
ISRAEL JOURNAL OF ECOLOGY & EVOLUTION, Vol. 53, 2007, pp. ???–???

Behavioral indicators in marine conservation: 
lessons from a pristine seagrass ecosystem

Michael R. heithaus,a,*,† aaRon J. WiRsing,a,† aleJandRo FRid,b 
and laWRence M. dillc

aDepartment of Biological Sciences, Florida International University, 3000 NE 151st, 
North Miami, Florida 33181, USA

bDepartment of Biology, Dalhousie University, Halifax, Nova Scotia B3H 4J1, Canada
cDepartment of Biological Sciences, Simon Fraser University, 8888 University Dr., 

Burnaby, British Columbia V5A 1S6, Canada

AbSTRACT

In light of ongoing changes to marine ecosystems, there is a need for behav-
ioral indicators that can identify critical habitats and assess anthropogenic im-
pacts. Although the application of behavior to conservation has yielded mixed 
results, habitat selection behavior has promise as such an indicator. Terrestrial 
studies and a decade of work in Shark bay’s pristine seagrass ecosystem 
show that habitat selection theory based on the ideal free distribution can be 
used to assess critical habitats based on food and safety and signal impacts of 
anthropogenic disturbance. One lesson from our studies of dugongs (Dugong 
dugon) and other species at risk from tiger sharks (Galeocerdo cuvier) is that 
physical attributes of habitats may influence the effects of predators, and, by 
extension, human disturbance. These species generally prefer seagrass bank 
edges, which facilitate escape from sharks, even though shark density is lower 
over interior portions of the banks. Thus, habitat selection indicates that a 
bank’s quality is determined largely by its proportion of edge microhabitat 
rather than its size, and that the presence of predators in neighboring habitats 
can influence prey space-use decisions where predators are scarce or absent. 
by extension, efforts to curb the effects of human disturbance, which can 
mimic those of predation risk, may be unsuccessful if protected areas border 
those subject to continued disturbance. Future marine studies should assess 
habitat selection in more disturbed habitats and across a range of physical 
settings to better elucidate the conservation benefits of using habitat selection 
as a behavioral indicator.

INTROdUCTION

Marine habitats have been, and continue to be, degraded by human activities (Jackson et 
al., 2001; Lotze et al., 2006; Orth et al., 2006; Halpern et al., 2007; Myers et al., 2007). 
Marine conservation, however, lags behind that for terrestrial and freshwater systems in 
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part because of logistical obstacles, the high mobility of many marine species, and a lack 
of funding (Reynolds and Jennings, 2000; Norse and Crowder, 2005). Thus far, marine 
conservation has focused primarily on the most obvious threats like pollution, habitat 
modification and destruction, and overfishing. In general, the importance of understand-
ing behavior and the possibility that the behavior of marine organisms might inform 
conservation decisions have been largely overlooked (but see Reynolds and Jennings, 
2000; dill et al., 2003; Parrish, 2005).

In spite of some controversy (Caro, 2007), the use of behavioral indicators to inform 
conservation and management decisions for terrestrial systems has begun to gain accep-
tance (buchholz, 2007). Some types of behavior may signal the level of threat to species 
of concern (Caro, 2005) and help identify important habitats at the appropriate spatial 
scale for their conservation (e.g., Gill and Sutherland, 1996; Sutherland, 1998; Morris 
2003a). For example, African mammals that are hunted are more wary than those that 
are not. Thus, wariness (e.g., vigilance) might indicate hunting or poaching levels that 
have been otherwise undocumented (Caro, 2005). Habitat selection behavior also is of 
great interest for conservation programs (e.g., Morris, 2003a), both because it influences 
multi-species interactions and because it can be used to identify distinct habitats and 
their functional effect on fitness from the perspective of the organism (Knight and Mor-
ris, 1996; Morris, 2003b). If management strategies lump together habitats that animals 
view as distinct, erroneous assumptions about the processes that influence population 
and community dynamics likely will follow. Thus, habitat selection patterns and habitat 
shifts in response to environmental variation could reliably indicate the number and 
types of habitats in a landscape (Knight and Morris, 1996; Morris, 2003a).

Habitat selection behavior is likely to be a useful indicator for conservation efforts 
in marine systems for two primary reasons. First, coastal habitats are undergoing rapid 
destruction and modification (e.g., Orth et al., 2006). Thus, it is important to determine 
the quality of different habitats from the perspective of marine species in order to predict 
the outcomes of anthropogenic changes and to reverse the process of degradation. Sec-
ond, ecotourism (e.g., vessel-based tourism, recreational diving) is increasingly “sold” 
as a non-consumptive commodity that might encourage the conservation of marine 
habitats and species. Human disturbance, however, is analogous to predation risk in 
that it can cause habitat shifts and other behavioral responses that compromise access 
to food, mates, or other resources that influence fitness (Frid and Dill, 2002; Gilroy 
and Sutherland, 2007). Thus, in spite of good intentions for non-consumptive use of 
natural resources, ecotourism could harm the very marine species it intends to protect 
(e.g., bejder et al., 2006; Williams et al., 2006), and habitat selection behavior could 
be a metric for these effects. For example, bejder et al. (2006) monitored bottlenose 
dolphin (Tursiops aduncus) habitat use within an area disturbed by boats and an adja-
cent, less disturbed area during a period of increasing vessel-based ecotourism. dolphin 
abundance decreased 15% inside the disturbed area but did not change in the control 
area. Individuals shifting from the disturbed site into less preferred and unfamiliar areas 
likely experienced reduced energy acquisition rates and an increased risk of predation 
(Lusseau, 2004).
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Since 1997, we have been studying the relatively pristine seagrass ecosystem of 
Shark bay, Western Australia, as a model system for understanding the importance of 
behavioral decisions in structuring marine community dynamics. Much of our work to 
date has focused on the habitat selection behavior of several large vertebrates in response 
to spatial variation in food resources and temporal and spatial variation in risk from the 
top predator in the system, the tiger shark (Galeocerdo cuvier). Although conservation 
issues in Shark bay are relatively minor at this time, our studies have implications for its 
continued protection and the conservation of other, more heavily impacted, systems. 

In the remainder of this paper, we first review some of the theory that might help 
us define habitat quality. Next, we synthesize our ten years of research in Shark Bay in 
the context of developing behavioral indicators for habitat quality that may be of use to 
conservation and management. Our primary goals are to show (1) that habitat selection 
analyses analogous to those applied in terrestrial systems can be developed in marine 
environments and then applied to identify critical habitats and (2) that responses of large 
marine vertebrates to predation risk conform to theoretical predictions from behavioral 
ecological theory and, as a result, general principles can be used to generate testable 
predictions about the likely responses of marine taxa to human disturbance.

bEHAVIORAL INdICATORS OF HAbITAT qUALITY

One of the most important tasks facing marine conservation biologists is to identify 
critical habitats for species of concern so that these habitats can be protected. While 
protecting food resources or breeding habitats has been the focus of conservation in 
marine habitats, most species are also at risk of predation. Thus, effective designation 
of critical habitats will often require that measures of resource availability be integrated 
with information on habitat safety.

An ever-growing literature indicates that the overall impact of predators, directly on 
their prey and indirectly on communities, operates through both consumptive (lethal) 
and non-consumptive (non-lethal) mechanisms. Interestingly, non-lethal impacts of 
predators, through changes in activity levels or shifts in habitat use by their prey, may 
be of equal or greater magnitude than lethal effects on prey populations and communi-
ties (e.g., Schmitz et al., 2000; Peacor and Werner, 2001; Preisser et al., 2005; Griffin 
and Thaler, 2006; Trussel et al., 2006). These non-lethal effects are not even across a 
landscape and cause animals to evaluate the value of a particular habitat based on profit-
ability (e.g., food availability) and safety from predators (“landscape of fear”, Laundré 
et al., 2001; Wirsing et al., in press).

The greatest difficulty in using habitat selection under risk of predation as a behav-
ioral indicator in marine systems is developing useful metrics. Habitat quality in ter-
restrial systems, which can be used to identify habitats that are most desirable from the 
perspective of both food and safety, can be measured using giving up densities (GUd; 
e.g., brown and Kotler, 2004). The GUd approach is based on the premise that as the 
harvesting rate of resources declines, owing to depletion, foragers will cease foraging 
and seek other resources or a refuge at a higher remaining density of resources in danger-
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ous habitats rather than safe ones. In other words, foragers require greater “hazardous 
duty pay” when foraging in dangerous habitats. This framework works well for studies 
of rodents (e.g., Yunger et al., 2002; Kotler et al., 2004) and herbivores (e.g., Altendorf 
et al., 2001; Hochman and Kotler, 2007), and can aid in creating a view of the landscape 
that integrates the distribution of resources and the perceived safety of habitats. How-
ever, the GUd framework is much harder to apply to species foraging on mobile prey, 
as many marine species of conservation concern do, or those that feed in large expanses 
of seagrass that are not depleted (harvesting rates do not decline), such as sirenians and 
sea turtles. Thus, a different theoretical framework is needed for the majority of marine 
settings.

Ideal free distribution (IFd) theory (Fretwell and Lucas, 1969) represents one such 
alternative framework. The IFd theory predicts that individuals will be distributed 
across habitats such that, at equilibrium, individual fitness is equal in all habitats. In a 
pure foraging context, this would suggest that the proportion of individuals in a habitat 
would be equal to the proportion of food available in that habitat. There are many rea-
sons to expect deviations from IFd, including imperfect knowledge of resource distribu-
tion, unequal competition among individuals, and predation risk (see Tregenza, 1995). 
Nonetheless, measurement of deviations from the null expectations of IFd is a means to 
assess habitat quality and detect responses to changes in the environment (van baalen 
and Sabelis, 1993). Importantly, the IFd theory predicts that spatial shifts in food avail-
ability will result in habitat shifts. Thus, its application requires that densities of animals 
in habitats of interest be corrected for food supply across habitats.

Similar information can be gained using habitat isodars, which are graphs of the 
density of individuals in one habitat versus that in another when expected fitness is 
equivalent in both (e.g., Morris, 2003a). The calculation of isodars, however, requires 
simultaneous assessment of animal densities in adjacent patches across a range of over-
all population densities, which is logistically difficult for many marine species. 

THE SHARK bAY STUdIES

While top-down effects, including non-lethal ones, have been widely accepted in ter-
restrial systems and even considered in a conservation framework (e.g., Ripple et al., 
2001; Ripple and beschta, 2003), they have been almost completely ignored in the 
marine realm (Wirsing et al., in press). Our studies in Shark bay suggest, however, that 
non-lethal effects of tiger sharks on their prey are likely substantial and that the theo-
retical framework of the ecology of fear is applicable across taxa and systems. In other 
words, we have been able to use the framework of “seascapes of fear” to make general 
predictions about the dynamics of the Shark bay system, integrating measures of habitat 
profitability (resources) and safety from predators (Wirsing et al., in press).

Shark bay is a large (13,000 km2) semi-enclosed bay along the central coast of Western 
Australia (25°45′S, 113°44′E) that is divided into Eastern and Western Gulfs by barrier 
islands and peninsulas (see Heithaus, 2001). Seagrasses cover approximately 4000 km2 

of the bay. due to its remote nature and designation as a Marine Park and World Heritage 
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Area in 1991, Shark Bay is subject to very low fishing pressure (Heithaus, 2001) and is 
probably one of the world’s most pristine remaining seagrass ecosystems.

The community of large vertebrates in Shark bay is diverse and composed of large 
populations that probably have not been reduced by human activities (e.g., Preen et 
al., 1997; Gales et al., 2004; Heithaus et al., 2005). The bay’s two large-bodied graz-
ers, green sea turtles (Chelonia mydas) and dugongs, are subject to few anthropogenic 
impacts but are at risk of predation from a large population of tiger sharks (Heithaus, 
2001). The tiger shark population of Shark bay is not at risk from harvest along much of 
the Western Australian coast, and tiger shark catch rates in Shark bay are substantially 
higher than in other areas of the world where tiger shark populations have been sampled 
systematically (compare Heithaus, 2001, and Wirsing et al., 2006, with Heithaus et al., 
2007a; Papastamatiou et al., 2006).

Our ca.150 km2 study area in the Eastern Gulf is patchy, with multiple shallow banks 
(<4.5 m depth), largely covered by seagrass, and surrounding deeper waters (generally 
6–12 m depth) with primarily sandy bottoms. Shallow banks can be divided into interior 
(<2.5 m depth and >75 m from water >4.5 m depth) and edge (waters <2.5 m depth 
within 75 m of water >4.5 m depth, and waters 2.5–4.5 m depth) microhabitats, while 
deep habitats can be subdivided into open water microhabitats, with relatively low cur-
rent velocities, and channel microhabitats with swift currents. We have assessed habitat 
selection by focal species that are prey to tiger sharks by conducting more than 2,500 
passes through transects that are replicated across all major microhabitats (see Heithaus 
and dill, 2002, 2006; Wirsing et al., 2007a,b).

There is considerable temporal variation in the abundance of tiger sharks in the study 
area, with relatively rapid transitions between seasons with high shark catch rates and 
very low shark catch rates (Heithaus, 2001; Wirsing et al., 2006). Shark abundance is 
consistently high from September–May, but sharks may either be present in substantial 
numbers, or largely absent, from June–August, depending on the year (Heithaus, 2001; 
Wirsing et al., 2006). Therefore, we are able to analyze patterns of habitat and micro-
habitat use by potential prey species relative to shark abundance in either a continuous 
or discrete (“present” or “absent”) manner without the confound of seasonal variation 
in other factors, such as temperature (see Heithaus and dill, 2002, 2006; Wirsing et 
al., 2007a). by studying multiple species simultaneously, we have endeavored to (1) 
determine the ecological role of tiger sharks as apex predators and (2) understand the 
factors influencing habitat and microhabitat use by each species that is at risk from tiger 
sharks.

We have used an IFd framework in Shark bay to determine how temporal variation 
in predation risk influences habitat use by tiger shark prey species. For both grazers 
(dugong) and piscivores (dolphins, Tursiops aduncus; pied cormorants, Phalacrocorax 
varius), we have assumed that individuals should be spread across habitats and micro-
habiats proportional to the distribution of their food. Thus, we can calculate the relative 
density of individuals in a habitat as the density of animals in the habitat divided by the 
proportion of food available there. Under an IFd, relative densities in each habitat or mi-
crohabitat should be the same as long as fitness declines with increasing consumer den-
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sity. We can then calculate the “hazardous duty pay” required to use dangerous habitats, 
and identify relatively safe and relatively dangerous habitats through deviations from 
relative densities observed when sharks are not present. Relative densities will be higher 
in safer habitats because individuals will sacrifice foraging opportunities for safety, and 
they will be lower in dangerous habitats where hazardous duty pay is required. 

Our studies in Shark bay illustrate the utility of this approach. during periods of low 
shark density, dolphins, dugongs, and cormorants are found at similar relative densities 
in deep and shallow habitats. However, as shark abundance increases, all three of these 
species reduce their use of dangerous shallow habitats and are found in much higher 
relative densities in deep habitats (Heithaus and dill, 2002; Heithaus, 2005; Wirsing et 
al., 2007b). At smaller spatial scales we have found that, counterintuitively, dolphins 
(Heithaus and dill, 2006) and dugongs (Wirsing et al., 2007a) shift from using edge 
and interior microhabitats equally when sharks are absent to using edge microhabitats 
more often than interior ones despite higher tiger shark abundance in this microhabitat 
(Heithaus et al., 2006). This edge effect makes sense when the subcomponents of risk are 
considered. Edge microhabitats provide a greater probability of escape (to deep water) 
for dugongs and dolphins, which makes up for the greater encounter rate with predators 
(Heithaus and dill, 2006; Wirsing et al., 2007a). Importantly, it is not confounded by 
microhabitat differences in food quantity and quality because fish and seagrass biomass 
do not vary across microhabitats, and seagrass quality is actually reduced along seagrass 
meadow edges (Heithaus and dill, 2006; Wirsing et al., 2007a). Not all microhabitat 
variation appears to be important, however. For example, we have observed similar 
use of deep channels and open expanses of deep habitat relative to food supply by tiger 
sharks (Heithaus et al., 2006), dugongs (Wirsing et al., unpublished data), and dolphins 
(Heithaus and dill, 2006).

do small-scale shifts from interior to edge microhabitats result in strong broad-scale 
selection for seagrass patches with lots of edge when sharks are abundant? Though re-
sults from other species are pending, a new analysis involving dugongs suggests that the 
answer is yes. We compared the density of dugongs (individuals per km2) in four shallow 
seagrass patches (Fig. 1) during periods when tiger sharks were abundant (warm season, 
Sep–May in all years), present at low densities (three cold seasons, Jun–Aug), and large-
ly absent (two cold seasons) (Heithaus, 2001; Wirsing et al., 2006; see Wirsing et al., 
2007b, for transect methods) over 6 years (1997–1999, 2002–2004). We documented no 
selection for edge when sharks were absent or present in small numbers, and significant 
selection for patches offering the greatest proportion of edge microhabitat when sharks 
were prevalent (i.e., a significant edge*shark abundance interaction, Table 1, Fig. 2a; 
see Wirsing et al., 2007b, for transect methods). This pattern persisted after accounting 
for differences in food availability (seagrass biomass) among the 4 patches and annual 
variability in dugong numbers (Table 1). No such relationship was observed between 
seagrass patch area and dugong density; rather, because there was no relationship be-
tween bank area and the proportion of the bank that was edge habitat dugongs selected 
for the smallest and second largest patches when sharks were most abundant (i.e., the 
interaction between area and shark abundance was non-significant, Table 1, Fig. 2b).
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Fig. 1. Long-term studies have been conducted in Shark bay, Western Australia, (a), offshore of 
Monkey Mia (dashed box, b). Survey zones (i.e., 400 m sighting belts; n = 14) are stratified across 
shallow and deep habitats throughout the 160 km2 study area, (c; Monkey Mia denoted with a 
white asterisk at bottom). The four black lines indicate transect lines on banks used in analysis of 
dugong use of edges. Moving from east to west, the composition of these zones is 11.2%, 49.6%, 
42.7%, and 13.8% edge.
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Table 1
General linear model of the influence of patch area (km2), proportion of edge, food availability 
(seagrass biomass), tiger shark abundance (high, low, absent), year (1997–1999, 2002–2004), the 
interaction between area and shark abundance, and the interaction between edge and shark abun-
dance on dugong density (no. per km2) over four shallow seagrass patches in Shark bay, Western 

Australia. Significant relationships (P = 0.05) are highlighted in boldface
Term β t-ratio P
Area –0.0059 –0.62 0.535
Edge 0.0004 1.80 0.072
Food <0.0001 0.27 0.789
Shark abundance — — —

Absent –0.0276 –5.40 < 0.001
Low 0.0031 0.74 0.460
High 0.0244 7.21 <0.001

Year 11.4602 5.38 < 0.001
Area*Shark abundance (Absent) 0.0120 0.77 0.441
Area*Shark abundance (Low) –0.0020 –0.16 0.873
Area*Shark abundance (High) –0.0090 –0.86 0.391
Edge*Shark abundance (Absent) –0.0003 –1.06 0.289
Edge*Shark abundance (Low) –0.0002 –0.83 0.410
Edge*Shark abundance (High) 0.0005 2.41 0.016

WHAT dO THE SHARK bAY STUdIES CONTRIbUTE TO CONSERVATION?

Collectively, the Shark bay studies suggest that space use by marine vertebrates can be 
influenced not only by food availability in a patch and the overall density and distribu-
tion of predators but also by the configuration of the seascape and the structure of its 
constituent patches (i.e., patch layout and shape, microhabitat variation within each 
patch). There appears to be broader generality to this result; studies of rodents suggest 
that patch structure influences consumer behavior in terrestrial systems as well (Moent-
ing and Morris, 2006; Ewers and didham, 2007). For example, Moenting and Morris 
(2006) found that foraging patterns of meadow voles (Microtus pennsylvanicus) corre-
lated with the amount of edge (circumference) rather than with the area characterizing 
artificially created patches in an abandoned hayfield. This result contradicted the widely 
held notion that relatively large patches in fragmented terrestrial environments should 
be protected because they are of the highest quality to consumers. by inference, then, 
efforts to designate critical habitat for vertebrates in coastal marine systems like Shark 
Bay will benefit from the consideration of each of these habitat characteristics, and 
those failing to do so may furnish incomplete or incorrect protective guidelines. based 
upon our work, for example, critical habitat for dugongs in Shark bay should include 
a matrix of deep channels and shallow seagrass patches with ample edge microhabitat, 
thereby allowing individual foragers to balance nutritional and anti-predator demands. 
In contrast, efforts to protect only large patches containing the most seagrass, which 
might derive from the prevailing notion that marine grazer population sizes are set by 
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the gross biomass of seagrass available in a system (Jackson, 2001; Moran and bjorndal, 
2005), could easily leave dugongs with the choice between foraging under high risk of 
mortality or abandoning much of their food supply during periods when sharks abound. 
For a long-lived species with an interest in avoiding an early death and the need to ingest 
large quantities of low-quality food each day, both options would be costly. 

Another lesson from our studies in Shark bay is that fear of predators (a non-lethal 
mechanism) is important in determining spatial distributions of many species and prob-
ably community dynamics (e.g., Heithaus et al., 2007b; Wirsing et al., 2007a,b). by 
extension, our work suggests that human disturbance that is perceived as predation 
risk (see Frid and dill, 2002, for reviews) could dramatically alter the suitability of 

Fig. 2. dugong density (no. per km2) in 4 seagrass patches in relation to microhabitat structure (% 
edge coverage, (a), and total patch area (km2), (b). Light gray bars represent use during the warm 
season (May–Sep), when tiger sharks were abundant; dark gray bars represent use during three 
cold seasons (Jun–Aug of 1999, 2003, and 2004) when sharks were present in low numbers; and 
black bars represent use during two cold seasons when sharks were essentially absent from the 
study area (1997 and 1998). data were collected in Shark bay, Western Australia. Years (1997–
1999, 2002–2004) were pooled for the purposes of this figure because the effect of edge persisted 
after accounting for annual variability in dugong numbers. All density estimates are accompanied 
by 95% confidence intervals. 
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microhabitats and the total area of high-quality habitat. For example, if we consider a 
hypothetical location where habitat selection decisions by large marine vertebrates are 
similar to those of grazers in Shark bay and no predators and no disturbance are present 
(similar to Shark bay when sharks are absent), shallow banks should be fully available 
and exploited. However, if disturbance were added, then large portions of the banks 
would go unused and the resources that were previously used would be reduced in avail-
ability. Theory predicts that if populations are limited to some extent by access to re-
sources, such habitat shifts should lead to population declines (e.g., Walters and Juanes, 
1993). Thus, managers should monitor habitat use relative to resources or animal densi-
ties across habitats prior to the onset of ecotourism or disturbances and use changes in 
habitat use as an indicator of possible negative impacts of disturbance. However, caution 
must be used in interpreting habitat use data when no overt changes in distribution are 
noted following the onset of disturbance. Individual animals with poor energetic state 
or body condition are less able to invest in anti-predator behavior or respond to human 
disturbance (Clark, 1994). Also, for habitat shifts to occur, disturbed animals must have 
somewhere adequate to escape to; otherwise lack of alternative habitats might preclude 
the option to abandon a site in response to disturbance or other perceived risks (Gill et 
al., 2001). Thus, in the absence of habitat shifts, it is nevertheless plausible that negative 
impacts of humans could manifest through reductions in body condition that could in 
turn lead to higher rates of starvation or predation (Anholt and Werner, 1995). In conclu-
sion, habitat shifts can be a “red flag” for negative effects of human disturbance, but lack 
of such behavior should not be assumed to indicate a lack of effect without an analysis 
of individual condition and identification of alternative habitats.

A devil’s advocate might argue that a priori analyses of habitat use are unnecessary 
for conservation because, as long as disturbance is minimized in important foraging 
areas, impacts on target species should be minimal. This view overlooks the possibility 
that, like predators, sources of anthropogenic disturbance might elicit prey responses re-
motely (i.e., from neighboring, unprotected areas). Our work in Shark bay suggests that 
remote effects of predators may be common when certain habitats are perceived by prey 
to be intrinsically dangerous. For example, when present, tiger sharks elicit avoidance of 
risky interior portions of seagrass meadows by dugongs and green turtles (Wirsing et al.. 
2007a; Heithaus et al., 2007b) even though they spend most of their time hunting along 
seagrass meadow edges. Studies of sirenians (manatees, Trichechus manatus, Nowacek 
et al., 2004; dugongs, A. Wirsing, unpublished data) suggest that boat disturbance can 
produce a similar effect. Specifically, these sirenians flee to deep water when disturbed, 
even when boats approach from deep habitats, suggesting that productive shallow feed-
ing areas are perceived as intrinsically dangerous. Consequently, the restriction of boat 
disturbance to deep waters, where forage is less abundant, might nevertheless result in 
reduced use of critical foraging habitat in shallow waters and, ultimately, diminished 
population sizes (e.g., Walters and Juanes, 1993; Nelson et al., 2004). The lesson for 
marine conservation is that no-entry areas designed to reduce disturbance of critical 
habitats may not achieve desired results if these no-entry areas are perceived as intrinsi-
cally dangerous and commingle with areas where disturbance persists, meaning that a 
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priori efforts to monitor habitat selection and identify habitats perceived by prey to be 
risky are crucial.

OTHER POTENTIAL bEHAVIORAL INdICATORS IN MARINE SETTINGS

While using habitat selection as a behavioral indicator for conservation would be useful 
in many coastal and some offshore habitats, it is more difficult to apply this framework 
to pelagic habitats where resources are less predictable and matches between predators 
and prey often do not occur at small spatial scales (e.g., Fauchald et al., 2000; Guinet 
et al., 2001). In such habitats, behavioral indicators based on the IFd or isodar analysis 
often may be impractical, except perhaps at large spatial scales that would be of little use 
for management (but see Gillis et al., 1993 and blanchard et al., 2005, for applications 
of the IFD to fisheries). Thus, other behavioral indicators are needed to determine criti-
cal habitats or to identify changes in prey characteristics that should be of conservation 
concern.

Until recently, studies of large-bodied pelagic species (e.g., marine mammals, sea 
turtles, sea birds, sharks) have relied on ship-based surveys or catches on longlines to 
assess distribution patterns. However, the advent of satellite telemetry has allowed the 
collection of relatively fine-scale data on individual movements of individuals. Using 
these movement data, it is possible to determine areas where animals spend longer 
periods of time (i.e., move slower, “first-passage times”) or make more turns (“area 
restricted searches”), which has been assumed to indicate foraging in areas of high food 
availability (e.g., bailey and Thompson, 2006; Pinaud and Weimerskirch, 2007). Thus, 
changes in patch residence time and travel time between patches might serve as a behav-
ioral indicator of changes in prey characteristics in pelagic systems and highlight areas 
of concern for managers. However, the possible use of such indicators requires further 
assessment, and in general foraging behavior must be used cautiously as an indicator 
of habitat quality (Parrish, 2005). For example, area-restricted searches identified by 
telemetry studies may not correlate well with prey capture rates (Robinson et al., 2007). 
Furthermore, current studies assume no effects of predators on movement patterns of 
large-bodied species, which may not be the case (see Wirsing et al., 2007c). Our work 
in Shark bay suggests that if prey availability and risk covary positively, areas of great-
est search effort do not necessarily reflect the areas of highest food availability because 
habitat quality is not determined by food availability alone.

SUMMARY

One of the arguments leveled against the utility of behavior in guiding conservation 
practices is that behavioral biologists have contributed relatively little to real-world 
conservation efforts because, instead of conducting case-by-case studies, they make 
relatively hypothetical suggestions (Caro, 2007). While this may be true for some as-
pects of behavioral ecology, where decisions may vary substantially within and among 
species, such is not the case for habitat selection in the context of trade-offs between 
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food and predation risk. Indeed, one striking feature of the behavior of species under 
risk of tiger shark predation in Shark bay is the similarity between the decision rules 
by which they are governed and those for vastly different taxa, including grasshoppers 
threatened by spiders (e.g., Schmitz, 2006) and elk threatened by wolves (e.g., Ripple 
and beschta, 2005). Thus, behavioral ecology can provide a strong, unifying framework 
for identifying critical habitats and signaling anthropogenic changes to the environment. 
Most importantly, as highlighted a decade ago by Sutherland (1998), habitat selection 
theory can be used to generate reliable predictions about how environmental changes or 
anthropogenic disturbance will affect species in novel environments and before poten-
tially deleterious activities are undertaken. For example, predictions of desirable com-
munity-level responses to the reintroduction of wolves to Yellowstone National Park, 
USA that were based on habitat selection theory have recently been validated (Ripple 
and beschta, 2007). Marine conservation efforts will be enhanced by making similar use 
of this body of theory both to furnish indicators of anthropogenic effects and to predict 
the consequences of human activities.
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