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INTRODUCTION


The eastern North Pacific southern resident stock of


killer whales Orcinus orca declined to fewer than 80


individuals in 2001, resulting in their listing as


‘depleted’ under the Marine Mammal Protection Act


and ‘endangered’ under the United States and Wash-

ington State Endangered Species Acts, and Canada’s


Species at Risk Act. The causes of this decline are


uncertain, but many scientists consider a combination


of reduction in prey resources, toxic chemicals, distur-

bance from vessel traffic, and other factors to have con-

tributed (Krahn et al. 2004, Wiles 2004, Killer Whale


Recovery Team 2005).


Krahn et al. (2004) noted that the southern resident


killer whale population increased at an normal rate in


the late 1980s (~3% yr–1). Growth began to slow in the


early 1990s and was followed by a decline of 20% from


1996 to 2001. This stock is composed of 3 social units


(pods). J and K pods exhibited little change in number


during this period, in contrast to the expected growth.


In contrast, the L pod not only failed to grow, but it


declined, and this decline resulted in the decline in


number of the entire population. Factors in the inshore


waters of Washington and British Columbia, such as


declines in prey abundance, toxins, and vessel traffic


may be responsible for the lack of growth in all 3 pods.


Differences in usage patterns of the inshore waters
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among the different pods (Bigg et al. 1990, Olesiuk et


al. 1990, Osborne 1999, Hauser et al. 2006) may


account for some of the additional decline experienced


by the L pod alone, but factors external to these waters


are likely to be of similar importance to factors in


inshore waters (regional differences in prey abun-

dance [Protected Resources Division 2004], perhaps


entanglement, and exposure to oil, among others).


Vessel traffic may have contributed to the decline


through a variety of mechanisms. Collisions between


vessels and killer whales occur occasionally in resi-

dents, including southern residents, and other killer


whales and result in injury or death (Ford et al. 2000,


G. M. Ellis pers. comm.). Unburned fuel and exhaust


from vessels may contribute to toxin load. The pres-

ence of noise from vessels may contribute to stress


(Romano et al. 2004). Noise from vessel traffic may


mask echolocation signals (Bain & Dahlheim 1994,


Erbe 2002), reducing foraging efficiency. Behavioral


responses may result in increased energy expenditure,


or disrupt feeding activity, which may reduce energy


acquisition (Bain 2002, Williams et al. 2006). Energetic


mechanisms for impact are of particular concern, since


southern resident killer whales may be food limited.


Repeated disturbance of wild animals is implicated


as a factor reducing the quality of life, foraging effi-

ciency, fitness, or reproductive success of individual


animals. Studies link anthropogenic disturbance to


changes in foraging behavior (e.g. Galicia & Baldas-

sare 1997), reproductive success (e.g. Safina & Burger


1983), and mating system and social structure (e.g.


Lacy & Martins 2003). These, in turn, either singly or


synergistically, can influence population dynamics and


viability (Lusseau et al. 2006). Effects of vessel traffic


have been studied in a range of cetacean species.


Effects vary within and between species, and included


changes in respiration patterns, surface active behav-

iors, swimming velocity, vocal behavior, activity state,


inter-individual spacing, wake riding, approach and


avoidance, and displacement from habitat. Williams et


al. (2006) found northern residents were less likely to


forage in the presence vessels. Vessel traffic can also


displace bottlenose dolphins (Lusseau 2005, Bejder et


al. 2006) and significantly alter their behavioral budget


(Lusseau 2004).


In the San Juan and Gulf Islands region, the com-

mercial whale-watching day runs from about 09:00 to


21:00 h in summer, and until sunset in spring and early


fall. In addition to commercial whale-watching vessels,


other vessels are also in contact with whales through-

out the day. These include recreational and research


vessels, cruise ships, sport and professional fishing


vessels, and intermittently commercial freight ships.


Due to the variety of vessels observed in the presence


of whales, the term whale watching as used in the pre-

sent paper refers to all whale-oriented vessel traffic,


regardless of whether the vessels are commercial


whale-watching vessels or not. Because these whales


are in the presence of vessels during much of the day,


the potential for cumulative effects makes it important


to investigate whether the behavior of killer whales is


altered in the presence of vessels.


Assessing variation in behavior under different con-

ditions is difficult, due to the inherent temporal


dynamics of activity states, as they tend to occur in


bouts. We used Markov chains to quantify this tempo-

ral dependence and assess how exposure conditions


changed it (Cane 1959, Lusseau 2003). The same tem-

poral biases inherent to behavioral data mean that sim-

ple tallies of state samples observed under different


boat conditions will not represent the true behavioral


budget of the population under these exposure condi-

tions (Guttorp 1995, Lusseau 2003). However, we can


infer these budgets from the stationary behavior of the


Markov chains developed for each exposure condition.


Here, we assess whether boat traffic affects the


behavioral dynamics and behavioral budget of this


population of killer whales. Given the importance of


food limitation on the dynamics of this population, we


particularly determined whether they disrupt foraging


activities and the range of influence of vessels (the


maximum distance between whales and boats eliciting


disruptions).


MATERIALS AND METHODS


Study areas. From 28 July to 30 September 2003,


1 May to 31 August 2004, and 15 May to 31 July 2005,


a land-based team of observers monitored behavior of


whales and activity of boats from 2 study sites on the


west coast of San Juan Island, WA, USA. One site


(hereafter referred to as the north site) was located at


48° 30.561’ N, 123° 8.494’ W (near Lime Kiln State Park)


at an altitude of approximately 99 m above mean lower


low water. The south site was located on Mt. Finlayson


(48° 27.421’ N, 122° 59.401’ W) at a height of 72 m, and


the view of the eastern portion of Juan de Fuca Strait


was unobstructed. Whales have been reported to use


this area heavily for foraging, whereas the north site


appeared to be used primarily for travel and socializing


(Heimlich-Boran 1988, Felleman et al. 1991, Hoelzel


1993). Together, these sites were chosen to maximize


sample size and to allow the behavioral observations to


include the entire repertoire of the population.


Behavioral sampling. During the study periods,


238 d were spent on effort, of which 128 d were spent


with whales. During that time scan sampling was con-

ducted at 15 min intervals to characterize subgroup


size (ranging from 1, to the size of the school in the
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study area), activity state, and the number of vessels


within 100, 400, and 1000 m of whales. The activity


state subcategories (1 to 8; Table 1) were combined to


match the categories described by Ford et al. (2000).


The resulting activity states were cumulatively inclu-

sive and mutually exclusive. A scanned group was


defined as animals within 10 body lengths of one


another at the time of a scan-sample observation, using


a chain rule (Connor et al. 2000). The identity of group


members was recorded, but when individuals were too


far away to be identified, their identity was assigned to


categories based on size (e.g. calf, juvenile, medium-

sized whales [large juveniles or adult females],


subadult male, adult male). Sequential observation of


focal groups allowed estimating the probability of ani-

mals’ switching from one activity state to another as a


function of vessel traffic.


Vessel traffic sampling. Vessels were counted


separately depending on whether or not they were


engaged in whale watching, although commercial and


recreational whale-watching boats were not distin-

guished in scan-sample counts. Distances were visually


estimated, and, in most instances, the distances were


confirmed using coordinates of whales and boats taken


using a theodolite. These theodolite-based Quality As-

surance and Control (QA/QC) measurements were


made continuously throughout the study to insure ob-

server reliability and consistency (Williams et al. 2009).


Observer errors never exceeded 10%. Since our analy-

ses are not based on the exact distance between boats


and whales, but on the number of boats present within


100, 400, and 1000 m of the whales, such errors where


adequate.


Analyzing scan-sampling data from focal groups.


Understanding the recurrence of activity states allows


one to understand the likelihood that a state will be dis-

rupted by, in our case, boat presence. The data were a


series of scan samples of a focal group that were treated


as samples of activity-state sequences. A sequence


stopped when sampling stopped on a given day or


when a focal group ceased to exist due to changes in


group membership (through fission or fusion with other


individuals), or because they left the study area. For the


purposes of the present study, we were only interested


in understanding the change in the likelihood that


when a group was in State A they would be in State B


15 min later (i.e. at the next scan). These are called first-

order transitions in activity. This sequence of discrete


time samples could be treated as a Markov chain


(Lusseau 2003, 2004) because it was ergodic. A time se-

ries is ergodic when transitions between all states are


possible; in the present study a group could be involved


in a transition from any state to another (there was no


biological constraint preventing whales from switching


between one state and the others). We then assessed


whether our first-order assumption was warranted.


That is, we assessed whether the assumption that a


state was only dependent on the immediately preced-

ing sample best explained sequences by comparing the


Bayes information criterion (BIC) for first-order chains


to BIC for zero-order chains and second-order chains


(Guttorp 1995, Lusseau 2003). BIC provides a consistent


estimate of the order of a Markov chain. The higher the


BIC, the more information the order provides on the


sequences. A BIC difference of 9.2 is sufficient to deter-

mine the best-fitting order (Guttorp 1995).
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Activity state Definition

Subcategory


Rest Characterized by prolonged surfacing in contrast to the rolling motion typically observed during travel


1 Deep rest, hanging, logging: whales do not progress through the water


2 Resting travel, slow travel: whales progress through the water, although they may not make forward

progress over the ground


Travel Characterized by a rolling motion at the surface, progress through the water, and membership in a

subgroup of >4 individuals


3 Moderate travel, medium travel: travel in which whales do not porpoise


4 Fast travel: travel which includes porpoising


Forage Characterized by progress through the water by lone individuals or while a member of a subgroup of 4 or

fewer individuals


5 Dispersed travel: foraging in a directional manner


6 Milling, feeding, pursuit of prey: foraging involving changes in direction


Socialize Interaction with other whales, or other species in a non-predator–prey context


7 Tactile interactions: socializing that involves touching another whale, such as petting or nudging


8 Display: socializing that does not involve touching, but may include behaviors such as spy hops, tail slaps

and breaches


Table 1. Orcinus orca. Definition of activity states used in the present study
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To understand the effect of boat interactions on the


state transitions, the number of vessels in the field of


view was counted, as these vessels may have con-

tributed to ambient noise in the area (Bain pers. obs.).


The number of vessels within 100, 400, and 1000 m of


subgroups were also counted. The numbers within


specific distances were used as candidate explanatory


covariates, to assess whether the probability of animals


switching among activity states varied as a function of


boat traffic. We therefore constructed a transition


matrix, representing the probabilities for whales to be


observed in state i at time tand subsequently in state j


at the next sampling event (t+ 15 min):


(1)


where eij is the total number of times the transition was


observed and
 is the total number of time state i

was observed as the starting state.


Analyzing the influence of vessel traffic and other


factors on behavior. We were able to explore the


effects of several parameters on the likelihood to go


from one state to another by comparing the behavioral


contingency tables (preceding to succeeding states)


obtained for different levels of different factors


(Lusseau 2003). Using these multidimensional contin-

gency tables, we used general log-linear analyses


(SPSS algorithm), to test whether site (north/south),


year (2003/2004/2005), pod (J, K, and L), or vessel traf-

fic (boat present/absent within 100, 400, and 1000 m)


affected transitions in activity states, which was the


likelihood that focal groups went from a preceding


behavior (state at time t) to a succeeding behavior


(state at time t + 15 min). Log-linear analyses can be


thought of as generalized linear models for categorical


data (with a Poisson distribution and log link). This


technique is described in more detail by Lusseau


(2003, 2004). The response variable in these analyses


was the succeeding behavior (S), and we estimated


whether the observed count of succeeding behavior


was influenced by the preceding behavior (P), the year


(Y), boat presence (B), and/or location (L). Given that


we estimated the behavioral sequences using first-

order Markov chains, we were assuming that the inter-

action PS was significant. Given that sampling was


based on observational data, we could not control sam-

ple size for each factor, and therefore the count of pre-

ceding behavior was influenced by other factors


(Caswell 2001). The log-linear analysis fits a saturated


model to the dataset, i.e. a model that considers all


interactions, indicated by BLYPS in the first analysis.


The effects of the different factors can be tested by


comparing different fitted models using likelihood


ratio tests. Here, the null hypothesis is that succeeding


behaviors are independent of boat presence, year, and


location, given preceding behaviors. This null hypoth-

esis corresponds to the null model PS + LBYP. The


influence of factors was assessed in 2 manners. First,


we estimated the Akaike information criterion (AIC)


for each model, and the best fitting model minimized


AIC. Secondly, we assessed whether the presence of a


factor in the log-linear model added a significant con-

tribution to explaining the data’s variance using likeli-

hood ratio tests. For example, the effect of boat pres-

ence in the first analysis can be evaluated by


comparing the null model and BPS + LBYP because


adding the terms BS and BPS, which correspond to a


boat presence effect on the observed count of succeed-

ing behaviors, to the null model results in the model


BPS + LBYP. The significance of the boat presence


effect can then be tested by comparing the goodness-

of-fit of both models. The difference in goodness-of-

fit (ΔG2 = G2

BPS,LBYP – G2


PS,LBYP) is the likelihood ratio


testing the significance of the addition of terms BSand


BPSwith degrees of freedom equal to the difference in


the degrees of freedom for the 2 models. The effect of


the various factors can be tested at various stages by


adding the effect to different models that already con-

sider other factors (Fig. 1). We tested the interactions


between year, site, and boat presence and their influ-

ences on behavioral transitions.


Influence of pod identity. We then tested whether


the pod identity of the focal whales influenced the pre-

vious analysis. For this analysis we only retained focal


schools that were composed exclusively of members of


1 pod. Due to sample size constraints the latter analysis


was carried out on only 2 behavioral states (foraging


or not foraging), while the former was carried out on


all states.


Influence of distance between boats and whales. To


assess whether distance to boats influenced the behav-

ior of killer whales, we calculated the likelihood that


whales that were foraging stayed foraging when boats


interacted with them at distances of 100, 400, and


1000 m. We also looked at the effect of boat presence


on the likelihood that whales that were foraging would


stay foraging by comparing control situations (no boats


within the given distance band) to impact ones. In all


these analyses, foraging was selected because recent


studies show that northern resident killer whales were


more likely to switch activity states when boats


approached foraging whales than when whales were


engaged in other activity states. Furthermore, alter-

ation to this state is likely to carry larger energetic con-

sequences for killer whales, because it has the poten-

tial not only to increase energetic expenditure, but also


to reduce acquisition (Williams et al. 2006).


We analyzed the scans containing distances between


vessels and groups to determine mean and maximum


eik 

k


∑

p 
e

e
ij 

ij

ik


k


=
∑
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vessel counts along with the proportion of time groups


spent within 100, 400, or 1000 m of the nearest vessel


(e.g. proportion of time within 100 m equals the num-

ber of scans with boats within 100 m divided by the


number of scans in which vessel distances were


recorded).


Behavioral budget variations. Finally, we assessed


variation in behavioral budget under different condi-

tions. We estimated budgets using the long-term


behavior of the transition matrices. Transition matrices


are based on ergodic time series, which means that


eigenanalysis of this matrix reveals several properties


of activity states. Applying the Perron-Frobenius theo-

rem we show that the transition matrix of long-term


behavior, i.e. the amount of time that the whales spent


in each activity state, can be approximated by the left


eigenvector of the dominant eigenvalue of the matrix


(Lusseau 2003). Ultimately, this approach can be used


to calculate stable, unbiased activity budgets in con-

trast with budgets obtained from sample tallies that


can be influenced by autocorrelation issues. Further,


reliance on transitions rather than individual scans


helped control for possible effects of whale behavior on


vessel behavior.


RESULTS


Over the 3 field seasons we observed 593 behavioral


transitions in Orcinus orca (135 in 2003, 217 in 2004, and


251 in 2005 out of 373, 1058, and 770 scans, respectively;


Table 2). The first-order Markov chain was deemed the
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PS, BYLP


G 
2
 = 1 54.2, df = 1 32, AIC = –109.8


BPS, BYLP


G 
2
 = 131 , df = 1 20, AIC = –109


LPS, BYLP


G 
2
 = 1 32.6, df = 1 20, AIC = –107.4


YPS, BYLP


G 
2
 = 1 22.5, df = 1 08, AIC = –93.5


BPS, LPS, BYLP


G 
2
 = 1 1 8.5, df = 1 08, AIC = –97.5


BPS, YPS, BYLP


G 
2
 = 109.8, df = 96, AIC = –93.1


LPS, YPS, BYLP


G 
2
 = 98.9, df = 96, AIC = –93.1


BPS, YPS, LPS, BYLP


G 
2
 = 86.6, df = 84, AIC = –81 .4


BYPS, BYLP


G 
2
 = 78.4, df = 72, AIC = –65.6


BLPS, BYLP


G 
2
 = 1 05.2, df = 96, AIC = –86.8


YLPS, BYLP


G 
2
 = 74.9, df = 72, AIC = –69.1


LPS, BYPS, BYLP 

G

2
 = 53.1 , df = 60, AIC = –66.9

YPS, BLPS, BYLP 

G 
2  = 67.7, df = 72, AIC = –76.3 

BPS, YLPS, BYLP


G 
2
 = 64.1 , df = 60, AIC = –55.9


Fig. 1. Tests of boat presence within 100 m (B), site (L for location to avoid confusion in abbreviations), and year of sampling (Y)


effects on behavior transitions (PS) using log-linear analyses. Models and their respective goodness-of-fit G2 statistics, degrees of

freedom, and Akaike information criterion (AIC) values are shown in the boxes (adapted from Caswell 2001). Terms added are

color coded. Blue arrows represent the addition of a site effect (LS, LPS terms added to the previous model), red arrows represent

the addition of a boat effect (BS, BPS), and green arrows represent the addition of a year effect (YS, YPS). To those terms cor-
respond an increment in G2 and degrees of freedom, which are used to test for the significance of the term addition. Arrows are

marked with a star when the term addition is significant (p < 0.05). The top left star indicates a significant boat effect; the center


and right stars indicate significant site effects. Year effects were non-significant


AR027946



Endang Species Res 6: 211–221, 2009


more appropriate way to estimate the behavioral se-

quences because it provided more information than


zero-order or second-order Markov chains (BIC0-order =


–357.5, BIC1-order = –262.8, BIC2-order = –293.8). We as-

sessed the effects of year (2003/2004/2005), site


(north/south), and vessel traffic (no boat within 100 m,


boat present within 100 m) on first-order behavioral tran-

sitions using a 5-way, log-linear analysis (LLA). Due to


small sample size the full interaction of the 3 indepen-

dent variables could not be quantified (Table 2). This


analysis reveals that 3 models provided more informa-

tion on the data’s variance (Fig. 1). The null model, i.e. no


effects from independent variables (PS, BYLP), the


model considering a site effect (LPS, BYLP), and the


model considering a boat effect (BPS, BYLP), all had


lower AIC values than the other models (Table 3), indi-

cating that each of the null, site effect, and boat effect


models were plausible. In addition, adding a boat and


site effect to the model provided significantly more ex-

planation of the data variance (significant effects repre-

sented by stars on Fig. 1, see also Table 3), the site effect


still being significant after the year effect has been taken


into consideration. Significance of the terms were de-

rived from the likelihood ratio tests as described in


‘Materials and methods’. From this analysis, we can


conclude both that boat presence within 100 m of the


focal whales affected their behavioral transitions and


that the whales behaved differently at the 2 sites, in


contrast to the null model that was not rejected when


considering the AIC value alone. The introduction of a


boat effect explains significantly more variation in the


dataset than the null model alone (as shown by the red


star in Fig. 1). We can therefore conclude that while


intrinsic behavioral processes and data structure (the


null model) as well as site explain some of the variation


in the dataset, a boat effect cannot be excluded (because


of the AIC weights) and should be included as well


(because this parameter provides significantly more


information than the null model alone).


Influence of pod identity


The southern resident community of killer whales is


composed of 3 pods (J, K, and L), which do not spend


the same amount of time within Puget Sound (Olesiuk


et al. 1990, Ford et al. 2000). This may result in differ-

ences in the cumulative exposure of each pod to whale


watching and therefore may lead to variation in the


way these pods respond to boat presence. We there-

fore assessed whether the identity of the focal whales


affected the behavioral response observed in relation


with boat presence. To do so, we conducted a log-lin-

ear analysis including pod identity and boat presence


within 100 m as independent variables (Table 4). The


log-linear analysis showed that there does not appear


to be any variation in the way that whales responded to


boat presence depending on their pod, because there


was no interaction between the pod and boat effect


(Table 5). The analysis shows that while the best model


was the null model, both pod effect and boat effect


could not be discounted (ΔAIC < 2; Table 5). This high-

lights that potentially the site effect we observed in the


previous analysis (Fig. 1) may just be a reflection of the
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Model AIC ΔAIC Weight


Null model –109.8 0. 0.507

Boat –109.0 0.8 0.340

Site –107.4 2.4 0.153

Year –93.5 16.3 0.0001

Boat + Site –97.5 12.3 0.001

Site + Year –93.1 16.7 <0.0001

Boat + Year –82.2 27.6 <0.0001

Boat + Year + Site –81.4 28.4 <0.0001

Boat × Site –86.8 23.0. <0.0001

Boat × Year –65.6 44.2 <0.0001

Year × Site –69.1 40.7 <0.0001

Year + (Boat × Site) –76.3 33.5 <0.0001

Site + (Boat × Year) –66.9 42.9 <0.0001

Boat + (Year × Site) –55.9 53.9 <0.0001


Table 3. Information theoretic approach used to select

models, from Fig. 1, providing the most parsimonious ex-
planation for the variation in the scan-sample dataset. The

selection is based on the Akaike information criterion (AIC).

The models are described in Fig. 1. The difference between

the best fitting model and the other models, ΔAIC, helps in

defining models that are less plausible (usually ΔAIC > 4 to 8).

The likelihood of the model given the data can be ap-
proximated using an exponential transformation of ΔAIC:

�(modeli�data)=e(–0.5ΔAICi). The weight of evidence provided by

each model can be obtained by normalizing these likelihoods


so that they sum to 1


Pod No boat present Boat present


J 158 35


Table 4. Orcinus orca. Number of activity state transitions ob-
served with and without boats present within 100 m of sub-
groups for each pod for both sites in all years (considering


only schools composed solely of members of 1 pod)


Site 2003 2004 2005

No boat Boat No boat Boat No boat Boat


North 49 30 121 30 111 52

South 45 11 46 20 40 48


Table 2. Orcinus orca. Number of activity state transitions

observed in the presence/absence of boats within 100 m
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difference in use of the 2 sites by the 3 pods (Figs. 2 &


3). J pod seemed to be the pod most likely to be forag-

ing, and, interestingly, they seemed to be more likely


to be foraging at the south site, while K and L were


equally likely to forage at both sites (Fig. 3).


Influence of distance between focal school and boats


While an effect of boat presence was apparent when


boats were within 100 m of the focal subgroup, we


wanted to assess whether more distant boats also influ-

enced the activity states of the whales. Control samples


are more difficult to obtain when considering boat


presence at distances of 400 and 1000 m, because boat


traffic around the 2 sampling sites is consistently high.


For this reason the current samples available did not


allow us to assess the site effect in relation to boat pres-

ence within 400 m of the whales. Similarly, we could


not assess the effects of boats within 1000 m of the


whales because of the lack of a minimum amount of


control samples. Therefore, we present only the results


of the log-linear analysis assessing the effects of boat


presence within 400 m of the whales without consider-

ing the other potential effects (i.e. merging samples


obtained during all years and at both sites). Given that


the site effect (or potentially the pod effect) was found


to affect the activity budget in previous analyses, the


following results need to be interpreted with caution.


As in previous models, we compared the model,


obtained from log-linear analyses, containing all 2-

way interactions, to the fully saturated model to assess


the effect of boat presence on behavioral transitions


(Lusseau 2003). This comparison, based on the differ-

ence in maximum-likelihood estimates of both models


using G2 statistics, did not reveal an effect of boat


presence within 400 m on behavioral transitions (ΔG2 =


11.0, Δdf = 9, p = 0.28).


We then assessed the effect of boat presence within


100, 400, and 1000 m on the probability to continue


foraging when foraging. The effect size of boat pres-

ence, i.e. the difference in the likelihood to continue


foraging when foraging between control and impact


situation (vessels present within the specified dis-

tance), decreased with the distance between whales


and boats increasing (Fig. 4a). The effect of boat pres-

ence appeared to be only significant when boats were
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Model mle df AIC ΔAIC Weight


Null 21.43 22 –22.57 0 0.378

Pod 14.43 18 –21.57 1 0.229

Boat 19.22 20 –20.78 1.79 0.154

Site 20.97 20 –19.03 3.54 0.064

Boat + Site 18.89 18 –17.11 5.46 0.025

Boat + Pod 13.42 16 –18.58 3.99 0.051

Site + Pod 12.44 16 –19.56 3.01 0.084

Site × Pod 8.66 12 –15.34 7.23 0.010

Site × Boat 18.21 16 –13.79 8.78 0.005

Boat × Pod 48.79 12 24.79 47.36 <0.0001

Boat × Pod × Site 0 0 0 22.57 <0.001


Table 5. Information theoretic approach used to select mod-
els, from the log-linear analysis considering pod identity, site,

and boat presence, providing the most parsimonious explana-
tion for the variation in the scan-sample dataset. The differ-
ence between the best fitting model and the other models,

ΔAIC, helps in defining models that are less plausible (usually

ΔAIC > 4 to 8). The likelihood of the model given the data can

be approximated using an exponential transformation of

ΔAIC: �(modeli�data) = e(–0.5ΔAICi). The weight of evidence

provided by each model can be obtained by normalizing

these likelihoods so that they sum to 1. mle: maximum


likelihood estimate
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within 100 and 400 m (Fig. 4a, note the star and the


confidence intervals), yet sample size might have pre-

vented the detection of smaller effect size for the other


treatment (1000 m; Fig. 4a). In addition, the likelihood


to continue foraging when foraging increased as the


distance between the focal group and boats present in


the study area increased, but not significantly (Fig. 4b).


Behavioral budget variations


We calculated the activity budgets of the whales at


both sites, as well as in the presence and absence of


boats. Whales tended to spend significantly more time


traveling and less time foraging when boats were pre-

sent within 100 m than when they were absent within


100 m (all data pooled with site effect ignored; Fig. 5a).


The difference in activity budgets between both sites


only involved socializing (all data pooled with boat ef-

fect ignored; Fig. 5b). Whales spent significantly more


time socializing at the north site. While boat effect was


not significant at 400 m, trends in behavioral budgets


depending on boat presence within 400 m were in the


same direction as those when boats were within 100 m


(Figs. 5a & 6), with whales spending significantly more


time traveling and significantly less time foraging.


DISCUSSION


Behavioral sequences of Orcinus orca varied signifi-

cantly between locations, as expected. They also dif-

fered significantly with the presence of vessels. It is
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possible that the observed difference between loca-

tions is actually related to pods using the 2 sites with


different intensity and some differences in behavioral


sequences existing between pods. J pod was more


likely to be observed at the north site, while L pod was


more likely to be at the south site. Similarly, schools


composed of members of all 3 pods were more likely to


be observed at the north site. However, boats operat-

ing close to whales (within 100 m) also affected their


activity budget in a similar fashion at both sites.


Whales were significantly less likely to be foraging and


significantly more likely to be traveling when boats


were around. This finding is in agreement with previ-

ous studies of the northern resident killer whale popu-

lation (Williams et al. 2006). This effect raises concerns


about the implications of this short-term displacement


for the ability of individuals to acquire prey and the


potential for long-term repercussions at the population


level, especially in the light of the level of whale-

watching activities carried out with southern resident


whales. Vessel activity is also believed to reduce forag-

ing success in other species (Tursiops; Allen & Read


2000). After controlling for effects of site and boats,


there was no significant difference in the data between


years. Additional years of study will be needed to


determine whether the 3 different years happened to


be similar in factors that vary on an annual time scale


(e.g. prey abundance), or if our results will be robust


across a range of conditions. The present study shows


that whales are displaced short distances by the pres-

ence of vessels. Thus, whales may be displaced from


optimal foraging routes. Further, Bain & Dahlheim


(1994) suggested noise would mask echolocation sig-

nals and reduce foraging efficiency. These data are


also consistent with observations of northern resident


whales (Williams et al. 2006). Thus, we would encour-

age further study to determine how noise and proxim-

ity interact to reduce foraging effort.


Influence of pod identity


Boat interactions appear to have the same effect on


all 3 pods, yet more sampling is required to fully under-

stand the interaction between the composition of focal


groups and the influence of boats on their activity state.


Since pods appear to use certain areas preferentially


(Hauser et al. 2006), and whales use both study sites


differently, it was not surprising to see that the site ef-

fect observed earlier may actually relate to a pod effect.


J pod, which spends the most time in Puget Sound, was


more likely to be observed foraging than the 2 other


pods. That pod was also significantly more likely to be


foraging at the south site than at the north site, while


the 2 other pods foraged similarly at both sites.


Influence of distance between focal school and boats


Boats within 100 m clearly have a significant effect


on whale behavior. Boats between 100 and 400 m also


have a significant effect, although we cannot say


whether boats throughout this range cause effects, or


the significance is due to the effects of vessels just over


100 m away. More spatial resolution in the data collec-

tion protocol would have been needed to address this


issue. Similar but smaller differences were observed


when the closest vessels were between 400 and 1000 m


away. However, a larger sample would be needed to


determine whether effects extend beyond 400 m.


These results suggest the zone of influence of vessels


in this area exceeds the 100 m radius in current guide-

lines, and that more extensive guidelines such as those


developed by the Whale Watch Operators Association


Northwest (2003), or those proposed by Orca Relief


Citizens Alliance (2005) will be necessary to com-

pletely prevent behavioral changes caused by vessels,


and more data will be needed to determine appropri-

ate guidelines.


One potential explanation for these results is that


noise impairs the ability to forage using echolocation


(Aguilar Soto et al. 2006). Although Bain (2002) and Au


et al. (2004) suggested whales would be able to detect


prey directly in their path despite vessel noise, their


ability to detect prey off to the side of their path would


be impaired, as the active acoustic foraging range


would be reduced by masking vessel noise (Bain &


Dahlheim 1994, Erbe 2002). Since received noise levels


typically decline with distance, the closer the boats are,


the more the echolocation range is reduced (Bain 2002,
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Williams et al. 2002a), potentially leading to foraging


disruption, as suspected here. To test this hypothesis,


acoustic monitoring would be required, as noise pro-

duced varies with engine type and the speed at which


boats operate. These data were beyond the scope of


the present study.


CONCLUSIONS


In this study, we found evidence consistent with


changes in behavior in the presence of vessels. These


effects support the development and enforcement of


regulations for whale watchers, both recreational and


commercial. Future research could address whether


different approaches to whale watching have different


degrees of impact (as paralleling and leap-frogging


were compared by Williams et al. 2002a,b), and


whether changes in behavior are more pronounced in


some parts of the range than in others. However, since


it has proven difficult to demonstrate significant differ-

ences in behavioral responses to currently accepted


practices, it could be expected to take carefully con-

trolled experiments or many years of observation to


compare the implications of proposed guidelines to


current guidelines. Future research could also attempt


further elucidation of age, sex, pod, and individual dif-

ferences in responses to vessels. Strong behavioral


responses of animals to disturbance do not always indi-

cate population-level effects. Indeed, inter-specific


variability in site fidelity and availability of alternative


suitable habitat make it difficult to infer population-

level consequences from inter-specific variability in


sensitivity to disturbance (Gill et al. 2001). Thus, it will


be important to develop the link between short-term


behavioral effects and population dynamics (see Bain


2002).


The present study echoes findings with northern res-

ident killer whales: the presence of vessels inhibits the


foraging behavior of fish-eating killer whales. This


may lead to a reduction in energy acquisition, and a


priority field research area would be to address


whether prey capture actually is affected by vessel


presence. In addition, modeling exercises should be


carried out to identify potential mechanisms and the


biological significance of any effects found.
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