ttf signed rank test was used on the bootstrapped estimatds of
animals avoid ships at distances closer tharry; will tend to in- where the null hypothesid: b = 0 was rejected foH,: b < 0 for
crease untit = r. and then approach an asymptote ffor r, where  avoidance andi, was rejected foH,: b > 0 for attraction.
it would fluctuate around a constant level according to a symmetric A compelling reason to use the logit model is that this model
random walk. If animals are attracted to ships at distances clos&nsures thap; lies between 0 and 1, without any constraints on the
thanr, thenXY; will decrease untik. If no responsive movement response predictor(s). A compelling reason to use GAMs is that
occurs, then the plot would be approximately horizontal fluctuatingthis type of model automatically allows the data to suggest models
around a constant level. with complex response shapes, if needed, rather than assuming a
Critical radial distances were found by modeling the relation-priori a model with a specified level of complexity.

ship between swim direction and radial distance using logistic gen- |, s.p|Us (Venables and Ripley 1999), the software used here
eralized additive models (GAMs). Only sightings with a SwWim geqrees of freedom in a GAM can vary frooF 1, a linear relation-
direction in the first or third quadrant were considered. It was aS<hip, tox > 2, curves of increasing complexity. Degrees of freedom
sumed that there wene sightings, each of which recorded a ran- cannot e chosen a priori because this depends on the behavior of
dom variable,Q;, that had a binomial r,p;) distribution. To  he animals being surveyed (as indicated by the data themselves).
account for the two ways in which swim directions have been reyyhenx > 2. it is possible for the logif) to equal 0 at more than
corded, there are two special cases. The first case is for data sets e radial distance. If there is no responsive movement, a linear

which swim directions were recorded in degrees relative to thgnggel « = 1) and a slopely) of 0 are expected. If there is a simple
ship's heading. Thus); = 1 if the swim direction was in quadrant on_off switch of responsive movement at one radial distance, a
3 andQ = 0if in quadrant 1. In this case; = 1 andQ can be con  a4e| withx = 2 is expected. If responsive movement begins at a
sider a Bernoulli random distribution because the Bernoulli distri gistance greater than that observed during the survey, then a linear
bution is a nearly degenerate case of the binomial distribution,,qel & = 1) and a slopely different from 0 could be ’expected.
(McCullagh and Nelder 1991). The second case is for data Sets ifyore complex animal behavior would require a more complex
which swim dlrectlons were recc_)rded n quadrants relfamve t0 0D e & > 2). For example, if critical distance for some animals in
server line of sight (head-on, tail-on, side-right, and side-left). Iny o5 jation differs from that of other animals, or if animals avoid
this case, it was not possible to determine with certainty swim di ghing at some distances but are attracted at other distances, then, in
rection quadrants relative to the ship’s heading. Instead, the b'noessence, there is more than ape

mial variableQ; was approximated by the probability that the true To choose the most representative model,riheom models with

swim direction was in quadrant This probability was estimated . -

using recorded swim directions with respect to observer line of: fange ok values were compared with the asymptote of the diagnos

sight (head-on, tail-on, side-right, and side-left) and angles afic plot of XY versusr. If responsive movement existed within the

which sightings were detected. Note a sighting that had a nonzerg19¢€ of radial dlstances_ observed, the most representative medel re
sults in anr. (r where logitp) = 0) close to the start of the asymptote

probability of a swim direction in quadrant 3 has a zero probability: . . ; S '
of it being in quadrant 1, and vice versa. In either case, the expIan'(?ritgﬁodr:a(%r;gt'fﬁoﬁogargg dh;smmgrfv:mz Iﬁlgg d’%ﬁ?"kgt;]rgfggﬁggr d
atory variable in the logistic GAM of swim direction was radial . . - : : :
: . diagnostics were used, for example, inspection of plots of the fitted
distancer: h X ;
model along with standard error bands and partial residuals (as

(2) logit(p) = a+ bx f(r, X recommended in Hastie and Tibshirani (1991)), using therde-

Note: Model parametery, z, andv are defined in Fig. 3.

SSE,
wheref(r, X) was an estimated smoothing spline function (Venablesfion [: = —(n — 2p), wherep is the number of parametets
and Ripley 1999) of radial distanaewith x degrees of freedom °
that define the smoothness of the functianyas the intercept, and compare different models (Chambers and Hastie 1992), and com
b was the slope of(r, x). Critical radial distance was defined as the paring the number of correctly predictégs (Venables and Ripley
radial distance where logji) = 0. 1999). Especially in cases of complex animal behavior, it was helpful
The sign of slopeb indicates whether the response was avoid to jackknife the data to determine overly influential data points or to
ance (negative slope), attraction (positive slope), or no responséght (or left) truncate the radial distances to model the central ten
(b = 0). Significance ob was evaluated in two ways. First, signifi dency. As acheck, ng/n; for r > r. was evaluated to determine
cance was estimated by the percentage of bootstrap estimates ofvhether or not it was significantly different from 0.
that were greater or less than 0. Second, the Wilcoxon one-sided Variances and confidence intervals (Cls) of critical radial distances
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were estimated using bootstrap resampling techniques (Efron and As in the Buckland and Turnock method, probabilitiggx”)
Tibshirani 1993), where resampling units were sightings. Data werandf;(x") were estimated using standard line transect methods and
resampled with replacement 1000 times, and for each bootstrajhne assumptions were the same. In addition, the probabifije$)

data set, the model was fitted and critical radial distance evaluateand f;(x") can incorporate covariates in any of the standard ways
For simplicity, degrees of freedom for all resamples were set to théBuckland et al. 1993; Borchers et al. 1998).

degrees of freedom of the most appropriate model from the-origi

nal data. Standard errors of estimated critical radial distances werg ey data

the standard deviation of the 1000 bootstrapped critical radial dis  The methods described above were applied to two-team ship
tances. The 95% Cl was estimated using the bias-corrected accelgfoarg line transect sightings data for Atlantic white-sided dolphins
ated percentile interval method, where the acceleration vector wag agenorhynchus acutys harbor porpoises, and minke whales

estimated using jackknifing (default option in S-PLUS). (Balaenoptera acutorostrajain the Gulf of Maine (GoM) (Palka
1995; D.L. Palka, unpublished data), minke whales in the North
Estimation of density eastern Atlantic (NEA) (@ien 1996; Schweder et al. 1999), and

Methods developed by Buckland and Turnock (1992) and Borcherbarbor porpoises, minke whales, and white-beaked dolphins
et al. (1998) give asymptotically unbiased density estimates thaflagenorhynchus albirostrjsn the North Sea and adjacent waters
account for both responsive movement and the probability ef de(NS) (Hammond et al. 1995). For convenience, we subsequently
tection on the track line being less than unity. To fully account forrefer to a species in a region as a population. In the GoM and
responsive movement, it is assumed that sightings made by th¥EA, both teams searched by naked eye. In the NS, the tracker
team searching further ahead of the ship were initially detected beteam searched ugin7 x 50 binoculars and the primary team
yond the distance at which responsive movement occurs. To ensugearched by naked eye.
that this assumption is valid, we propose a modification of the
Buckland and Turnock method. In our modification, data were no
stratified into teams searching at different distances from the ship;
as originally designed, but they were poststratified into sightings_ . .
detected before animals responded (in the far region) and these dEvidence of responsive movement )
tected after they responded (in the close region). This modified For all populations, there was evidence of responsive move
method fully accounts for responsive movement if there are suffiiment (Table 2). For NS white-beaked dolphiridy was re-
cient numbers of sightings in the far region and sufficient numbergected forH,: b > 0, demonstrating attraction close to the
of duplicate sightings. ship (more on results from this population below). For all

. Ini‘tial sightings seen in the far region correspond to “secondary’other populationsHy: b = 0 was rejected foH,: b < 0,
sightings as defined by Buckland and Turnock (1992) and Buckdemonstrating avoidance. Estimated critical radial distances
land et al. (1993). Initial sightings seen in the close region correyanged from 279 m for NS white-beaked dolphins to about
spond to their “primary” sightings. Duplicates are then defined as 3000 m for harbor porpoises from the GoM and NS (Table 2).

pair of sightings where one sighting is in the far region and can be . - -
detected by either team and the other sighting is detected in the For most populations, there were large differences in the

close region by the other team. For groups of animals that were dd&tio Ng/n; between the close and far regions (Table 3). These

tected by both teams within the same region (either close or far)differences are strongly indicative of substantial responsive
only the first detection is used. Poststratifying data in this mannemovement that, if not accounted for, will lead to estimates of

allows far sightings to be considered as confirming the positiondensity that are seriously biased. The ratin, in close re
prior to responsive movement of a sample of animals, and then it igions were significantly different from 1 for all populations
not necessary to assume that all animals were detected on thgcept GoM minke whalegp(= 0.069) and NS white-beaked
transect line within the close region. dolphins p = 0.944). For GoM minke whales and especially
Asymptotically unbiased density estimates that account for respon\ s white-beaked dolphins, evidence for responsive move
sive movement and the probability that detection on the transeqhent was weaker or included a combination of attraction
line was less than unity arB,;: and avoidance (see below).
A f.(0 For all populations, the ratiog/n; in the far region was
3 D — nC C( ) . g . 31 .
(3) 4= 20840 not significantly different from 1 (Table 3), suggesting that
¢ critical distances were properly selected by the GAMs. To |l
lustrate effects of model (animal behavior) complexity, three

esults

where populations are examined in detail: GoM white-sided-dol
v 900 _ Ny T (X) phins, GoM minke whales, and NS white-beaked dolphins.

(4) (0 =5 b 0(X) = n £(X) For GoM white-sided dolphins, estimated critical distances
IQC(%)dX o (where logitp) = 0) forx =1, 2, 3, and 4 were 535, 592, 610,

0 and 598 m, respectively. AICs were 120.9, 122.3, 124.0, and

125.4, respectively. The diagnostic plot (Fig)has an as
wheren,, ny, andn, are the numbers of animal groups seen within ymptote, so a GAM withx > 2 is appropriate. The asymptote
the close region, far region, and by both teams (one team saw thgegins at a radial distance of about 600 m, and there are no
group in the far region and the other team saw the same group iBther inflection points in the plot. Thus, the GAM with= 2
the close region), respectivelfy(x’) is the probability density of g:ig' 4b) was chosen and resulted ip= 592 m.
perpendicular distances, prior to responsive movement, of animal For GoM minke whales. estimated critical distances for

subsequently detected within the close regig,) is the probab# : -
ity density of perpendicular distances of groups seen in the far reGAMS with x =1, 2, and 3 were 490, 407, and 346 m re

gion, f(x’) is the probability density of perpendicular distances of SPECtively. Forx = 4, logit(p) = 0 at 304, 550, and 717 m.
duplicate sightings, as recorded by the team that saw the sightin§/Cs were 193.7, 194.8, 195.5, and 196.1 for 1, 2, 3,

in the far regionL is the length of the transect line, amdis the ~ and 4, respectively. The diagnostic plot (Fig) Sndicates a
maximum perpendicular distance. major asymptote at radial distances greater than 700 m, but
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Table 2. Parameter values and CVs for the fitted GAM used to estimate the critical radial distarfoggtres).

Population (area) X a(Ccv) b (CV) P(b < 0) r. (CV) 95% CI of r

Harbor porpoise (GoM) 4 1.30 (9%) —4.0 x1q71%) 0.914 1010 (20%) 733-1442

Harbor porpoise (NS) 3 —0.37 (42%)  —2.1 x"4Q75%) 0.914 1004 (22%) 625-1556

Minke whale (GoM) 4 0.98 (38%) -8.5 x 1D(78%) 0.888 717 (24%) 580-1135

Minke whale (NS) 2 —-0.32 (80%)  —1.2 x T0(41%) 0.997 563 (23%) 306-819

Minke whale (NEA) 2 0.75 (30%) -7.9 x 10(37%) 0.993 695 (18%) 551-894

White-sided dolphin (GoM) 2 2.25 (23%) —2.1 x3q34%) 0.999 592 (18%) 386-780

White-beaked dolphin (N8) 2 —1.15 (45%) 8.6 x 10 (133%) 0.203 300 (43%) 16-440

White-beaked dolphin (N8) 4 -0.73 (51%) —2.9 x 10 (203%) 0.603 279 and 716 107-354 and 466-1443

Note: x is the degrees of freedom &, x), a is the interceptb is the slope off(r, x), P(b < 0) is the proportion of bootstrap estimates: 0, and 95%
Cl of r is the 95% bias-corrected accelerated percentile G}.of

#Using sightings data where radial distance is less than 800 m.

®Using sightings data where radial distance is less than 1600 m.

Table 3. Distribution of swim directions for sightings in the close and far strata as divided by the critical radial distances (Table 2).

Population (area) Stratum n, n, n; ny ns/ny p
Harbor porpoise (GoM) Close 541.0 1691.0 1743.0 476.0 3.2 <0.001
Far 5.0 5.0 45 25 0.9 1.000
Harbor porpoise (NS) Close 129.2 268.9 286.7 127.2 2.2 <0.001
Far 32.7 57.4 47.9 24.0 1.5 0.089
Minke whale (GoM) Close 42.5 63.5 61.0 40.0 1.4 0.069
Far 18.5 22.5 15.0 9.0 0.8 0.543
Minke whale (NS) Close 11.5 33.7 25.1 14.7 2.2 0.025
Far 20.4 22.4 18.6 14.5 0.9 0.764
Minke whale (NEA) Close 75.5 12.7 120.5 67.0 1.6 0.001
Far 91.0 82.5 85.0 96.5 0.9 0.655
White-sided dolphin (GoM) Close 8.5 45.0 61.0 23.5 7.2 <0.001
Far 17.0 16.0 29.0 8.0 1.7 0.077
White-beaked dolphin (N3) <300 m 4.7 3.3 35 35 0.8 0.944
>300 10.2 9.5 9.7 6.6 1.0 0.920
White-beaked dolphin (N8) <279 m 3.8 2.4 2.3 35 0.6 0.840
279-716 m 6 9.1 10.3 3.6 1.7 0.290
>716 m 15 2 1.7 1.8 11 1.000

Note: Data are numbers of unique groups of animals that had a recorded swim direction. Also giverp igatbe for the null hypothesisly: n; = n;
using they? test or, whem, < 5, the exact binomial test. Note that the number of sightings in each quadrant can be a noninteger. For data sets from the
NS, this was because the number in a quadrant is the sum of probabilities that swim directions were in that quadrant and each sighting could have a
positive probability in two neighboring quadrants. For the other data sets, sightings that had swim directions recorded at the boundariesauEtmeézn qu
(0, 90, 180, and 270°) were divided equally between adjacent quadrants.

2Using sightings data where radial distance is less than 800 m.

®Using sightings data where radial distance is less than 1600 m.

the plot is not smooth for < 700 m. This variation could be 700 m. Estimated critical distances were 522 m wken1,
due to complex animal behavior, influential covariates; ran 252 and 833 m wher = 2, 252 and 781 m whex = 3, and
dom error, or some other reason. The GAM with= 4 279 and 716 m wher = 4. AICs were 38.1, 39.1, 40.7, and
(Fig. 5b) models the variation and predicts 717 m as the ra42.4 forx = 1, 2, 3, and 4, respectively. A GAM witk > 4
dial distance at the start of the asymptote; thus, this was sés required to model all of these inflection points, and the
lected as the best estimate of critical distance. When thesBAM with x = 4 does indeed model this complex behavior
data were left-truncated at 300 m to remove the complexityFig. 6b). There are few data beyond 800 m, as indicated by
close to the ship, the GAM witk = 2 resulted in one critical the rug plot in Fig. 6. A rug plot is tick marks on th&-axis
radial distance of 760 nmg/n; = 0.9 in the far region( = indicating the radial distance of sightings, where sightings
0.863 fory? test ofHy: ny = ny), andng/n; = 1.5 in the close  with the same radial distance were “jittered” to break ties. If
region @ = 0.030 fory? test ofHy: ng = ny), confirming that  data beyond 800 m were deleted, a GAM witk 2 was the
a critical distance of approximately 700-800 m is appropriatemost representative and resulted in one radial distance where
For NS white-beaked dolphins, the diagnostic plot (F&. 6 logit(p) = 0 atr = 300 m. For comparison, results for this
shows a similar pattern to that for GoM minke whales butpopulation are given for the GAM witk = 4 using all data
with much more structure. There may be no net responsivand the GAM withx = 2 using truncated data (Tables 2 and
movement at distances less than 150 m, an indication-of aB). These results confirm the general interpretation of the di
traction at distances between 150 and 300 m, avoidance bagnostic plot and also indicate that effects are not signifi
tween about 300 and 700 m, and no net response beyorwhnt, perhaps because of small sample size.
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Fig 4. Plots used to estimate the critical radial distanigg for Fig 5. Plots used to estimate the critical radial distancg for

the GoM white-sided dolphinsa) Diagnostic plot of the radial the GoM minke whales.a) Diagnostic plot of the radial distance
distance ) and theXY, whereY = n; — n; (solid line). The ver (r) and theXY, whereY = nz — n; (solid line). The vertical refer
tical reference line (dashed) is at= r., as estimated from the ence line (dashed) is at=r;, as estimated from the GAM.

GAM. (b) Plot of the GAM (thick solid line) with two standard  (b) Plot of the GAM (thick solid line) with two standard error
error bands (dashed-dotted lines) and vertical and horizontal refbands (dashed—dotted lines) and vertical and horizontal reference
erence lines of logiff) = 0 andr,, respectively. The rug plot on lines of logitpp) = 0 andr, respectively. The rug plot on the

the x-axis indicates radial distances of the data. axis indicates radial distances of the data.
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the unmodified Buckland and Turnock method. This is

Corrected estimates of density expected because the same equations are used; only the

For all populations where sufficient sample sizes werestratification scheme changed.
available, density estimates using our method show that re
sponsive movement has been accounted for to a greater episcussion
tent than in the estimates from the unmodified Buckland and
Turnock method (Table 4). The bias correction ranged fronReliability and validity of swim direction observations
1.4 for GoM minke whale and white-sided dolphins to 2.7 Our method relies on separating sightings into close and
for NS minke whales. That these corrections are large is exfar regions using swim directions as recorded during line
plained by the large differences in the ratig/n, in close transect sighting surveys. Fundamental assumptions are that
versus far regions. For all populations, differences betweeswim directions seen at the surface reflect the true direction
corrected and uncorrected density estimates were significanf travel and that swim directions are measured without er
(Table 4). ror at all distances from the ship. The first assumption is dif

It was not possible to estimate a corrected density foficult to validate. However, for dolphins and porpoises, a
NEA minke whales because duplicate sightings data wergypical dive pattern is that at least one animal in the group
not available or for GoM harbor porpoises and NS white-surfaces two to six times within a 0.5-1 min and then dives
beaked dolphins because there were insufficient numbers éér 1-5 min (Westgate et al. 1995). This dive pattern-pro
sightings. Coefficients of variation (CVs) estimated by ourvides the observer the opportunity to accurately determine
method were approximately the same as those estimated blye direction of travel and record it as the swim direction.
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Fig 6. Plots used to estimate the critical radial distanig for
the NS white-beaked dolphinsa)(Diagnostic plot of the radial
distance ) and theXY, whereY = n; — n; (solid line). The ver

tected at greater than 650 m, tRéwas still high (0.98) and

the slope was 1.013. In conclusion, the two teams usually
recorded similar swim directions for white-sided dolphin
tical reference line (dashed) is at= r., as estimated from the groups seen by both teams; however, it appears to be more
GAM. (b) Plot of the GAM (solid thick line) with two standard  difficult to estimate swim directions of minke whales, pattic
error bands (dashed—dotted lines) and vertical and horizontal refularly at far distances.

erence lines of logif{) = 0 andr,, respectively. The rug plot on

the x-axis indicates radial distances of the data.
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Estimates of density

Differences between the unmodified Buckland and Turnock
estimates and our corrected estimates were large and signifi
cant. GoM data were collected by two teams, neither of
them being a tracker team (as required for the Buckland and
Turnock method). Consequently, when the unmodified Buck
land and Turnock method was applied, it was not expected
that responsive movement would be fully accounted for. For
the NS data, tracker teams were used, and if all assumptions
were valid, Buckland and Turnock estimates should have ac
counted for responsive movement. However, differences be
tween estimates from the unmodified Buckland and Turnock
method and our method remain large. This could be because
many tracker team sightings were not sufficiently far from
the ship to ensure that no responsive movement had oc
curred. Alternatively, the differences could be because other
sources of heterogeneity as a result of variation in survey
ships, weather conditions, or school sizes were not accounted
for in this study as was done in Borchers et al. (1998).

Sensitivity of results to ratio of animal speed to ship speed
Our method relies on separating sightings into close and
far regions at the radial distance where the ratjm, differs
from 1. When animals move at random, it is expected that
this ratio differs from 1, albeit by a small amount, when av-
erage animal speeds are at least half that of the survey ship.
Any bias from our method will be small if animals move
slowly relative to the ship. However, if animals swim fast
relative to the ship’s speed, then densities from our method
will be overestimated. In fact, standard line transect estima
tors will also be overestimated (Buckland et al. 1993).
Typical swim speeds of minke whales are 1.5-3.9 ki-h
(Kasamatsu et al. 1995), of harbor porpoises are 2.1—
2.3 km-h! (Westgate et al. 1995), and of bottlenose dolphins

Minke whales are known to surface less frequently and aré'€ 1.5-4.5 km# (Wells et al. 1999). The typical speed of
usually alone, so it is expected that swim directions recorde@ Survey ship is 18.5 km+h (10 kn). Using these figures,
for minke whales would be less accurate than for the othegorrectedny/n; ratios range from 0.985 to 0.998. However,

species investigated in this paper.

The second assumption can be investigated by compari

Ridoux et al. (1997) gave a maximum swim speed of

nb?.3 km-h? for bottlenose dolphins, which equates to a-cor

swim directions of groups at various distances from the shigectedny/n; ratio of 0.741. If a target population as a whole
as recorded by both teams, particularly groups that were deéxhibits this behavior during a survey, bias in any line

tected close in time to ensure that the same group was sedignsect method could be nontrivial. In this case, to avoid
by both teams. If swim directions were accurate, then therdhis bias, data on the swim speed of the animals could be
should be a one-to-one relationship between swim directionﬁse.d to deter'mlne the 'crltlcal radial distances on the basis of
of the same group as recorded by the two teams. GoM mink@ difference in the ratias/n, from the expected value, not
whale swim directions of sightings seen by both teams withirfhe value of 1.

30 s of each other were consistent between the two teams

(Fig. 7a). Using least trimmed squared robust regression orSensitivity of results to estimated critical distance

these duplicates, the multip? was 0.90 and the slope was  Our results are sensitive to estimated values of the critical
1.023. There were a few extreme points, but overall, the twoadial distance. In general, the greater the critical distance,
teams recorded similar swim directions. At distances far fronthe greater the correction. However, our density estimates
the ship (>525 m), the multiplB? decreased to 0.85 and the were fairly stable within a range of critical distances. For ex
slope was 1.000. For GoM white-sided dolphins, Rfevas  ample, for NS harbor porpoises, doubling the critical- dis
0.92 and the slope was 0.972 (Fido)7 For sightings de tance from 1004 to 2008 m increased the estimated density
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Table 4. Number of sightingsn() within the close and far regions and the number of duplicates and estimates
of density and their CVs using our method (PH) and the Buckland and Turnock method (BT).

PH density BT density Bias
Population (area) Ne L Ny (Cv)2 (Cv)?2 correction
Harbor porpoise (NS) 922 190 15 0.597 (39%)  0.293 (32%) 2.0
Minke whale (GoM) 217 74 9 0.098 (21%) 0.069 (36%) 1.4
Minke whale (NS) 87 80 11 0.043 (41%) 0.016 (30%) 2.7
White-sided dolphin (GoM) 156 87 15 0.760 (14%) 0.544 (14%) 1.4

Note: Bias correction is the proportional increase in PH density over BT density.
*Density of individuals for GoM species and density of groups for NS species.
bSignificant difference if < 0.05) between two density estimates using the Wilcoxon rank-sum test.

of groups by 10%, from 0.597 to 0.657. Factors influencingFig 7. Scatter plot of swim directions as recorded by the upper

the estimated critical distance were the choice of the smoothand lower teams for sightings seen by both teams. Circles are

ing parameter in the logistic GAM and the underlying-ani sightings detected at distances less than the median radial dis

mal behavior. We chose models that had the lowest possiblance, and triangles are sightings at distances greater than the
AIC that resulted in am; near the asymptote of tf&Y ver median. The line fitted to points used least trimmed squares ro
susr plot. Using this approach, critical distances should notbust regression (solid line). The reference line depicts a one-to-
lead to a positively biased density estimate, although effectsne relationship (dotted line)a GoM minke whales; ) GoM

of responsive movement may not be fully taken inte ac white-sided dolphins.

count.

350

Improvements in methodology @)

The method that we present to account for responsive
movement in density estimates is just one step towards re-
ducing bias in the estimates. As in all line transect analyses,
assumptions should be validated and corrections incorpo-
rated. Effects of other assumptions are discussed below.

250

200

150

direction from lower team

Measurements are without error
To ensure minimal measurement errors, observers should% 100
be trained, appropriate measuring equipment provided, and
calibration experiments conducted. It is expected that measure- 5o
menterror will not bias density estimates from our method

°
more than those from other methods utilizing two-team data. 0+ ‘ ‘ ‘ ‘ * * ‘
However, because measurement error cannot be eliminated, 0 50 100 150 200 250 300 350
when using our method, corrections for measurement error
should be incorporated. 350

Identification of duplicate sightings is without error 300
This is difficult, particularly when both teams do not see
identical surfacings. Any density estimate utilizing data from
two teams is sensitive to the number of duplicate sightings.
In general, if too few duplicates are identified, then density
estimates will be overestimated. Consequently, methods have,
been developed to decrease this error and incorporate the un
certainty into the density estimate. A protocol used te in
crease the accuracy of duplicate identification is tracking @
groups. For example, surveys in the NEA required both teams
to record all surfacings of animal groups (Schweder et al.
1997), NS surveys required the tracker team to record as ol
many surfacing as possible (Hammond et al. 1995), and 0 o 10 13 200 25 300 350
GoM surveys required that “a couple” of surfacings of a
group be recorded (Palka 1995). An analysis method used to
incorporate the uncertainty in duplicate identification into
the density estimate is to have multiple people determine th®etection is a function only of perpendicular distance
duplicates (Palka 1995) and classify duplicate sightings as When estimating cetacean densities, Borchers et al. (1998)
definite, likely, or possible duplicates (Palka 1995; Borchersand Schweder et al. (1997, 1999) included other covariates
et al. 1998). In the future, additional methods to reduce duthat influenced the sighting detection function. Important
plicate identification error and incorporate this uncertaintycovariates included sighting conditions (sea state as- mea
into density estimates should be developed. sured on the Beaufort scale), sighting team or platform (e.g.,

250 1

200 1

150

wim direction from lower team

0

Swim direction from upper team
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if teams of observers were “good” or “bad” at collecting inthe l\_lor_th Sea and adjacent waters. Final Report to the European
data), vessel (animals react differently to ships with different Commission DG XI/B/2 under contract LIFE 92-2/UK/027.
acoustic signatures), and group size. Our method can readily Available from Sea Mammal Research Unit, Gatty Marine Lab
incorporate covariates. Indeed, school size was included as aoratory, University of St. Andrews, Fife KY16 8LB, U.K.

In conclusion, although we developed this method specifi _€!s- Chapman and Hall, London, U.K. _
cally for shipboard surveys for cetaceans, it could be appliedtity: A-R. 1982. The effect of random whale movement on density
to any line transect survey where the species may respond to estimates obtained from whale sighting surveys. Rep. Int. Whaling
the sighting platform. Necessary requirements are two tea ié:orzrg 323;n7dgﬁ;7n?$ond BS. 1989, Survey techniaues for est
of observers searching simultaneously, at least some searc n’j’ém; abundance of cetaceans. Rep. Int \)//Vhalin qumm Spec
ing at distances at which responsive movement has not yet Issuegll- 47-80 - Rep- It g - SPec.
_begun, d_etermlnatlon of duplicate S|ghtlngs, and data On'h_ea%gsamatsu, F., Nishiwaki, S., and Ishikawa, H. 1995. Breeding areas
ings. Using the methods presented in this paper, a less biase

. . . and southbound migrations of southern minke wh&afsenoptera
density can be estimated for species that respond to the 4. iorostrata Mar. Ecol. Prog. Serl19 1-10.

sighting platform. Koopman, B.O. 1980. Search and screening: general principles
with historical applications. Pergamon Press, New York.
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Appendix. Effect of random animal movement on relative encounter rate as a function of animal swim direction and swim
speed relative to the survey ship

Let a be animal speed, animal swim direction, an ship speed and, for simplicity, set the ship’s direction at 0°. Assume
that all animals ahead of the ship are detected as soon as they cross a semicircle of constant radius with the ship at the cente
The effect of the left—right component of swim directions in quadignt 1-4, where quadrant 1 is 0—90°, etc.) results in an
effective angle at which animals are encountered by the shiphat is given by

(A1) x, =tar? 35 |y gqut| 8O | gt By gt 2O
b — acosx b + asina b + acosx b — asina

Relative encounter rates, of animals detected on the port side of the ship that have effective encounter aggées,
equivalent to the length of a line perpendicular to the resultant vector that intersects with the semicircular detection threshold,
where

(A2) ry=s8iNnX;+COSX; r,= SIMXy+ COX, TI3=1— SiXg I ,=1— SiR,

This results in more animals being encountered that are moving in towards the track line (quadrants 1 and 2) than are mov
ing away (quadrants 3 and 4). For example, using egs. Al and A2, a ship speed of 18:5 kndhan animal speed of
3.7 km-It}, the ratio of relative encounter rates of groups with swim directions in quadrants 1 and 2 to those of groups with
swim directions in quadrants 3 and 4 is 1.280.

Because both ship and animals are moving, effects of the forwards—backwards component results in animals swimming in
the opposite direction to the ship (quadrants 2 and 3) being encountered more often per unit time than animals swimming in the
same direction as the ship (quadrants 1 and 4). In the above example, the ratio of relative encounter rates of groups with swim
directions in quadrants 2 and 3 to those of groups with swim directions in quadrants 1 and 4 is 1.004. To incorporate this ef
fect, encounter rates in quadrants 2 and 3 are inflated by a correction fadto,ratio of the along-transect component of the
resultant movement vectors from swim directions in quadrant 1 versus 2, averaged over the whole of each quadrant:

(A3) c= meanp + a siu)

meanb — a coq)

When the correction factor is applied in the above example, the relative encounter rates of groups with swim directions in
quadrants 1, 2, 3, and 4 are 1.13, 1.43, 1.15, and 0.86, respectively. These relative encounter rates vary depending on the rati
of animal speed to ship speed. If the animal speed tripled to 11.1ki®0% of the ship’s speed), corrected relative encoun-
ter rates of groups with swim directions in quadrants 1, 2, 3, and 4 change to 1.34, 2.76, 1.64, and 0.51, respectively.
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