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ABSTRACT 14 
Among other factors, vessel traffic has been implicated in the decline of the Endangered “southern resident” killer whales in the 15 
northeast Pacific.  Notwithstanding recreational and industrial traffic, commercial whalewatching alone comprises more boats than 16 
there are killer whales to be watched.  Requiem or refuge reserves present an obvious impact mitigation option, but they run the risk of 17 
tokenism if arbitrarily placed.  Recent studies reported that resident killer whales were most vulnerable to vessel disturbance while 18 
feeding; therefore targeting foraging hotspots for protection should confer greater conservation benefit to whales than protecting their 19 
habitat generically.  We present new results from two analyses of killer whale habitat use, using classification trees and spatial models, 20 
from data collected during May-September 2006 in the inshore waters near San Juan Island, Washington State (USA) and adjacent 21 
Canadian waters. The spatial resolution of our prediction grid was influenced by interviews with on-the-water boater education 22 
coordinators, which yielded a practical grid cell size within which boats could feasibly be excluded with existing financial resources 23 
and reasonable boater compliance.  Our results showed that fairly minor adjustments to the boundaries of existing no-go zones would 24 
encompass greater portions of killer whale feeding areas.  A recurring theme in the use of MPAs to protect cetaceans is the need to 25 
identify areas that are large enough to be biologically meaningful while being small enough to allow real management of human 26 
activities within those boundaries.  Our approach, identifying areas that whales use primarily for activities in which they are 27 
particularly sensitive to anthropogenic disturbance, balances pragmatism and conservation benefit by identifying small, but important 28 
areas to prioritize for protection.   29 
 30 
INTRODUCTION 31 
 32 
Killer whales are susceptible to increased ambient noise levels (Bain and Dahlheim 1994, 33 
Erbe 2002, Foote et al. 2004).  When acoustic harassment devices were introduced to a 34 
peripheral part of the range of northern resident killer whales, they abandoned the area 35 
for a period of years (Morton and Symonds 2002), and affected matrilines have yet to re-36 
colonize the area (A.M. Morton, pers. comm.)  Southern resident killer whales are 37 
followed by a source of disturbance where changing their residency pattern would 38 
separate the population from a primary food source.  Therefore, we must create situations 39 
in which killer whales can avoid disturbance and carry out activities essential to 40 
population survival and recovery such as mating and foraging.  One way to mitigate some 41 
of these effects might be to identify areas of demonstrated importance to the whales, and 42 
to close them to boats altogether (Lusseau and Higham 2004).   43 
 44 
Prey availability (Allendorf et al. 1997) and vessel traffic (Williams et al. 2002a,b) 45 
have been implicated as factors in the population decline of the fish-eating ‘southern 46 
resident’ population of killer whales (Baird, 2001, Krahn 2004). 47 
The decline to just 80 animals in 2001 prompted an ‘Endangered’ status listing under the 48 
U.S. and Washington State Endangered Species Act and the Canadian Species At Risk 49 
Act.  While these factors are often researched independently, we examined these 50 
together, as recent research provides evidence that the synergistic relationship of reduced 51 
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prey base and pervasive vessel traffic is evident in killer whale behavioral changes.  52 
Williams, Lusseau and Hammond (2006) report that northern resident killer whales were 53 
more likely to abandon feeding activities in the presence of vessels than in the absence of 54 
vessels.  A study of southern resident population revealed a similar trend in which 55 
abandonment of feeding behavior was strongly linked to vessel presence. (Bain, Lusseau, 56 
Williams and Smith, 2006). 57 
 58 
In addition to the physical disturbance of boats (Williams 2002a, 2002b, Williams and 59 
Ashe, in press), killer whales are susceptible to increased ambient noise (Bain and 60 
Dahlheim 1994, Erbe 2002, Foote 2004).  The ambient noise to which killer whales are 61 
often exposed has the potential for engine noise to mask echolocation clicks( Bain and 62 
Dahlheim) suggests that available prey to killer whales may go undetected. Thus, reduced 63 
prey availability due to habitat loss, coupled with reduced prey acquisition by whales due 64 
to masking, may disrupt normal foraging behavior and reduce foraging efficiency. 65 
Reduction in foraging efficiency in a prey-limited population can carry costs to individual 66 
and potentially population-level fitness.    67 
 68 
Excluding anthropogenic activity from all habitat used by southern resident killer whales 69 
is  not a reasonable option.  In order, to mitigate effects vessel on feeding activity, the 70 
most important components of the animals’ habitat must be prioritized.  For a mobile 71 
marine predator like killer whales, this may mean identifying hotspots critical to foraging 72 
and breeding. In the case of fish-eating killer whales, we believe, the priority should be 73 
given to protecting feeding hotspots.   74 
 75 
Not only is it important to understand where animals are feeding for the sake of 76 
conserving important feeding areas, but vessel interaction  studies (Williams et al. 2006) 77 
also suggest that this behaviour state may actually be impacted by vessels. As such, 78 
identifying and protecting areas where killer whales are more likely to feed serves two 79 
purposes, namely preserving areas that important for prey resources and also mitigating 80 
potential impacts that may reduce feeding opportunities.  Therefore, we sought to identify 81 
whether preferred feeding locations exist in the summer range. 82 
 83 
One approach to mapping preferred feeding habitat for killer whales is to map where 84 
preferred prey are found.  Although resident killer whales are known to consume a 85 
variety of fish, salmon is considered the preferred prey of both the northern and southern 86 
resident communities(Ford et al. 1998, Ford and Ellis 2005).  A number of studies over 87 
the years have noted that occurrence and habitat use correlated with salmon migration 88 
(Heimlich-Boran 1986, Felleman et al. 1991, Nichol and Shackleton 1996).  A recent 89 
study has reported higher than expected rates of mortality of killer whales during the 90 
period of decline were highly correlated with changes in abundance of chinook salmon 91 
(Ford et al. 2005).  However, the prey location is not necessarily indicative of locations 92 
of strategic, successful or reliable prey capture.  Examples of static feeding areas include 93 
the attack channels of Patagonia and the sub-Antarctic Crozet Islands, where killer 94 
whales actually hunt seals from the beach( Lopez and Lopez 1985, Guinet and Bouvier 95 
1995).  In these cases, particular habitat features may facilitate capture of their highly 96 
mobile prey. 97 
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  98 
However, killer whale feeding activity and prey capture events are not always as 99 
conspicuous as intentional stranding feeding events. Baird and Hanson (2004) note that 100 
not all successful prey capture events observed occurred while killer whales were 101 
engaged in what looked like foraging behavior.  However, a number of studies in have 102 
noted that killer whales do consume prey during an activity state typified by fast, non-103 
directional swimming (Felleman et al. (1991), Hoelzel(1993), Ford et al. (1998) and Ford 104 
and Ellis (2006).  There is a strong correlation between the behavior we measure at the 105 
surface and what the animals are doing underwater.   106 
 107 
Statistical advances in spatio-temporal modeling allow more rigorous analysis of habitat 108 
use than was previously available in earlier habitat-use studies on this population 109 
(Felleman 1986, Heimlich-Boran, 1986, Hoelzel 1993).  One model for how to identify 110 
and mitigate impacts of boat-based tourism that targets cetaceans is found in New 111 
Zealand, where a number of dolphin-watching tours focus on bottlenose dolphins.  There, 112 
Lusseau (2003) measured behavioral responses of bottlenose dolphins to boats in 113 
Doubtful Sound, New Zealand, and discovered that the animals were most vulnerable to 114 
disturbance when resting or socializing.  Lusseau and Higham (2004) then mapped how 115 
dolphins used their habitat and outlined a conservation plan to protect preferred resting 116 
habitat.  117 
 118 
We believe that this provides a powerful model for how to identify the kind of habitat to 119 
protect in order to confer greatest conservation advantage to southern resident killer 120 
whales.  Our approach used two main themes.  First, we identified priority habitat to 121 
protect by mapping how animals used our study area.  Secondly, we interviewed on-the-122 
water environmental educators about the amount of habitat that can be practically closed 123 
to boaters.   124 
 125 
We interviewed managers and stakeholders about the size of an area that they could 126 
effectively close to boats.  That estimate was used as an average cell size for a grid to 127 
overlay on the southern resident killer whale range.  Next, we investigated how the 128 
animals use that available habitat for different activities and behaviors, and applied a 129 
similar framework to identify the most efficient and biologically relevant reserve 130 
placement which in this case is feeding areas.  The results of this analysis provides a 131 
series of four habitat use and suitability maps for each of four behavioral categories from 132 
which the most appropriate sites for feeding area protection can be chosen.   133 
 134 
 135 
METHODS 136 
 137 
Field data collection of whale behavior and positional data 138 
Data were collected from a 7.92 meter power boat from May to August 2006 in the 139 
inshore waters around San Juan Island, Washington State (USA) and adjacent Canadian 140 
waters. The data collection platform was primarily dedicated to conducting a killer whale 141 
energetics study.  Whales were searched for by boat and reports of killer whale presence 142 
and location was monitored using a local real-time paging system that reports marine 143 
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mammal sightings.  The pager system primarily relays information to commercial 144 
whalewatching operators about the location of any killer whales in the area.     145 
 146 
When killer whales were encountered, a focal group of animals was chosen at random to 147 
follow.  An overarching goal for the field season was to obtain representative sample of 148 
all matrilines and individuals in the population, so there is no reason to assume bias in the 149 
focal group selection process.  During a focal group follow, the boat operator maintained 150 
a working distance of at least 100m from the whales in accordance with local wildlife 151 
viewing guidelines in order to minimize the potential for vessel disturbance (Williams et 152 
al, 2002a).   153 
 154 
Behavioral activity state for a focal group was recorded every ten minutes using scan-155 
sampling (Altmann, 1974). Scan sample information and geographic position of the 156 
whales were recorded onto with a Palm Handspring Visor PDA fitted with a Magellan 157 
GPS companion receiver. The Palm was programmed with customized CyberTracker 158 
software (www.cybertracker.co.za).     159 
 160 
During each ten-minute scan sample, focal group behavior was recorded as one of four 161 
activity states categories: travel/forage, feed, rest or socialize.  These activity states were 162 
defined so that they were consistent with previous studies on impacts of vessel traffic on 163 
the behavior of northern resident killer whales (Williams et al. 2002a, 2002b, Williams et 164 
al., 2006).  As a result, they may not correspond directly with activity state definitions 165 
used in other studies (Ford et al. 2000, 2005, Baird and Hanson 2004).  The issue of 166 
comparability with other studies is addressed below.  To eliminate inter-observer 167 
variability, activity state was consistently scored by one individual (EA) throughout the 168 
entire study period. 169 
 170 
There is growing concern about the subjective nature of these behavioral categories 171 
introducing observer-effects.  Lack of consistency makes it difficult to compare across 172 
studies and over time.   Ha et al. 2004 attempted to facilitate consistency in recording 173 
resident killer whale behavior, but changing methods and definitions makes difficult to 174 
compare across years.  As above, we collected data so that they could be used for their 175 
intended purpose, namely to map where animals were engaged in the activity state that 176 
Williams et al. 2006 identified as the activity state in which whales were most likely to 177 
respond to vessel traffic; an activity state that those authors called “feeding.”  However, 178 
we recognized that the value of our data would be greater if they were also, comparable 179 
with other studies on southern resident killer whales.  Therefore, we also collected finer-180 
scale behavioral data including directionality, speed, etc. should future analyses of larger 181 
datasets be desirable or needed for management.  However, the finer-scale behavioral 182 
data were not used in subsequent analyses for this study.   183 
 184 
Notwithstanding the discussion above about the need for objectivity in scoring what the 185 
animals were doing, our primary focus was on mapping animal location.  To that end, 186 
CyberTracker was programmed to record the position of the boat every minute.  In order 187 
to estimate the position of the whale, we measured the compass bearing and estimated 188 
distance between the focal group and our vessel.  The visual estimates of range to the 189 
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animal were periodically checked with a laser-range finder (Bushnell Yardage Pro 1000).  190 
The range and bearing were used to calculate the position of the whale as an offset from 191 
the boat’s position using the GeoFunc add-in for Excel (courtesy Dr. Jeff Laake, National 192 
Marine Mammal Laboratory, Seattle, WA), then mapped in ArcView GIS 3.2. 193 
 
Interviews with local experts to define “manageable units” 194 
The spatial scale at which to define an exclusion zone and prediction grid was based on 195 
interviews with on-the-water boater education coordinators and the boundaries of the 196 
study area.  The goal of these interviews was to identify the size of an area that could be 197 
kept reasonably clear of recreational and whalewatching vessels with typical levels of 198 
annual funding for zodiac crews and land-based spotters, good signage and reasonable 199 
boater compliance.  This output was used to generate a practical grid cell size across 200 
which animal behavior and habitat use could be predicted, such that managers could 201 
assess how much habitat could be protected under a variety of funding and vessel-202 
management scenarios.  The resulting grid, hereafter called the prediction grid, was 203 
overlaid on a digital map of the study area with the use of Manifold System and ArcView 204 
GIS 3.2 software. 205 
 
Analysis of whale data to map killer whale habitat use 
Two analysis methods were used to assess whether the likelihood of whales’ being 206 
observed feeding is related to latitude or longitude – a tree-based model and a generalized 207 
additive model (GAM).  The classification tree can be thought of as an exploratory 208 
analysis tool, and the GAM is an objective way of quantifying how the whale behavior 209 
varied spatially.   210 
 211 
The goal of a classification tree is to identify covariates that correctly classify the 212 
response variable (whale behavior in this case) into increasingly homogeneous 213 
subgroups.  In this case, ranges of latitude and longitude are considered in which the 214 
observations tend to be homogeneous with respect to the response value, whale behavior.  215 
A classification tree was fitted to the entire dataset in R using the “tree” package.  The 216 
package uses a process called recursive partitioning, a statistically robust and objective 217 
method to split the data into two subsets, each of which contains observations that tend to 218 
be composed of either feeding or non-feeding whales.  Each subset is then considered for 219 
further splitting, such that the data are split into progressively more homogeneous subsets 220 
– homogeneity is evaluated using a standardized statistical parameter – ending in a 221 
“terminal node” that show the classification rules.  Of course, continued indefinitely, this 222 
process would result in as many splitting rules as there are observations.  Instead, cross 223 
validation is used to determine an appropriate end point.  This is generally done by 224 
randomly sub-setting the data into training and testing sets, and by choosing a model that 225 
performs well at classifying both datasets.  After model fitting in R, the values of the 226 
terminal nodes were exported to a GIS package to plot the ranges of locations in which 227 
whales tended to be observed feeding.  228 
 229 
The second analytical technique used was a GAM.  Package mgcv in R was used to 230 
model the probability of whales’ behavior being classified as either feeding or not-231 
feeding as functions of latitude and longitude.  GAMs are a sophisticated, non-linear 232 
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extension of regression models that allow the response variable to take on a wide range of 233 
forms.  With GAMs, the explanatory variables need not be linear, but instead are replaced 234 
by smoothing functions.  After fitting a GAM to the data, the selected model was used to 235 
predict the probability of whales feeding at every point in our prediction grid, based on 236 
the latitude and longitude of each grid cell. 237 
 
RESULTS 238 
 239 
Sample size of behavioral data 240 
A total of 764 observations were recorded between May 15 and August 2, 2006.  Data 241 
were collected from all three killer whale pods (J, K, L). The relative proportions of killer 242 
whale behaviors observed during the study is displayed as a behavioral budget in Table 2.  243 
 244 
Classification Tree results 245 
The selected model had four terminal nodes, and successfully predicted the activity state 246 
(feeding versus not-feeding) of 83% of the observations.  Whales tended to be feeding in 247 
a latitudinal band between 48.4476ºN and 48.4894ºN (Figure 4).  There was also 248 
evidence for a high-probability feeding area east of 123.05ºW (Figure 4).   249 
 250 
Descriptive GAM results 251 
The selected model had modest explanatory power (less than 10% of the variability).  It 252 
was of the form: 253 
 254 

Probability of Feeding vs Not-Feeding ~ (Longitude, Latitude) 255 
 256 
using the binomial family and a logit link function.  The parameter coefficients are found 257 
in Table 3.  The intercept term was highly significant.  The two-dimensional smooth 258 
function of latitude and longitude showed a very complex relationship with the whale 259 
behavior, as indicated by the estimated 14 degrees of freedom afforded to the relationship 260 
by mgcv.   261 
 262 
GAM prediction  263 
The selected GAM was used to predict the probability of whales feeding in each of the 264 
5550 grid cells.  Note that these predictions were made based solely on latitude and 265 
longitude.  They reflect only the probability that animals, given their presence in that cell, 266 
would be feeding there.  In other words, they do not reflect the probability that animals 267 
would ever be seen there in the first place.  This is an important distinction, because 268 
much of the prediction grid represents locations that were never visited, or that were 269 
visited but in which whales were never observed.  However, the prediction is shown in 270 
Figure 6.  The predicted probability of feeding ranged from 0 (that is, very unlikely to be 271 
feeding) to 0.95 (that is, very likely to be feeding).   272 
 273 
Priority area for protection:  the intersection/overlap of the preferred habitat and a 274 
manageable size results 275 
We have tried to integrate the information we have obtained from three sources:  the 276 
interviews with on-the-water environmental educators about the size of an area from 277 
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which boats could be excluded practically; the results from the classification tree to 278 
identify boundaries between which whales tended to be feeding; and the results from the 279 
GAM to identify locations where the probability of feeding taking place was higher than 280 
the average.  The overlap of these three pieces of information gives us a high-priority 281 
area from which boats could be excluded.  First, we show this high-priority area in 282 
relation to the predicted probability of whales feeding throughout the study area, 283 
,excluding the darkest area on the map in the southeast where whales were very rarely 284 
observed (Figure 7).  Secondly, we show the highest-priority exclusion zone in relation to 285 
the location of the data, that is, where whales were observed in our study.  Thirdly, we 286 
show the highest and second-highest priority exclusion zones(Figure 8). 287 
 288 
DISCUSSION 289 
Our study met its primary objectives, namely to map where southern resident killer 290 
whales were feeding in summer 2006, and to identify an area that could be closed to 291 
boats based on the whales’ habitat use.  We achieved our primary objectives in a short 292 
pilot study, in a cost-effective manner, and outline an objective way to identify priority 293 
areas for conservation.  It remains to be seen whether our highest-priority exclusion is 294 
one that killer whales use consistently for feeding – additional datasets should be 295 
examined to see if whales used that area in other seasons or other years. Based on data 296 
from the commercial whalewatching operator sightings network(1996-2001),  Hauser 297 
2006 found that the southern resident killer whales use their summer habitat non-298 
randomly and suggests the westside of San Juan Island as a summer core area.  We have 299 
identified an area objectively that whales used more for feeding than one would predict 300 
from chance alone.  In addition to a high probability feeding area, the proposed exclusion 301 
zone,  was independently observed to have experienced the highest average number of 302 
vessels in the presence of southern residents in 2005( Koski 2005). 303 
 304 
Relatively small protected areas can afford mobile predators refuge from tourism traffic 305 
for a relatively small cost to managers and tour operators.  Identification of important 306 
feeding areas and habitat requirements in those areas can provide a framework for 307 
managers to designate spatially explicit protected areas in the southern resident range. 308 
Designation of a marine refuge temporal zoning or limited use area could mitigate both 309 
physical and acoustic anthropogenic disturbance in portions of their seasonal range.  This 310 
is an objective approach to design, placement, and enforcement of a protected area that is 311 
currently not widely used (Hoyt 2005).  Often, no-go areas are placed in areas that are 312 
convenient for humans; to address aesthetic concerns of waterfront property owners, to 313 
encourage shore-based whalewatching rather than focusing on the habitat needs of the 314 
whales themselves.  While we recognize the potential for an influence on behavior from 315 
observing killer whales from a boat, a boat was deemed the most appropriate 316 
methodology in this case to maximize spatial coverage.  Additional whale-oriented 317 
vessels were commonly present during focal follows. Average numbers boats following a 318 
group of whales range from 14-28.5(Erbe 2002) and the whales occasionally are 319 
accompanied by as many as 120 vessels at once (Koski 2005).  Vessel presence in the 320 
case of the “southern resident” population represents an average day time condition from 321 
May-September and were therefore not included as covariates in this study. 322 
 323 
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What we propose should be regarded as a reassessment of existing and enforced 324 
guidelines and exclusion zones.  Assuming that the National Marine Fisheries Service is 325 
formally addressing the large scale issues of prey availability, contaminants, exposure to 326 
navy sonar (NMFS, 2006) through Critical Habitat designation, this study seeks to 327 
identify one small patch of water as a refuge free from boat traffic and noise.   328 
 329 
Robson Bight-Michael Bigg Ecological Reserve in Johnstone Strait, British Columbia 330 
represents a successful example of protecting important killer whale habitat from boat 331 
traffic with a high-level of boater compliance (Ashe and Williams, 2003). 332 
 333 
Presumably, whales could forage anywhere that fish are present but the results of our 334 
study suggest that certain areas may be more strategic for fish capture than others.  As it 335 
is impossible to consider excluding anthropogenic activity from all habitat, used by 336 
southern resident killer whales, the most important components of animals’ habitat must 337 
be prioritized.  For a mobile marine predator, this may mean identifying hotspots critical 338 
to foraging and breeding (Harwood 2001, Hooker and Gerber 2004).  In our case, we can 339 
only describe where the animals were feeding on average during the time of the study.  340 
Therefore, we cannot be certain that the preferred feeding habitat identified here is fixed 341 
or ephemeral.  However, evidence suggests that marine predator and prey aggregate in 342 
productive hotspots (Worm et al., 2003).  In addition, recent analyses by Hauser(2006) 343 
suggest that variability of southern resident killer whale general habitat use, decreases 344 
and becomes more predictable over longer time scales.  In terms of the variability of 345 
feeding areas, more data collected over several years are required to plan spatially 346 
explicit protected areas for cetaceans given the uncertain temporal component of site 347 
fidelity (Wilson et al., 2004).  It is hoped that our study outlines a method by which such 348 
a small, stable feeding hotspot could be identified for the southern resident killer whale 349 
and protected. 350 
 351 
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Table 1:  Definitions used for field-classification of coarse activity state of focal 505 
groups 506 
 507 

Definition Probable 
function 

Whales were swimming at slow speed with 
predictable sequences of several short (30s) 
dives followed by a 3-5 minute long dive.  This 
activity state was characterized by the 
absence of surface-active behavior (e.g., 
breaching or tail-slapping). 

Rest 

Whales surfaced and dove independently but 
all whales in the group were heading in the 
same general direction.  The dive sequences 
of individuals showed regular patterns of 
several short dives followed by a long one, 
and whales swam at moderate speeds. 

Travel 
/Forage 

Individuals were spread out; individuals were 
surfacing and diving independently in irregular 
sequences of long and short dives; and 
individuals displayed fast, non-directional 
surfacings in the form of frequent directional 
changes. 

Feed 

Animals surfaced in tight groups with 
individuals engaged in tactile behavior; 
whales showed irregular surfacing and diving 
sequences and swim speeds; irregular 
direction of movement; and high rates of 
surface-active behavior.   

Socialize 

 508 
Table 2:  Southern resident killer whale activity budget as observed during study 509 
period. 510 
 511 
Activity State Total Observations 

In Each Activity State 
Percentage of Total 
Observed Activities  

Rest 63 8.2% 
Socialize 28 3.7% 
Travel/Forage 485 63.5% 
Feed 188 24.6% 
       512 
 513 
 514 
 515 
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Table 3.  Parametric coefficients of the selected GAM (The smooth spline 516 
relationship between location and probability of feeding is shown in Figure 5): 517 
                 Estimate   std. err.     t ratio      Pr(>|t|) 518 

(Intercept)     -1.2796       0.104       -12.3      < 2.22e-16 519 
 520 

Approximate significance of smooth terms: 521 
                                edf         chi.sq      p-value 522 

s(Longitude,Latitude)        14.19        50.504      5.7386e-06 523 
 524 

R-sq.(adj) =   0.07     Deviance explained = 8.57% 525 
UBRE score = -0.042564    Scale est. = 1           n = 764 526 

 527 
 528 

529 
 530 

Vancouver 
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Island

Pacific Ocean
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 531 
Figure 1.  Map of the study area 532 
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Figure 2: Map of locations for all activity states.   536 
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 537 
  538 
Figure 3.  The locations of all feeding activity observations are shown here.   539 
 540 
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|Latitude < 48.4894

Latitude < 48.4476

Longitude < -123.05
0.2734

0.3692 0.6512

0.1637

 543 
Figure 4.  The selected classification tree.  The text at a branch identifies 544 
nodes, that is, rules for splitting or sub-setting the data.  The numbers at 545 
the terminal nodes refer to the proportion of observations in that subset 546 
that were of feeding animals.    547 
 548 

 549 
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s(Longitude,Latitude,13.76)
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48
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 550 
Figure 5.  The smoothed relationship between location and whale 551 
behavior.  The largest, center circle near the bottom represents an area in 552 
which there is a high probability of feeding.  The smaller circle above and 553 
to the left represents an area in which feeding is highly unlikely to be 554 
observed.  The circle of high probability feeding encompasses much of the 555 
southwestern end of San Juan Island, WA.   556 
 557 

 558 
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 559 
 560 

Figure 6.  The probability that whales would be feeding in a given grid cell; 561 
the darker the colour, the higher the probability that whales would be 562 
feeding in that cell.  The region to the north and west represent places 563 
where feeding activity was predicted to be highly unlikely, as designated 564 
by white areas.  The second lightest gray colour represents places where 565 
the probability of feeding was similar to that predicted from chance alone.  566 
The next darker colour (the dark grey area to the south of San Juan 567 
Island) represents places with a higher-than-average probability of feeding 568 
taking place.  The darkest grey colour represents a very high probability of 569 
feeding taking place, but it should be noted that very little search effort and 570 
very few observations of whale behavior were recorded in that part of the 571 
study area and represents an extrapolation.   572 
 573 
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 574 
 575 

Figure 7.  The predicted values of feeding throughout the study area (the 576 
grayscale values in each grid cell).  The results from the classification tree 577 
also identified the area between 48.4476ºN and 48.4894ºN as being a 578 
high-probability area for feeding to take place.  The interviews with on-the-579 
water environmental educators suggested that a 1 nautical mile area was 580 
considered manageable.  As a result, we identified the region up to 1 mile 581 
off the southwestern shore of San Juan Island as a high-priority feeding 582 
area to protect as potential exclusion zone. 583 
 584 
 585 
 586 
 587 
 588 
 589 
 590 
 591 
 592 
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 593 
 594 
 595 
Figure 8.  The study area and our suggested highest-priority exclusion 596 
zone, the area off the southwestern edge of San Juan Island.  The 597 
rectangle immediately adjacent to it (off the south end of San Juan Island) 598 
is our secondary exclusion zone.  If funding or political will existed to 599 
protect a larger area, then both could be protected.   600 
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