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bstract

The fishery for California groundfishes is managed using broad species complexes, although some non-groundfish species are managed similarly
ue to the perception of shared behavioral characteristics. This study integrates acoustic telemetry and a GIS to quantify movement patterns of
ne such species, the ocean whitefish (Caulolatilus princeps) in a marine protected area. Seventeen ocean whitefish were tagged and actively
racked over multiple 24-h periods to measure fine-scale movement patterns. Home ranges based on 95% kernel utilization distributions averaged
0,439 ± 28,492 (±S.D.) m2. Fish were active during the day, foraging over sand habitat at depths averaging 21 ± 8 m, but were inactive at night,
aking refuge near rocky reefs at depths averaging 15 ± 7 m. Seventeen additional fish were tagged with coded acoustic transmitters and passively

racked using automated underwater acoustic receivers for up to 1 year. Approximately 75% of these fish exhibited long-term (1 year) fidelity to
ome ranges in the study area. Results suggest that MPAs can be an effective means of protecting populations of ocean whitefish and based on
heir habitat associations, ocean whitefish can be managed separately from other reef associated groundfishes.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Recent declines in some California groundfish stocks have
mphasized the importance of understanding the behavior of
oastal fish species. These population declines have led to more
ggressive fisheries management, including seasonal closures,
rea closures, and depth restrictions, which are managed in Cal-
fornia by regions along the coast. A large portion of both the
ecreational and commercial fishing in California is based in
he southern management region (from Point Conception to the

exican border), yet there remain critical gaps in our knowledge
f as the degree of larval dispersal, recruitment, and move-
ent patterns of many southern California coastal fish species.
he groundfishes, which primarily include rockfishes (Sebastes

pp.), are generally managed in broad species complexes rela-
ive to their inhabited depths (e.g., nearshore, shelf, and slope).
he ocean whitefish (Caulolatilus princeps) is included in this

∗ Corresponding author at: 4853 West Point Loma Boulevard, San Diego, CA
2107, USA. Tel.: +1 562 508 3459; fax: +1 562 985 8878.

E-mail address: lbellquist@yahoo.com (L.F. Bellquist).

y
w
b
L
u
C
o
i

165-7836/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.fishres.2007.12.011
protected area; Acoustic telemetry; Ocean whitefish

anagement regime because this species is often caught by
ecreational anglers while targeting rockfishes. However, com-
ined species management has resulted in increased restrictions
n the fishery for ocean whitefish primarily due to declines in
ome rockfish stocks.

Ocean whitefish are among the tilefish family (Branchioste-
idae) and range from British Columbia to Peru, although rarely
ccur north of Point Conception, California. They are typically
ore abundant at offshore islands and banks than along the

oast, and often form loose aggregations in 10–150 m depth
Leet et al., 1992). Ocean whitefish can be found in a variety
f habitats, although they feed primarily on interstitial inver-
ebrates (Elorduy-Garay and Caraveo-Patiño, 1994). Females
ature at 3–4 years (39–47 cm TL) and males mature at 4–5

ears (47–56 cm TL) (D. Cooksey, unpubl. data). While ocean
hitefish have been found to be reproductively mature and active
oth in Baja California, Mexico (Elorduy-Garay and Ramirez-
una, 1994) and in the Southern California Bight (D. Cooksey,

npubl. data), pelagic larvae have only been found off Baja
alifornia (Moser et al., 1986). This suggests that the source
f larval production for this species is primarily farther south
n Mexican waters. As a result, it has been hypothesized that

mailto:lbellquist@yahoo.com
dx.doi.org/10.1016/j.fishres.2007.12.011
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cean whitefish in the Southern California Bight have migrated
orth from Mexico (Moser et al., 1986; Waples and Rosenblatt,
987; Leet et al., 1992). However, coastal benthic fish trawl sur-
eys in the Southern California Bight from 1969 to 1999 (J.
llen, unpubl. data) indicate that ocean whitefish recruitment
oes occur at areas along the southern California shelf, typi-
ally in the warmest years. Ocean whitefish recruits (4–8 cm
otal length) occur in southern California in 15–60 m depths
rom October to April, peaking from November to February.
hus, remaining uncertainties regarding migration and local pro-
uction make knowledge of ocean whitefish movement patterns
mportant in gaining a better understanding of their population
ynamics.

The first goal of this study was to use active acoustic telemetry
o describe the home range and movement patterns of adult ocean
hitefish, characterize benthic habitat selection, and test for
ensity-dependent effects on movement patterns by determin-
ng the relationship between conspecific density and home range
ize. Our second goal was to use passive acoustic telemetry to
escribe long-term (1 year) site fidelity of adult ocean whitefish
C. princeps) in a southern California marine reserve. Conduct-

ng this research in a marine reserve provided quantitative data
n movements of ocean whitefish while controlling for effects
f fishing, as well as an assessment of reserve effectiveness for
his species.

2
2
V
t

ig. 1. Aerial photograph of the CMLR (33◦26′N, 118◦29′W) and town of Two Harbo
he southern California coast. White dots represent the location of 12 VR1 acoustic re
ock, CC—Chalk Cliffs, P—Pier, SC—Shark Cove, EW—East Wall, IP—Intake Pip

ndicate 150 m acoustic detection radii of each receiver. The black and white hatched
search 91 (2008) 325–335

. Materials and methods

.1. Study site

Ocean whitefish were caught and tracked within the
atalina Marine Science Center Marine Life Refuge (CMLR)

33◦26.697′N, 118◦29.184′W), a no-take marine reserve located
ear Two Harbors, Santa Catalina Island, which is approximately
0 km from the southern California coast (Fig. 1). Additional
reas beyond the reserve boundary that are used in this study
nclude Blue Caverns, Bird Rock, Isthmus Reef, Campground,
nd Two Harbors (Lowe et al., 2003; Topping et al., 2005, 2006)
Fig. 1).

.2. Active tracking

Short-term (1–2 months), fine-scale movement and activity
atterns of ocean whitefish were determined using active track-
ng techniques. Adult ocean whitefish were caught within the
MLR using hook and line. Standard surgical techniques were
sed (Summerfelt and Smith, 1990; Zeller, 1999; Eristhee et al.,

001; Jepsen et al., 2002; Bridger and Booth, 2003; Lowe et al.,
003; Topping et al., 2005) to implant a small (Vemco Model
8SC-1L), continuous pulse acoustic transmitters in the peri-

oneal cavity of 17 adult ocean whitefish between November

rs. The inset shows the location of the site at Santa Catalina Island in relation to
ceivers (TH—Two Harbors, CG—Campground, IR—Isthmus Reef, BR—Bird
es, 3C—3 Caves, PN—Pumpernickel, and BC—Blue Caverns), and white rings
line represents the reserve boundary.
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003 and June 2005. These transmitters were programmed to a
pecific frequency within a 65–80 kHz range, with a continuous
ulse interval of 1000, 1250, 1500, 1750, or 2000 ms. Following
he tagging, the total length (TL) was measured and each indi-
idual was fitted with an external plastic dart tag (Hallprint Ltd.)
nserted through the dorsal musculature to allow easy identifica-
ion of tagged fish by divers (Lowe et al., 2003; Topping et al.,
005, 2006). Each fish was then released at the site of capture
t which time active acoustic tracking commenced. Fish were
racked from a 4 m skiff with a Vemco Model V10 directional
ydrophone and Model VR60 acoustic receiver (e.g., Holland
t al., 1993; Lowe et al., 2003; Topping et al., 2005). The 31–61
ays battery life of the transmitters allowed multiple 24 h tracks
or each fish, allowing fine-scale movement measurements. To
ssess the effects of catch, handling, and surgery on behavior,
dditional control fish were fed acoustic transmitters hidden in
quid by divers (Winger et al., 2002). However, these control fish
ere only tracked for one 24 h period each because transmitters
ere usually passed after 1–2 days.
Short-term movements and habitat use were analyzed using a

eographic information system (GIS) with Arcview 3.2 and the
nimal Movements Analyst Extension (Hooge and Eichenlaub,
000). Activity spaces were calculated using two methods: the
5% kernel utilization distribution (KUD), the area in which an
ndividual has a 95% chance of being found during the track-
ng period (Lowe et al., 2003; Topping et al., 2005); and the

inimum convex polygon (MCP), a polygon created using all
he outermost position fixes. Position fixes for each track were
eparated by day and night, defined as the periods between
imes of sunrise and sunset, and both the KUD and MCP were
etermined over each period. Once activity spaces were deter-
ined for each track, relocation positions from all tracks for

ach fish were pooled to create overall KUD and MCP home
ange estimates. Total distance traveled was calculated as the
um of the distances between successive position fixes over each
4 h period. A linearity ratio, the ratio between the distance
rom the first to last recorded position and the total distance
raveled during the tracking period (Zeller, 1997), was calcu-
ated to measure the degree to which individuals exhibited home
anging behavior. Small linearity ratios indicate back-and-forth
ovements (home ranging), whereas large ratios indicate uni-

irectional movements (nomadic). Aspect ratios for each MCP
ere calculated by dividing the maximum distance across the
CP (length) and the maximum distance perpendicular to the
aximum length (width). This described the shape of the MCP,
ith values close to 1 indicating circular activity spaces, and
alues close to 0 indicating more elliptical activity spaces. Lin-
ar regressions were used to measure the relationships between
sh total length and various movement parameters (e.g., activ-

ty space size and aspect ratio, mean linearity ratio, and mean
istance traveled).

Because effects of catch and handling-induced stress could
ffect post-release behavior and survivorship in fishes (Jarvis

nd Lowe, 2008), short-term survivorship was measured by
ssessing fine-scale movements of each fish during each track
mmediately following release. To test for behavioral effects of
tress due to catching and surgical procedures, two-sample t-

t
t
m
o

search 91 (2008) 325–335 327

ests were used to compare daily activity space (using both the
5% KUD and MCP estimates), distance traveled, and mean
inearity ratio for the first 24 h following release between fish
urgically fitted with transmitters and control fish that were fed
ransmitters via SCUBA. Fish surgically fitted with transmitters
ere usually tracked multiple times over a 1–2 month period. A

epeated-measures ANOVA was used to compare 24 h activity
paces, mean distance traveled, and mean linearity ratio between
he first and subsequent tracks among surgically fitted fish.

Habitat selection was measured by plotting each track over
eo-referenced, high-resolution bathymetry (1 m2) and benthic
abitat (2 m2) maps (derived by the California State University
onterey Bay Seafloor Mapping Lab). The ratio of the propor-

ion of each habitat used to the proportion of the habitat available
ielded individual habitat selection (Manly et al., 2002). Avail-
ble habitat was defined using Arcview GIS as the proportion
f area of each habitat type within the MCP for each individual
racked. With this method, a value greater than 1 would indicate
abitat selection. A Chi-square Goodness of Fit test was used to
easure significance of habitat selection (Manly et al., 2002).
ll statistical tests with active tracking data were performed with

he significance level α = 0.05.

.3. Passive tracking

Long-term (1 year) movement patterns and site fidelity of
cean whitefish were determined using passive acoustic teleme-
ry. We used random pulse coded transmitters (Vemco Model
8SC-2L-R256), which emitted a pulse series containing a spe-

ific code unique to each tag at a 69 kHz frequency at random
ntervals between 40 and 120 s. This yielded a battery life of
pproximately 1 year.

Seventeen additional tagged individuals were monitored by
n array of 12 omni-directional underwater automated acous-
ic receivers (Vemco Model VR1), which were attached to
xed subsurface moorings inside and outside the marine reserve
pproximately 10 m below the surface (Topping et al., 2006;
ight and Lowe, 2007). Each VR1 receiver had an effective
etection range of approximately 150 m (Topping et al., 2006),
hus creating a detection area that encompassed virtually the
ntire reserve (Fig. 1). The receivers recorded the date and time
ach tagged fish was detected over the 1-year period. Passive
racking data were analyzed to quantify survivorship, diel peri-
dicity, and monthly site fidelity to the CMLR over a 1-year
eriod. Survivorship was assessed using temporal changes in the
etection rate or diel periodicity in both the number of detec-
ions and the monitors frequented by individuals. Site fidelity
as measured as detection frequency per functional day to con-

rol for temporal gaps in VR1 coverage at a particular location.
he mean proportion of days fish were detected per month,
s well as mean daily number of detections each month were
alculated to assess site fidelity and analyzed using a one-way
NOVA and Tukey’s pair-wise comparisons. Expansion or con-
raction of area use was measured by creating MCPs around
he effective detection ranges of all receivers frequented each

onth. This approach was used rather than simply the number
f receivers frequented because the receivers were not arranged
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n a spatially uniform array. Mean monthly detection areas were
nalyzed using an ANOVA and Tukey’s pair-wise comparisons.
ll statistical tests with passive tracking data were performed
ith the significance level α = 0.05.

.4. Density surveys

Visual surveys of ocean whitefish density were conducted by
ivers at areas where individuals were actively tracked inside
he CMLR. Because the ocean whitefish is generally a demersal
pecies, all transects were conducted solely along the bottom.
he CMLR was divided into four areas (Cove, Intakes, Three
aves, and Pumpernickel; Fig. 1), each stratified by depth (15,
0, and 30 m), thus creating 12 sampling zones. Transects were
m wide (2 m on each side of the diver), 4 m tall, and 30 m

n length. All transects were surveyed by a single experienced
iver to maintain consistency in abundance estimations and tran-
ect dimensions. Density surveys were conducted periodically
hroughout the year, although to ensure adequate visibility tran-
ects were not conducted during low light hours.

The effect of conspecific densities on activity space size
f ocean whitefish was measured to test for density-dependent
ffects on fish movements. It was hypothesized that increased
onspecific densities would yield larger home ranges, possibly
ue to increased intraspecific competition. Mean ocean white-
sh densities were assigned to each of the 12 depth zones by
ooling all transects conducted in each zone. Position fixes for
ach active track were then layered over the zones in a GIS, and
he proportion of fixes in each zone during each track was used
o calculate the mean proportion of time spent by a fish in each
one. A conspecific fish density value was then assigned to each
sh by using the mean density in each zone weighted by the
roportion of time spent in each zone. These values were then
aired with the corresponding 95% KUD and MCP values for
ach actively tracked individual. However, sampling zones were
tratified by depth, which was likely to be a covariate affecting
ensities. Therefore, weighted mean depths were also calculated
sing the same method described for conspecific density. Lin-
ar regressions were used to measure the effect of conspecific
ensity and depth on size of activity space.

. Results

.1. Active tracking

Short-term survivorship for the actively tracked individuals
as high (94%), with only one mortality out of 17 actively

racked fish, despite frequent signs of barotrauma (e.g., over-
nflated swim bladders). Post-release survival of tagged ocean
hitefish was determined based on rate, timing, and direc-

ionality of movement. There were no significant differences
n activity space size using either the 95% KUD (t = − 1.22,
= 0.24) or MCP (t = − 0.58, p = 0.57) between ocean white fish
ed or surgically fitted with acoustic transmitters. There were
lso no significant differences in either the mean distance trav-
led (two sample t-test: t = 1.40, p = 0.18) or mean linearity ratio
t = − 0.95, p = 0.36) between individuals fed or surgically fit-

h
s
m
l

search 91 (2008) 325–335

ed with acoustic transmitters. Individuals surgically fitted with
ransmitters were tracked for up to three 24 h periods per fish.
he initial track was conducted immediately following release,
nd the second track of the same fish was conducted at least
0 days after release to allow recovery from potential stress
ssociated with catching and surgery. There were no differences
n 95% KUD sizes (F = 2.46, p = 0.13), MCP sizes (F = 0.38,
= 0.70), rates of movement (F = 1.80, p = 0.21), or linearity

atios (F = 2.42, p = 0.13) between the initial and subsequent
racks for surgically fitted fish. To further test for an initial
tressed period, only the first tracks of fed and surgically fit-
ed fish were compared. There were no significant differences
n mean linearity ratio (t = − 1.51, d.f. = 14, p = 0.15) or 24 h
ctivity spaces (t = 0.078, d.f. = 14, p = 0.939). However, dis-
ance traveled during the first track of surgically fitted fish was
ignificantly less than for the first track of fed fish (t = 2.69,
.f. = 14, p = 0.02).

Seventeen ocean whitefish (size range: 36–60 cm TL) were
agged (11 surgical implants and 6 fed) within the CMLR and
ctively tracked over one to three 24 h periods between Novem-
er 2003 and June 2005 (Table 1). Ocean whitefish exhibited
iurnal activity patterns, with repeated use of daytime and night-
ime areas. Because limited movement at night resulted in a high
oncentration of points in a very small area, nighttime positions
ere omitted from the 95% KUD to avoid bias in the activity

pace estimate. Mean daytime activity space size using a 95%
ernel utilization distribution (KUD) was 20,439 ± 28,492 m2

±S.D.), and using a minimum convex polygon (MCP) was
5,474 ± 50,554 m2 (Table 1 and Fig. 2a–f). Data for only 16
sh are included in activity space analyses due to one assumed
redation event that occurred during the initial track of fish ID
16 (Table 1). Ten of the 16 individuals had 95% KUDs that
xtended beyond the reserve boundary, including two fish that
ere tracked approximately 1 km beyond the edge of the reserve.
ean distance traveled was 3781 ± 1215 m day−1 (±S.D.), and

inearity ratios averaged 0.032 ± 0.022 (Table 1).
There was no significant relationship between activity space

ize and fish total length (TL) using either the MCP (F = 0.01,
2 = 0.10, p = 0.93) or 95% KUD (F = 0.00, r2 = 0.00, p = 0.97)
stimates. There was also no significant relationship between
sh TL and either mean distance traveled per day (F = 0.78,
2 = 0.05, p = 0.39) or mean linearity ratio (F = 0.34, r2 = 0.02,
= 0.57). However, MCP aspect ratios were significantly lower

or fish tracked along the narrow rocky reef wall than for those
racked inside the cove (t = 5.46, p < 0.001).

The habitat selection index indicated significant day–night
ifferences in habitat selection (Fig. 3). During the day,
cean whitefish exhibited significant selection for sand habitat
X2 = 141.01, d.f. = 15, p < 0.001), and no significant selec-
ion against any other habitat type. During nighttime periods,
cean whitefish exhibited significant selection for high relief
edrock slope over all other habitat types (X2 = 243.36, d.f. = 8,
< 0.001), and were seldom found to use steep volcanic bedrock

abitat (X2 = 7.70, d.f. = 2, p = 0.021). Bottom depth utilization
howed clear day–night differences with ocean whitefish at a
ean depth of 21 ± 8 m (S.D.) during the day, and moving shal-

ower at night to a mean depth of 15 ± 7 m (Fig. 4). Overall,
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cean whitefish generally followed the rock–sand ecotone, using
variety of habitats during the day but primarily selecting for

and. At night, individuals also used a range of habitats, but
elected for high relief bedrock slope, and used shallower depths
han during the day.

There were significant differences in conspecific densi-
ies between sampling zones within the CMLR (F = 3.133,
= 0.001). Ocean whitefish densities were lower in the shal-

ower (15 m) depth zones (mostly rocky habitat), and increased
ignificantly in the deeper (20 and 30 m) zones (mostly sand
abitat). There was no significant effect of ocean whitefish den-
ity or depth on either 95% KUD size (p = 0.289; Fig. 5) or MCP
ize (p = 0.440), although two outliers are driving this lack of a
elationship. These individuals (fish # 1–3) were fed transmit-
ers by divers, and observational evidence suggests that these
hree fish could have actually been the same individual. Pooling
hese three individuals to calculate a single home range and den-
ity value yields a significant relationship between conspecific
ensities and home range size (F = 6.23, p = 0.034).

.2. Passive tracking

Of the seventeen additional ocean whitefish (35–45 cm TL)
aught and surgically fitted with coded acoustic transmitters
Table 2), 12 fish were detected consistently over the study
eriod, and 9 of those 12 were detected virtually every day
xcluding gaps in VR1 coverage (Fig. 6a). One individual (ID #
02) was not detected at all. Longer-term survivorship was esti-
ated at 88% (14 out of 16—one omitted), although mortality

vents were presumed based on lack of diel periodicity in detec-

ions. The two fish were assumed dead because they exhibited no
iel pattern in detection frequency, and disappeared shortly after
elease. However, the only confirmed mortality was a single indi-
idual, fish # 206, which was reported caught by a recreational

able 2
ummary information for all 17 passively tracked ocean whitefish within and
round the CMLR

D code Date deployed Total length
(cm)

Number of
days detected

% Days detected

11 July 9, 2004 37 108 27.27
12 July 9, 2004 40 262 65.99
01 June 20, 2004 42 330 100.00
02 June 22, 2004 38 0 0.00
03 June 22, 2004 41 8 1.93
04 June 21, 2004 37 415 100.00
05 June 20, 2004 37 415 100.00
06 June 20, 2004 43 316 76.14
07 June 20, 2004 38 415 100.00
08 June 22, 2004 44 365 88.38
09 July 11, 2004 36 415 100.00
10 July 10, 2004 35 415 100.00
11 July 11, 2004 35 161 54.58
12 June 23, 2004 40 26 6.31
13 June 22, 2004 44 385 93.22
14 June 22, 2004 39 400 96.39
15 June 22, 2004 45 412 99.76

ll transmitters used were Vemco model V8SC-2L-R256. Fish ID 202 was likely
tted with a faulty transmitter.
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ig. 2. High resolution shaded relief maps showing benthic topography with d
nd 14, (D) 10, 11, and 15, (E) 12 and 13 and (F) aerial photo map for fish #s 4

sherman in May 2005 outside the reserve near Isthmus Reef. As
result, this individual was not considered a long-term mortality

ssociated with catch-and-release stress. The proportion of days
hat tagged fish were detected per month did not significantly dif-
er between June 2004 and June 2005 when VR1 coverage was
tandardized to account for temporal gaps (F = 1.51, p = 0.13;

T
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me range estimates using MCPs for fish #s (A) 1–3, (B) 5, 7, and 17, (C) 8, 9,
.

ig. 7a). Mean monthly MCP area was significantly less in
une 2004 than subsequent months (F = 2.04, p = 0.03; Fig. 7b).

he mean number of detections per day was significantly

ess in November 2004 than in other months, after correct-
ng for gaps in temporal VR1 coverage (F = 2.76, p = 0.002;
ig. 7c).
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Fig. 3. Mean habitat selection index (+S.D.) between night (black bars) and day
(grey bars) periods. The grey horizontal line indicates the neutral reference value
of 1.
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Fig. 5. Log 95% KUD (m2) vs. log mean weighted conspecific density (number
of fishes per m3). Gray points represent fish # 1–3 that were fed acoustic trans-
mitters and could possibly be the same individual. Only 13 points are shown
because 3 of the 16 fish left the surveyed area completely, and as a result, could
not be correlated with a density value.

Fig. 6. (a) Detections for all passively tracked fish over the 1-year study period.
The grey shaded box represents a gap in temporal coverage at some of the VR1
receivers. (b) All detections for fish #208 at different VR1 receiver locations
are indicated by black points (Intake Pipes), grey points (Blue Caverns), grey
outlined points (Pumpernickel), or white outlined points (3 Caves). This indi-
vidual exhibits consistent use of areas inside the reserve at night and outside
ig. 4. Mean percent depth utilization (+S.E.) between night (black bars) and
ay (grey bars). Depth values represent mean depth of the bottom at each position
x, rather than the actual depth of the fish.

. Discussion

Post-release survival has important implications for fish-
ries management, especially in southern California where many
nglers advocate catch-and-release for conservational purposes.
hort-term post-release survival for actively tracked ocean
hitefish was high (94%). The one ocean whitefish mortality

mong 17 actively tracked fish was thought to be a predation
vent due to unusual increase in rate of movement and depth
se, as well as a sudden offshore movement during the night

hen ocean whitefish generally seek refuge. Potential predators

or ocean whitefish include the giant seabass (Stereolepis gigas),
ope shark (Galeorhinus galeus), California sealion (Zalophus
alifornianus), and harbor seal (Phoca vitulina), which are all

the reserve during the day, although nighttime area use shifts to areas outside
detection range, likely beyond Blue Caverns from September to April. Faint
diagonal bands in daytime detections result from tidal effects on detection rate
rather than movement.
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Fig. 7. (a) Mean (±S.D.) monthly proportion of days that tagged fish were
detected relative to the total number of effective days that VR1 receivers were
deployed, (b) mean (+S.D.) monthly area (m2) used, and (c) log transformed
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ean (+S.D.) monthly number of detections of tagged fish per number of effec-
ive days that VR1 receivers were deployed. ** represents a significant difference
p < 0.01) and * represents (p < 0.05).

ccasionally observed within the CMLR. Such high percentages
f short-term post-release survival have been found among other
oastal species as well, despite varying methods used for catch-
ng and/or tagging (e.g., Matthews, 1990a; Starr et al., 2002;
rendt et al., 2001a; Lowe et al., 2003; Aalbers et al., 2004;
acroix et al., 2005; Topping et al., 2005). The overall survival

or both actively and passively tracked fish was high (91%),
espite the number of fish caught with over-inflated swim blad-
ers, which usually required venting via a hypodermic needle.

ffects of barotrauma can result in increased post-release mor-

ality as capture depth increases (Gitschlag and Renaud, 1994;
t. John and Syers, 2005; Jarvis and Lowe, 2008). The lack of

ncreased mortality of ocean whitefish caught at deeper depths

e
H
e
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40 m) may be because the effects of barotrauma are generally
ot lethal for this species if the swim bladder is properly vented
r fish are recompressed.

Despite high survival estimates, physiological and behavioral
ffects of stress due to catch-and-release could result in restricted
ovement patterns. Fine-scale active tracking showed no differ-

nces in movement between the first and subsequent tracks for
sh surgically fitted with transmitters. In addition, only distance

raveled was significantly less during only the first track of sur-
ically fitted fish than for fish that were fed transmitters. This
ndicates that post-release handling stress was short-lived, and
esulted in decreased rate of movement rather than decreased
rea use. Brief periods of stress have been measured for other
sh species as well. For example, Lower et al. (2005) mea-
ured increased cortisol levels in both carp (Cyprinus carpio) and
oach (Rutilus rutilus) following surgical transmitter implanta-
ion, although cortisol levels returned to pre-stress levels within
2 h after tagging. Rate of movement among ocean whitefish
ecreased without affecting size of activity space because indi-
iduals usually traversed their daily activity space several times
ach day. Thus, rate of movement would only have affected the
umber of times an individual moved through its activity space
ather than the size of the activity space.

All ocean whitefish were diurnally active, exhibiting cre-
uscular movements between consistent day and night areas,
behavior that has been quantified in other species as well

Meyer et al., 2000; Jadot et al., 2002; Meyer and Holland,
005; Topping et al., 2005). Mean distance traveled per day (m)
enerally revealed two types of crepuscular movements among
cean whitefish. Dawn movements were either over short dis-
ances (less than 200 m) to daytime areas directly adjacent to
ighttime areas (both inside and outside the reserve), or over
ong distances (greater than 700 m) beyond the reserve bound-
ry. At dusk, individuals returned to the same general nighttime
rea within the CMLR. These behaviors were exhibited con-
istently among tracks for all individuals. Meyer and Holland
2005) found similar behaviors with bluespine unicornfish (Naso
nicornis) within a small Hawaiian marine reserve, and used
he terms ‘commuting’ and ‘foraying’ to distinguish between
he two types of diel movements. However, this species moved
ver shorter distances than ocean whitefish, possibly because
he unicornfish is a reef-associated species with a higher affinity
or benthic structure than ocean whitefish.

Ocean whitefish preferred sand habitat during the day and
igh relief bedrock slope during the night. Because ocean white-
sh are diurnal and are known to feed primarily on interstitial

nvertebrates, this was likely for the purposes of foraging during
he day and refuge during the night. Selection for sand habitat
uring the day in conjunction with some use of rocky habi-
ats, suggests that this species associates with the rock–sand
cotone, yet prefers the sand side of the habitat edge. Differ-
nces in day–night habitat use have been documented in other
oastal species as well, such as tautog (Tautoga onitis; Arendt

t al., 2001b), bluespine unicornfish (N. unicornis; Meyer and
olland, 2005), and California sheephead (S. pulcher; Topping

t al., 2005). Actively tracked ocean whitefish also showed a shift
owards shallower water at night, with fish using waters 21 ± 8 m
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±S.D.) deep during the day and 15 ± 7 m during the night.
hese depth distributions are shallow relative to the reported
epth range (10–150 m) for this species, and suggest that ocean
hitefish may prefer shallower water habitats at Santa Catalina

sland than along the mainland coast. In addition, the selection
or shallow rocky habitats at night may be due to the presence of
iant kelp (Macrosystis pyrifera) growing at depths of approx-
mately 5–15 m, which could provide additional shelter habitat
ear the holdfast. Interestingly, the behavior of ocean white-
sh differs from that of other species of tilefishes. For example,
congener on the Atlantic coast, Caulolatilus microps, con-

tructs burrows in soft sediments for refuge (Able et al., 1987),
hich is a common behavior among several species of tilefishes

n both the Caribbean (Dooley, 1978) and Japan (Mitamura et
l., 2005), but this behavior has not been documented for ocean
hitefish. However, large burrows have been observed from sub-
ersibles within the depth range of ocean whitefish in Santa
onica Bay, but it is unclear whether these were constructed by

cean whitefish (J. Allen, pers. comm.).
Association with habitat edges suggests that edge configu-

ation could affect shape of an individual’s activity space. The
hape of activity spaces using MCP aspect ratios was signif-
cantly different between individuals tracked within the cove
nd individuals tracked along the outside wall of the reserve.
ean aspect ratios revealed more elliptical MCPs along the

elatively linear rock–sand ecotone near the outside wall, and
ore circular MCPs in the cove where individuals were more

ounded by habitat edges (Fig. 2a–e). This is consistent with
imilar analyses conducted with California sheephead (S. pul-
her) at the same study site (Topping et al., 2005). It is clear
hat habitat edges do affect animal movements (Kolasa and
alewski, 1995), although most studies have focused on estu-
rine (e.g., Peterson and Turner, 1994; Walsh et al., 1999) and
reshwater fish species (e.g., Matĕna, 1995; Schlosser, 1995).
owever, studies on Caribbean coral reef fishes have shown

hat habitat edges and configuration have significant effects on
pecies abundance (Kendall et al., 2003) and assemblage struc-
ure (Grober-Dunsmore et al., 2007). This suggests that habitat
dge configuration likely affects the movements of some dem-
rsal fish species. In the case of ocean whitefish, activity space
hapes are influenced by the shape and configuration of reef-sand
cotone habitat.

Variation in size of activity spaces of marine fish species has
een attributed to factors such as sex (Bradbury et al., 1995),
ody size (Kramer and Chapman, 1999), and habitat quality
Matthews, 1990b; Lowe and Bray, 2006). There was no rela-
ionship between the body size (TL) of ocean whitefish tracked
nd size of their activity spaces. However, the size range of
sh tracked was 36–60 cm TL, which is only a fraction of their
ntire size range (largest recorded individual—102 cm TL; Fitch
nd Lavenberg, 1971). While spatial requirements did not differ
mong 36–60 cm TL adults, differences could exist for juve-
iles and the largest adults. Thus, it is possible that ontogenetic

hifts in area use exist, but the size range of tagged individuals
as not broad enough to detect a size effect. In addition, ocean
hitefish exhibit no sexual dimorphism, so it was not possible

o determine whether males had larger or smaller activity spaces

n
w
v
v
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han females. Other variables such as reproductive requirements,
easonality, food availability, habitat availability/distribution, or
nter/intra-specific competition could also affect activity space
ize. However, active tracking did not reveal seasonal variation
n area use among ocean whitefish, which differs from move-

ent studies on other local species. Topping et al. (2006) found
hat the protogynous haremic California sheephead (S. pulcher)
xhibited home range expansion during winter months, possibly
o increase the frequency of social interactions. Because ocean
hitefish are not known to be territorial and do not maintain
arems, it is less likely that conspecific social factors influence
heir area use; however, foraging and refuge seeking behaviors
ombined suggest an interaction between habitat distribution
nd food availability likely influences activity space size of
cean whitefish.

Conspecific densities could also affect the activity space
izes of individuals based on density-dependent effects on
esource availability and intra-specific competition (Kramer
nd Chapman, 1999; Abesamis and Russ, 2005; Lowe and
ray, 2006). While most studies focusing on density-dependent
ovements in fishes have only done so from a theoretical

erspective (e.g., Kramer and Chapman, 1999; Nowlis and
oberts, 1999; Roberts et al., 2001; Sullivan et al., 2003),
besamis and Russ (2005) found supporting empirical evidence

or density-dependent emigration, or spillover, of surgeonfish
Naso vlamingii) from a marine reserve. This study employed
isual survey methods to measure a gradient in both adult den-
ities and competitive interactions between conspecifics that
ecreased with increasing distance from the reserve. How-
ver, density-dependent spillover after reserve implementation
ould only be inferred from gradual increases in density out-
ide the boundary, and actual relocation of activity spaces to
reas beyond the reserve was rarely observed. The density of
cean whitefish within the CMLR showed no significant effects
n activity space size of individuals actively tracked. However,
vidence suggests that three of these fish (fish # 1–3), which
ere all fed transmitters via SCUBA, were actually the same

ndividual. They were all estimated to be 60 cm TL, which
as the largest size observed within the CMLR, all were fed

n the same location within the CMLR, all exhibited similarly
ehavior towards divers, and exhibited very similar home range
izes/shapes (Fig. 2a). Consolidation of these three fish yields
ignificant density influence on activity space size, possibly due
o intraspecific competition for resources. This may explain why
ome individuals traveled from the reserve to Two Harbors to
orage almost 1 km away, yet return to their same refuge areas
t dusk within the reserve.

Longer-term movements of ocean whitefish using passive
coustic tracking indicated site fidelity with periodic shifts in
rea use, although these spatial shifts did not appear to be sea-
onal (Fig. 6). Duration of day–night movements was clearly
function of day length because all individuals exhibited the

ame diel periodicity in detections as seen in Fig. 7. The mean

umber of detections showed a seasonal trend, although there
as only a significant decrease in November among all indi-
iduals. Changes in the number of detections can be caused by
ariation in the degree of site fidelity to an area or changes in
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he rate of movement when site fidelity is constant (Topping
t al., 2006). If an individual moves at a faster rate, there is a
ower probability of being detected when it swims within range
f a VR1 receiver. Thus, the November 2004 reduction in the
ean number of detections in conjunction with relatively con-

tant monthly site fidelity (proportion of days detected) implies
hat individuals exhibited an increased rate of movement during
hat month. This could be related to reproductive behaviors, and
ould be consistent with peak GSI values in November from
cean whitefish studied in Baja (Elorduy-Garay and Ramirez-
una, 1994). Record levels of storm activity during the winter
f 2004–2005 could have affected movement patterns or detec-
ion rate of ocean whitefish. However, there was little storm
ctivity during November 2004 relative to December and Jan-
ary. Thus, decreases in detection frequency during November
ere likely due to other factors. In addition to days detected and
etections per day, area use was measured with monthly MCPs
round frequented VR1 receivers to assess expansion or con-
raction of home ranges over the one-year period. Aside from
he first month after release for each tagged fish, there was no
ifference in MCP size for detection by different VR1 receivers
mong months. This difference in the first month was likely an
rtifact of transmitters being deployed toward the end of the first
onth (20 June), thus allowing only 10 days to measure total

rea used during the month of June.

. Conclusion

The results from this study indicate that overall post-release
urvival is high (91%) despite signs of catch-related baro-
rauma. In addition, behavioral effects of post-release stress
nd barotrauma are minimal and short-lived. Therefore, catch
nd release practices could be implemented as a conservation
easure for ocean whitefish. Ocean whitefish exhibit consis-

ent home ranging behavior, and most individuals spend a large
roportion of their time outside the boundary of the CMLR.
hus, small marine reserves such as the CMLR may be less
ffective for more mobile species such as ocean whitefish than
or less mobile species, such as kelp bass (Paralabrax clathra-
us). Ocean whitefish select for deeper sand habitats during
he day while foraging, and shallower high relief rocky reef
nd kelp habitats are selected at night for refuge. Depths uti-
ized at Santa Catalina Island are quite shallow relative to
heir described general depth range. These habitat selection pat-
erns differ from known behavior of many nearshore rockfish
pecies, and should be considered when managing the recre-
tional fishery for ocean whitefish. Consistent site fidelity was
xhibited over a 1-year period, although frequent shifts occur
o areas beyond the reserve boundary, and there is no signifi-
ant conspecific density-dependent effect on home range size.
his behavioral information has important implications for man-
gement of the recreational fishery for ocean whitefish in the
outhern management region. The data suggest that more effec-

ive management of the recreational fishery for ocean whitefish
ould be achieved by implementing size limits and could allow
eparating this species from the groundfish regulations in some
ocations.
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