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Abstract

This study presents a methodology for combining archival data storage tags

(DSTs) and ultrasonic transmitters to investigate the microhabitat conditions of

adultCancer magister (Dana), inhabiting an estuary. The temperature, salinity and

depth experienced by free-ranging Dungeness crabs were recorded at 10-min

intervals for periods ranging from 1week to 8months. Crabs were tracked using

a hydrophone, and tags were recovered via concentrated trapping or returned by

recreational fishers for a reward. These methods led to a return rate of 50%.

Representative CTD tag data showed that the conditions recorded at fixed stations

within the estuary were not reflective of those experienced by free-ranging crabs,

but rather crabs were able to orientate and avoid low salinity within the estuary.

The prevalence of low salinity exposure was linked to times of increased food

availability within the estuary, suggesting that crabs were entering the shallows of

the estuary to forage. The techniques used in this study demonstrate that DSTs are

a viable means of determining the microhabitat conditions of crustaceans inhabit-

ing highly variable environments.

Introduction

The field of biologging has seen great advancements in

recent years as satellite technology and reductions in the size

of sensors have made monitoring the habitat conditions

experienced by pelagic and benthic marine animals more

practical. Multi-sensor tags can record environmental, be-

havioural and/or physiological data simultaneously, provid-

ing key insight into an otherwise unknown realm (Cooke

et al., 2004; Block, 2005). While there have been substantial

advancements, among marine organisms the majority of

these studies have focussed on larger mammals, pelagic

fishes and turtles (Hays et al., 2001; Houghton et al., 2002;

Block, 2005). Until recently, the large size and exceptionally

high cost of the tags used in these studies have prevented the

broad scale application of this technology to smaller organ-

isms. However, new techniques are being developed to apply

these technologies to smaller organisms (Wilson et al.,

2006).

Recent technological advances leading to the miniatur-

ization of commercially available, multi-sensor archival

data storage tags (DSTs) have allowed their application in

studies involving smaller vertebrates and invertebrates.

Through the combined use of telemetric tags for tracking

and DSTs, it is now possible to compare the movements of

animals within a particular habitat as well as the environ-

mental conditions that they face in ‘real time’. Previous

studies describing the potential for combining ultrasonic

transmitters and DSTs have not explicitly outlined metho-

dology for maximizing returns using these techniques, es-

pecially in areas where there is not a commercial fishery for

the species in question (Freire & Gonzalez-Gurriaran, 1998;

Gonzalez-Gurriaran, Freire & Bernardez, 2002; Wolcott,

Wolcott & Hines, 2003).

The influence of environmental conditions such as tem-

perature and salinity on the physiology of decapod crusta-

ceans has been well studied in laboratory conditions (for

reviews, see Pequeux, 1995; Whiteley, Taylor & El Haj,

1997; McMahon, 2001). These environmental factors can

present significant physiological challenges. A number of

studies have examined movements of crustaceans in relation

to these environmental conditions based on measurements

taken at fixed locations within a particular habitat (Stevens,

Armstrong & Hoeman, 1984; Gunderson et al., 1990; Jury,

Howell & Watson, 1995; Watson, Vetrovs & Howell, 1999;

Bell, Eggleston & Wolcott, 2003; Rewitz et al., 2004), or

manual readings taken in the vicinity of tracked or captured

animals (Shirley & Wolcott, 1991; Stone & O’Clair, 2001,

2002; Rewitz et al., 2004). However, little is known about

the actual scales of exposure to physiologically challenging

conditions (Cooke et al., 2004), and the influence that

behaviour may have on the duration and severity of
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exposure (Wolcott & Wolcott, 2001). This is important

because the range of conditions used in laboratory studies

may not accurately reflect those experienced in the field. For

crustaceans inhabiting estuaries, changes in the salinity and

temperature regimes within the estuary may have significant

effects on their energetics (Guerin & Stickle, 1997; Whiteley

et al., 2001; Normant & Lamprecht, 2006) and distribution

(Barnes, 1967; Watson et al., 1999; Rewitz et al., 2004).

One such estuarine inhabitant found in the north-east

Pacific is the Dungeness crabCancer magister. Despite living

in habitats subject to frequent episodes of low salinity,

C. magister has been classed as a weak osmoregulator

(Engelhardt & Dehnel, 1973) and is unable to tolerate

salinities below 12% (Cleaver, 1949). Because of this rela-

tively low tolerance of hyposaline conditions, alterations in

the salinity regime within an estuary can have substantial

impacts on the physiology of this species (McGaw &

McMahon, 1996; McGaw, 2006) which may affect the

crabs’ ability to fully exploit hyposaline environments

(Barnes, 1967). A number of studies have sought to deter-

mine the preferred habitat conditions and distribution of

C. magister by tracking the movements of crabs fitted with

ultrasonic tags (Smith & Jamieson, 1991; Stone & O’Clair,

2001, 2002) or by carrying out trawl surveys and comparing

estimates of abundance within an area to the local oceano-

graphic conditions (Stevens et al., 1984; Gunderson et al.,

1990). These studies have provided valuable insights into

patterns of estuary use; however, little is known about the

microhabitat conditions that individual free-ranging crabs

experience.

In this paper, we present a methodology for combining

miniaturized DSTs and ultrasonic telemetric tags to monitor

the movements of C. magister in relation to depth, tempera-

ture and salinity. Because C. magister can detect differences

in salinity as low as 1% (Sugarman, Pearson & Woodruff,

1983) and are highly mobile, behavioural adjustments may

create different spatial and temporal scales of exposure for

free-ranging crabs compared with those observed at fixed

stations within the estuary. By using the methodology

described here, we were able to record environmental con-

ditions (temperature, depth and salinity) to which individual

crabs were exposed in the field. Representative data col-

lected for one individual over an entire year are presented.

Methods

Adult male C. magister were trapped in the Sarita River

estuary, Barkley sound, British Columbia (49101.940N,

125118.340W) and transferred to the Bamfield Marine

Sciences Centre, where they were held in running seawater

(32� 1%; 12� 1 1C) for 1week before release. Crabs were

subsequently released in the main river channel of the Sarita

River estuary. The Sarita River estuary is located within

Numukamis Bay and consists of extensive tidal flats with

subtidal eelgrass Zostera marina beds at shallower depths. A

steep slope towards the seaward side (Fig. 1) extends to a

maximum depth of 120m. Deep water, narrow outlets to the

east and west, and a structured, large cobble substrate

(circles) likely served to limit emigration from the study

area. Crabs were released in July and August 2004, and from

July to December 2005.

Previous studies using DSTs to examine the movements

and habitat conditions of crustaceans have been restricted to

temperature and depth sensors. The DSTs used in this study

are unique in that they also incorporate a sensor to measure

conductance (salinity). These sensors have only recently

(2001) been miniaturized for such applications and have

not been widely used for smaller marine organisms (Walker

et al., 2004; Fukuwaka et al., 2005). The temperature, depth

and salinity that each crab experienced were recorded in real

time using archival DSTs (DST-CTD, Starr-Oddi, Iceland).

At a programmed sampling interval of 10min, the DSTs

were able to hold 300 days of data and had a 14-month

battery life. Tags weighed 12 g in water and measured

15� 46mm. Each tag was inserted into Tygons tubing

(Saint-Gobair Performance Plastics, Arkon, OH, USA) of

the same internal diameter as the external diameter of the
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Figure 1 The Sarita River estuary, Barkley Sound British Columbia

(49101.940N, 125118.340W). Circles represent areas of cobble sub-

strate. Grey area represents the influence of freshwater from the

Sarita River within Numukamis bay and the two arrows indicate the

location and direction of flow in the main channels of the estuary.

Letters indicate the 27 m (A), 5 m (B) and 2 m (C) depth fixed stations

where temperature, salinity and depth were recorded. Depth con-

tours are in metres below mean low low water.
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tag and secured inside the tubing with silicone sealant. This

allowed the tag to be easily removed upon capture,

and prevented the tag from being damaged. A printed

message on the tag could be easily read through the tubing,

informing captors of a $50 reward and providing return

instructions. Crabs were also fitted with coded ultrasonic

transmitters (CT-82-2E, Sonotronics Inc., Tucson, AZ,

USA) that emitted a unique signal for each crab and had a

battery life of 14months. This allowed individuals to be

identified and tracked using a directional hydrophone.

Ultrasonic transmitters weighed 9 g, measured 54� 16mm

and were inserted into tubing in the same manner as the

DSTs.

Data tags and transmitters were affixed to the dorsal side

of the carapace using A788 Splash Zone epoxy (Z-Spar Inc.,

Los Angeles, CA, USA). Large adult crabs that had recently

moulted (identified by shells that had not fully hardened and

few epibionts), were used in order to provide the longest

possible intermoult period (Wainwright & Armstrong,

1993). The area of the carapace where the epoxy was applied

was abraded to maximize adhesion. Moulding the epoxy

allowed the tags to be mounted at an upward angle of c. 451

immediately posterior to the apex of the carapace (Fig. 2).

This means of attachment prevented them from being fouled

by mud and sand when crabs buried in the substrate

(McGaw, 2005). Once the tags were mounted, crabs were

housed in flowing seawater for a period of 24 h, a sufficient

time for the epoxy to cure. The entire attachment including

both tags and the epoxy weighed o30 g in water and was c.

3–4% of the animal’s body mass.

Using a directional hydrophone and receiver (Sonotro-

nics DH-4 and USR-96), individual crabs could be located

from a small boat at distances up to 1.5 km and their

location determined to within 15m. This allowed crabs to

be recovered by focussed trapping efforts. Tagged crabs

were also returned by recreational fishermen. Notices adver-

tising the study were posted at local marinas to alert fisher-

men, and a $50 reward was offered as an incentive for the

return of intact data tags. Once tags were recovered, data

were retrieved from the DST using a communication box

and Seastar software (Starr-Oddi, Reykjavik, Iceland).

Processing of data sets (up to 40 000 readings) was

accomplished using spreadsheet macros for microclimate

data as described by Sinclair (2001). Low salinity exposure

was considered to be any exposure lasting 410min (one

sampling interval) at a salinity of o24% (75% SW). This

salinity was chosen because C. magister actively regulate

their hemolymph osmolality below this level (Engelhardt &

Dehnel, 1973) and exhibit an increase in heart rate (McGaw

& McMahon, 1996), which is indicative of a stressful

environment (McMahon, 1999).

Oceanographic conditions within the estuary were re-

corded at three fixed stations during June and October

2005 for a period encompassing a tidal series of spring and

neap tides. High discharge rates coupled with a large

amount of debris in the estuary prevented recordings during

the winter months. The stations were c. 300m apart at

depths of 27, 5 and 2m below mean low low water (MLLW)

and were arranged along a transect running east to west in

the main river channel (Fig. 1). Station A (27m depth) was

located at the mouth of the estuary where the bottom drops

away rapidly, station B (5m depth) was located within the

estuary and station C (2m depth) was located above station

B, further inside the estuary. DSTs were attached to fixed

anchors and temperature, salinity and depth were recorded

at 10-min intervals. Tags were elevated c. 10 cm above the

substrate, emulating the conditions that crabs would experi-

ence at this location.

Results

Estuary

Decreases in salinity within the Sarita River estuary

occurred at regular intervals and corresponded with low

tide (Fig. 3). The severity of low salinity within a tide series

was inversely proportional to tidal height and varied with

season. In June, station A was originally deployed at a depth

of c. 27m; however, shortly thereafter the anchor was

moved to a depth of about 12m below MLLW. This is

likely the result of an errant fisherman assuming that the

float was attached to a trap and not a brick; thus the

remainder of readings from the deep station for June were

taken at this depth. At the estuary mouth (station A),

temperature ranged from a minimum of 10.7 1C to a max-

imum of 18.6 1C, and salinity ranged from 30.1 to 19.4%
(Fig. 3a). At station B, temperature ranged between 18.4

and 11.5 1C, and salinity ranged from 31.3 to 20.9% (Fig. 3b).

Further into the estuary at station C, temperature ranged

18.7–12.7 1C, and salinity ranged 30.4–19.6% (Fig. 3c).

As the tide receded (depth decreased), the proportion of

warm, fresh water in the estuary increased resulting in a

decrease in salinity and a concomitant increase in tempera-

ture. The magnitude of individual temperature or salinity

events was not consistent across stations.

Ultrasonic transmitter Archival data tag

Figure 2 Photograph of an adult Cancer magister before its release,

fitted with an archival data storage tag and ultrasonic transmitter for

tracking. Both tags were held in place on the carapace with moulded

Z-spar epoxy.
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During the October tidal series, there were only slight

changes in temperature, ranging 12.4–9.8 1C; these showed

little correspondence to tidal height (Fig. 3d–f). The salinity

conditions at the mouth of the estuary (station A), remained

constant, ranging between 29.9 and 28.7% (Fig. 3d). The

changes in salinity further within the estuary at stations B

and C were more severe. At station B, salinity ranged

between 34.2 and 7.18% (Fig. 3e) and at station C, the

salinity ranged 30.4–1.7% (Fig. 3f). As with the June tidal

series, decreases in salinity were associated with low tides.

The most severe decreases in salinity corresponded to the

largest tidal fluxes.

Tagging

A total of 54 deployments were made, of which 27 tags were

recovered, giving a 50% return rate. Of the 27 returns, 70%

(19) were returned by recreational fishers in the area, and

30% (8) were recovered by focussing trapping efforts based

on tracking data. The length of tag deployment ranged

from 5 to 220 days, with a mean deployment time of

44.3� 14.8 days and a median deployment time of 16 days.

Few tags were recovered between January and April, likely

due to inclement weather, which restricted both recreational

fishing and directed trapping efforts.

For one individual, Crab A, nearly an entire year of data

was collected (Fig. 4a). This individual was first released on

08/30/05. After 90 days at large, the crab was recaptured on

11/29/05 by a recreational fisher. Data from the DST was

downloaded and the crab was allowed to recover in the

laboratory for 25 days, following which it was re-released in

the estuary. This deployment lasted 220 days, and the crab

was recaptured on 07/31/06.

Following its initial release directly into the main river

channel on 08/30/05, Crab A remained in the shallows of the

estuary for 2 days. During this time the crab was exposed to

salinity below 75% SW for a total of 40min, reaching levels

as low as 2.2% (Fig. 4b). These exposures corresponded

with increases in temperature to a maximum of 17.9 1C.

Thereafter, the crab retreated into deeper water for a period

of 28 days. During this time, the crab remained at depths

between 30 and 45m, with the exception of a few brief
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Figure 3 Salinity, temperature and depth recordings measured at 27, 5 and 2 m below mean low low water within the main channel of the Sarita

River estuary over a tidal cycle encompassing both spring and neap tides in June (a–c) and October (d–f), 2005.
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(o3 h) forays into water as shallow as 3m and salinity levels

remained above 75% SW. While in deeper water, there were

episodes (lasting up to 11 days) during which oscillations in

temperature and depth varied with tidal height.

Between 10/01/05 and 10/16/05 Crab A migrated into

shallow water (o24m) andmade a series of eight forays into

the littoral zone during nocturnal high tides, each lasting

between 6 and 18 h (Fig. 4c). These movements were

associated with an increase in temperature from 10.7 up to

13.7 1C and a corresponding decrease in salinity to a mini-

mum of 16.2%. On 10/16/05, the crab was exposed to

salinities ranging from 18.2 to 19.9% for a period of 13 h at

a depth of 17m. Following this exposure the crab retreated

to depth. Between 10/16/05 and recapture on 11/29/05, the

salinity ranges encountered by the crab were highly variable

and low salinity exposures of 10min to 6 h duration

occurred at depths of up to 45m. The temperature remained

relatively stable during this time.

Following capture and data upload, Crab A was re-

released into the main river channel on 12/23/05, where it

remained at depths between 1.5 and 6.6m for a period of

50 days (Fig. 4d). During this time, the crab was exposed to

frequent and severe bouts of low salinity. Exposures ranged

from 10min to 143 h, with a mean exposure time of

4.4� 2.5 h. The minimum recorded salinity during this

period was 5.2%. On 02/11/06 the pressure sensor on the

DST malfunctioned and no longer recorded accurate depth

measurements. From this point until 05/17/06, the crab

was not exposed to salinities below 75% SW. However, in

mid-April, the crab was exposed to decreased salinities

approaching 75% SW and a corresponding increase in

temperature for a period of 16 days. From mid-May until
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its capture in late July, the crab was exposed to short bouts

of low salinity below 75% SW along with corresponding

increases in temperature. Based on data from other crabs,

such exposure to low salinity and increased temperature is

indicative of movement into shallower water.

Another crab, Crab B, was also released on 08/30/05 into

the main river channel. In the 3 days following release, Crab

B was exposed to four episodes of low salinity with the most

severe reaching a minimum of 1.6% (Fig. 5a). Following this

initial low salinity exposure, the crab retreated to depths

420m and only made two brief forays into shallower water

during the next 25 days. Between 09/27/05 and 10/16/05,

Crab B made a number of forays into the shallows (o15m)

(Fig. 5b). The timing of this migration corresponded to that

observed for Crab A. Coincidentally, Crab B was also re-

captured on 11/29/05 by a recreational fisherman; but was

never subsequently captured following re-release.

Discussion

A number of articles detail the habitat preferences of

decapod crustaceans and the influence of low salinity

(Stevens & Armstrong, 1984; Stevens et al., 1984; Gunder-

son et al., 1990; Smith & Jamieson, 1991; Stone & O’Clair,

2001). However, only a few of these papers report the

microhabitat conditions that animals are experiencing in

the field (Freire & Gonzalez-Gurriaran, 1998; Gonzalez-

Gurriaran et al., 2002; Wolcott et al., 2003). The results of

the current study show that the conditions which free-

ranging crabs experience are different than those measured

at fixed locations within the estuary. For example, during

the fall (September–November) Crab A made a series of

eight forays into shallow water and these migrations corre-

sponded to nocturnal high tides. This pattern of estuary use

by adult C. magister also occurs in juveniles (Holsman,

McDonald & Armstrong, 2006). Such migrations would

provide the least amount of salinity stress due to the corres-

pondence between tidal height and salinity, while minimiz-

ing visual predation (Stevens et al., 1984; Gunderson et al.,

1990). While previous studies employing trawl sampling

during daytime low tides (Stevens & Armstrong, 1984;

Gunderson et al., 1990) have provided relative measures of

prevalence, these studies may not accurately represent the

degree to which adult crabs exploit shallow areas of the

estuary. Additionally, trawls do not account for the fre-

quency of individual forays into areas of low salinity. Data

presented here suggest that adult crabs migrate in and out of

littoral and shallow sublittoral zones with the tide, usually

only spending brief periods in low salinity. Patterns of

estuary use may therefore not be as clear as is indicated by

more infrequent techniques that sample over shorter periods

and it is essential that investigators show caution when

drawing conclusions about habitat preference without con-

sidering the influence of behaviour (Wolcott & Wolcott,

2001).

Methodology

Like many brachyurans, C. magister frequently buries itself

in the substrate when inactive (Bellwood, 2002; McGaw,

2005). Our preliminary experiments showed that tags

mounted parallel to the carapace were fouled with sediment

when crabs buried. This resulted in inaccurate salinity

measurements due to decreased conductivity across the

sensor (D. L. Curtis & I. J. McGaw, unpubl. data). Fouling

of the tag was manifested in the data as rapid and severe

decreases in salinity. This is easily overcome by comparing

the rate of change in the estuary (accounting for locomotory

ability) with that observed in the data. In order to reduce the

frequency of fouling by sediment when crabs buried, Z-spar

epoxy was used to mould the attachment and DSTs were

mounted at an upward angle of c. 451 relative to the
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carapace (Fig. 2). The use of a marine epoxy also allowed for

the least amount of emersion time for the animal while tags

were being affixed because the epoxy cured underwater.

Previous studies have used a variety of methods for attach-

ing tags to the carapace of decapod crustaceans, these

methods have included ‘fast drying’ epoxies (Smith &

Jamieson, 1991), wiring (Wolcott & Hines, 1990) and even

tape (Watson et al., 1999). The combination of Z-spar epoxy

and Tygons tubing used in this study was more effective

because it provided a permanent attachment that protected

the tags from damage while still allowing them to be easily

removed for data transfer.

Adult Dungeness crabs typically moult once per year

(Wainwright & Armstrong, 1993). To maximize the length

of deployment, recently moulted, adult crabs (4150mm

carapace width), bearing no epibionts were used. This

ensured the longest possible intermoult time (Wainwright

& Armstrong, 1993), and subsequently the longest possible

tag retention. In southern British Columbia and northern

Washington, large adult crabs usually moult between late

spring and early fall (Orensanz & Gallucci, 1988; D. L.

Curtis & I. J. McGaw, unpubl. data). This restriction on the

timing of deployments combined with high natural mortal-

ity rates likely contributed to the scarcity of recaptured

individuals during winter and spring (Smith & Jamieson,

1991). The low median deployment time is likely the result

of increased recreational fishing pressure during the summer

months. Delaying the release times may have alleviated this,

but would also reduce the potential time at large. In support

of this, the majority of returns were in the summer; however,

most of the longer deployments came from crabs that were

released in the late summer.

Ultrasonic signals could typically be detected at distances

41.5 km, and individual crabs could be located to within

15m under ideal conditions. Nevertheless, the distance at

which crabs could be located was restricted during inclement

weather, likely due to changes in the signal to noise ratio

caused by turbulence in the water (Baras & Lagardere,

1995). While the bathymetry of the site likely limited

emigration, it also made the recovery of tagged individuals

by SCUBA following death or ecdysis difficult. In a shal-

lower system where recovery by SCUBA is feasible, return

rates may be further increased.

Most studies involving the tagging of crustaceans

(mark–recapture and DSTs), have relied on intensive com-

mercial fisheries to bolster return rates. Despite this intense

effort, the average return rate for these studies is c. 23% (e.g.

see: Cronin, 1949; Smith & Jamieson, 1991; Fitz & Wiegert,

1992; Watson et al., 1999; Smith et al., 2001; Gonzalez-

Gurriaran et al., 2002; Bell et al., 2003; Turner et al., 2003;

Wolcott et al., 2003; Aguilar et al., 2005; Yamada et al.,

2005). Studies using DSTs to monitor the habitat prefer-

ences of decapod crustaceans are rare, likely due to the cost

associated with this technology and the low return rates of

other tagging studies (Cooke et al., 2004). DSTs and

transmitters have been used to measure the depth and

temperature experienced by Maja squinado as they make

seasonal migrations (Freire & Gonzalez-Gurriaran, 1998;

Gonzalez-Gurriaran et al., 2002). These studies garnered

high return rates (up to 68%), but also relied on an intense

commercial fishery for returns. The current study is unique

in that it incorporates a salinity sensor and a much finer

sampling interval to examine the conditions experienced by

crabs in a highly variable habitat. The use of ultrasonic

tracking to locate animals followed by concentrated trap-

ping efforts in the vicinity increased the returns, suggesting

that this is a viable means of tag recovery in the absence of a

commercial or recreational fishery. Combining a relatively

high reward for returned tags with our directed trapping

lead to a high return rate of 50%.

During the course of this study a few tagged crabs were

reported as being captured, but were never returned for

reward. The return rate would have been increased had we

acquired these tags. Of the tags returned, the data could not

be retrieved from two because the membrane on the front of

the tag had been punctured and the tag flooded with

seawater. The depth sensor on the tag which recorded the

data for Fig. 4 ceased to function and depth data are not

available for the latter portion of the deployment; however,

the temperature and conductivity sensors continued to

function. Only one tag showed evidence of biofouling (by a

small bryozoan), and this did not appear to affect the

performance of the sensors. While the cost associated with

this technology has been reduced in recent years, it is still an

impediment to the employment of DSTs on the scales of

other mark–recapture techniques. Technological advances

leading to the miniaturization of archival data tags have

opened up a new realm of investigation for large decapod

crustaceans. In the current study, the tags and attachment

were about 3–4% of the animal’s body weight; however, the

overall size and weight of the apparatus may prove cumber-

some for juveniles or smaller species. In light of this, depth

loggers weighing as little as 1 g in water are now available

(CEFAS G5 TDR, CEFAS Technology Ltd, Lowestoft,

UK), and there is no doubt that small tags such as this will

soon be available with greater sensory capabilities.

Representative data

The Sarita River estuary remained stratified in the summer

and fall (Fig. 3). As the tide receded, a lens of freshwater

travelled seaward towards the mouth of the estuary. The

severity of decreases in salinity was greater in October and

corresponded to increased rainfall. The data presented here

show that during these times the extent of low salinity was

restricted to depths shallower than about 27m below

MLLW. However, between the June and October sampling

periods, a portion of freshwater flow from the river switched

to another channel and flow through what was the main

channel was reduced. Therefore the extent of low salinity in

the estuary may be greater than the data suggest.

During the summer months, forays into warmer low

salinity water were infrequent (Fig. 4a). This is in accor-

dance with data from other crabs that were at large during

the same period in 2004 and 2005 (D. L. Curtis and I. J.

McGaw, in prep.). An increase in temperature (up to a
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maximum of 15 1C) leads to increased metabolic and growth

rates in juvenile C. magister (Gutermuth & Armstrong,

1989; Kondzela & Shirley, 1993). Above 15 1C, the increased

energy expenditure associated with respiration limits growth

and reduces survival (Kondzela & Shirley, 1993). Because

temperatures in the Sarita River estuary regularly exceeded

15 1C during the summer months (Fig. 3), this may have

accounted for the scarcity of forays into shallower water.

Alternatively, Stevens et al. (1984) have linked the preva-

lence of C. magister in estuaries with prey abundance. In the

laboratory, crabs are more likely to enter into physiologi-

cally challenging conditions when a food stimulus is present

(D. L. Curtis & I. J. McGaw, in prep.), suggesting that the

number of forays may be linked to relative food availability.

In support of this assumption, both Crab A and Crab B

made more frequent and prolonged migrations into shallow

water in early October (Figs 4b, 5a). These migrations

corresponded to the first instances of spawned out salmon

carcasses appearing in the Sarita River estuary which has an

annual run of c. 150 000 fish (S. Ochman, pers. comm.). It

has previously been suggested that C. magister may enter

into areas of low salinity to forage on salmon carcasses at

river mouths (Sugarman et al., 1983), and the data presented

here appear to substantiate this claim.

Following re-release in late December 2005, Crab A

remained in the shallows of the estuary for 50 days and was

exposed to salinities as low as 5.2%. In January 2006,

rainfall was more than double the average for that month

(www.climate.weatheroffice.ec.gc.ca), possibly contributing

to the severe salinity exposures. Cancer magister can remain

buried in the sediment for prolonged periods during the

winter months. However, the depth ranges experienced by

the crab did not mimic the tidal cycle indicating that the crab

was mobile rather than simply remaining buried in one

place. The crab may have remained in the shallows to forage

despite the severity of low salinity exposures (Sugarman

et al., 1983). In the laboratory, we have found that

C. magister feeds less frequently in low salinity; however, as

the time since their last meal increases, crabs are more likely

to enter into low salinity and feed (Curtis & McGaw, 2005).

This contradicts previous reports that adult C. magister

retreat into more stenohaline areas during times of high

run-off (Stevens & Armstrong, 1984; Stone & O’Clair,

2002). Coho salmon finish spawning in late December in

the Sarita River (S. Ochman, pers. comm.) and with the

increased runoff, a large amount of detritus and potential

prey items were washed downstream into the estuary (I. J.

McGaw, unpubl. data). This again supports the idea that

migrations into the estuary are influenced by an increase in

food availability (Stevens et al., 1984).

Despite forays into the estuary throughout the year, adult

C. magister appear to spend the majority of their time at

depth where temperature and salinity conditions are more

stable. While the lower temperatures at depth may reduce

metabolic rate and subsequently growth, it has been sug-

gested that adult crabs are better physiologically adapted to

low temperatures (Gutermuth & Armstrong, 1989). There-

fore unless there is a gain, such as increased prey availability

in the estuary, it would be beneficial for crabs to remain in

stable conditions rather than venturing into more ephemeral

areas where they will be challenged by higher temperatures

or low salinity.

On several occasions, crabs were subjected to particularly

severe low salinity conditions that exceeded their physiolo-

gical tolerance (Cleaver, 1949). Following these exposures

crabs retreated to deeper water. Jury et al. (1995) reported

similar movements for lobsters in response to a freshet

following a hurricane. Similar preference behaviours are

observed in the laboratory; C. magister can detect haloclines

and avoid low salinity conditions (D. L. Curtis & I. J.

McGaw, in prep.). However, one must be careful about

inferring movements in the field solely based upon labora-

tory experiments. In the laboratory, sharp gradients existed

over small spatial scales; in the field where salinity gradients

occur on larger scales such directional orientations may not

be possible (Bell et al., 2003). Nevertheless, the results

presented here suggest that within the Sarita River estuary,

crabs are able to orientate to, and avoid low salinity

conditions.

This study has demonstrated a methodology for combin-

ing miniaturized multi-sensor DSTs, with ultrasonic trans-

mitters for tracking. This work improves upon previous

studies (Freire & Gonzalez-Gurriaran, 1998; Gonzalez-

Gurriaran et al., 2002), by examining highly variable habitat

conditions at a fine sampling scale in the absence of an

intense commercial fishery. DSTs provides a viable alter-

native to well-developed telemetric methods that have suc-

cessfully been used to monitor the habitat conditions,

physiological and behavioural variables of crabs in estuaries

(Hines, 2007). To continuously monitor habitat conditions

experienced by crabs using telemetry on estuary wide spatial

scales, crabs must be continuously monitored (Wolcott,

1995). If manual monitoring is used, only few animals can

be at large at once and the duration of deployment is limited

by the persistence of the investigator and available boat

time. Conversely, to record data from a larger number of

individuals or for longer durations, complex hydrophone

arrays must by employed (Giacalone et al., 2006). Tele-

metric tags are limited in the amount of data that they can

transmit (Wolcott, 1995), and the ability to detect the signal

may be limited in complex habitats (Giacalone et al., 2006).

DSTs, however, are not without faults and the key-limiting

factor is the need to recover the tags in order to retrieve the

data. This can be overcome by combining telemetric track-

ing tags with DSTs to improve return rates. Another major

limiting factor is the high cost. While telemetric tags fabri-

cated in the laboratory are inexpensive, the hydrophone

arrays necessary to carry out a study of similar scale using

telemetry are costly.

Despite the relatively high cost of DSTs, the high recap-

ture rates attained in this study make this technique a viable

and exciting option for monitoring previously unknown

physiological and behavioural variables in the field. While

the recordings presented here are among the longest in this

study, they are representative of the potential data that can

be collected using this methodology. The number of annual
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records for individual crabs may be increased in future

studies by a more intensive tracking and trapping pro-

gramme, and by altering the timing of releases. Addition-

ally, recapture rates may be further increased by using

underwater receivers carried by divers and also by attaching

small magnets to the carapace so that the DSTs attached to

crabs that moult in deep water may be retrieved from the

surface. Methods for integrating and analysing the data

produced by DSTs are constantly improving and it seems

that the only limitation on variables that can be recorded is

the ability of an animal to carry the sensors. Recent studies

using DSTs on whale sharks have employed fast Fourier

transform techniques to examine the periodicity of diving

behaviour and its relationship with diel and tidal rhythms

(Graham et al., 2006; Shepard et al., 2006). Use of these

techniques to examine the relationship between depth and

salinity/temperature exposures may be helpful in determin-

ing the extent to which crabs are actively or passively

exposed to challenging conditions. The potential for determin-

ing correlative relationships between biotic and abiotic factors

is unlimited. Monitoring the conditions experienced by crabs

living in estuaries allows for the use of ecologically relevant

parameters for behavioural and physiological experiments, as

well as providing data that will be valuable in modelling the

energetics and distribution of adult C. magister living in

estuaries.
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