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ABSTRACT: The young (neonates, young-of-the-year and juveniles) of many shark species
occupy a diverse range of habitats and areas. However, the contribution of individual nurseries or
habitats to an adult population is difficult to quantify. In addition, little attention has been paid to
the potential importance of ‘non-nursery’' young shark habitats to the long-term sustainability of
shark populations. Portfolio theory predicts that contributions from a diverse range of young shark
habitats may reduce variability in the overall production of adults, and maintain population
resilience. This review examines case studies of portfolio effects in teleost fish and evaluates the
relevance and potential implications of these processes for shark populations. Environmental het-
erogeneity in young shark habitats can result in locally adapted habitat-use patterns and life his-
tory traits. Therefore, young shark habitats may be differentially impacted by anthropogenic dis-
turbance or environmental change, with different habitats performing well at different times. In
addition, increased stability in production may be achieved when the effects of localised distur-
bance in one area are buffered by production in others. However, the behavioural and life history
characteristics of some shark species may limit portfolio effects. These include the repeated use of
a narrow range of habitats or areas for reproduction, and the production of relatively stable num-
bers of offspring. This description of the relevance of portfolio theory to shark populations high-
lights the importance of maintaining habitat diversity.

KEY WORDS: Shark - Nursery - Portfolio effect - Population sustainability - Elasmobranch -
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INTRODUCTION

Sharks are high-order predators and a crucial
component of marine ecosystems. However, the
harvest of sharks has considerable social and eco-
nomic significance around the world, and therefore
many species are heavily utilised in fisheries. The
life history characteristics of some shark species
increase their vulnerability to exploitation, and esti-
mated population declines in some species (Graham
et al. 2001, Dudley & Simpfendorfer 2006) have
fuelled global interest in their conservation and
management (Dulvy et al. 2008). Effective manage-
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ment of shark populations requires a detailed
understanding of essential habitats and of how
these are utilised by sharks. Accordingly, the loca-
tion and functioning of shark nurseries has been a
focus of recent research (Heupel et al. 2007, McCan-
dless et al. 2007a, Heupel & Simpfendorfer 2011).
Appropriate management of inshore shark nurseries
is particularly important because they can be
utilised by numerous shark species (Simpfendorfer
& Milward 1993) and are increasingly susceptible to
a range of anthropogenic impacts and environmen-
tal change (Chin et al. 2010, Knip et al. 2010, Koehn
et al. 2011).
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The majority of marine nursery research has aimed
to identify the most productive juvenile habitats in or-
der to guide the focus of management and conserva-
tion efforts (Beck et al. 2001). Similarly, the designa-
tion of Essential Fish Habitat, Habitat Areas of
Particular Concern, and Critical Habitat by the US
National Marine Fisheries Service (NMFS) provides
additional focus toward habitats that are of high im-
portance to the long-term productivity of fish popula-
tions or that are particularly vulnerable to degrada-
tion. The juveniles of many marine species are
spatially dispersed and utilise a wide range of habi-
tats. For example, young-of-the-year blacktip sharks
Carcharhinus limbatus and sandbar sharks C.
plumbeus utilise numerous environmentally hetero-
geneous inshore waters along the Gulf of Mexico and
east coast of the USA (Fig. 1). Beck et al. (2001) em-
phasise that marine nursery areas contribute dispro-
portionately to adult stocks, and comprise only a sub-
set of all habitats and regions where juveniles occur.
However, comparison of multiple nursery areas in
terms of their contributions to the maintenance of
adult stocks is difficult to quantify. In addition, it is
now well accepted that not all areas or habitats where

young sharks are found necessarily function as shark
nurseries, and non-nursery habitats may contribute
significantly to the adult population in some situations
(Dahlgren et al. 2006). For example, changes in envi-
ronmental or anthropogenic factors may mean that
currently productive young shark habitats fail, and
other previously less-productive habitats may form a
strong component of future production.

Heupel et al. (2007) provided 3 criteria for the iden-
tification of a shark nursery: (1) relatively high abun-
dance of neonates or young juveniles, (2) site fidelity
and (3) stable use across multiple years. These crite-
ria provide a consistent approach to identifying the
most important habitats for young sharks. For exam-
ple, estuarine waters along the entire Texas coast
were traditionally regarded as nursery areas for bull
sharks Carcharhinus leucas based on the presence of
young individuals; however only 2 estuaries function
as nurseries for juvenile C. leucas according to the
Heupel et al. (2007) criteria (and only 1 for young-of-
the-year sharks; Froeschke et al. 2010b). Few other
shark (or ray) nurseries have been classified in this
way, primarily due to a lack of data with adequate
spatial and temporal scope (but see DeAngelis et al.

2008, Hussey et al. 2009, Curtis et al.
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2011, Dale et al. 2011). The identification
of shark nurseries using these criteria
relies on the assumption that the locations
of critical young shark habitats (i.e. those
classified as nurseries) are stable through
time. Similarly, temporal stability in
abundance has been used as an indicator
of nursery value in teleost fish (Fodrie &
Levin 2008, Colloca et al. 2009). However,
the assumption of temporal stability in
inshore nurseries is potentially problem-
atic given the highly dynamic nature of
inshore ecosystems (Robertson & Duke
1987) and their susceptibility to anthropo-
genic alteration (Chin et al. 2010, Knip et
al. 2010).

Locations utilised by young sharks can
be classified as either 'nurseries’ or ‘other
young shark habitats’ (a concept origi-
T nally proposed for teleost fish and inver-
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Fig. 1. Carcharhinus limbatus and C. plumbeus. Habitat diversity.
Approximate areas utilised by neonate and/or young-of-the-year C. lim-
batus (@) and C. plumbeus (@) in the Gulf of Mexico and North Atlantic
Ocean as indicated by capture locations in McCandless et al. (2002,
2007a). Note that a range of areas and habitats are utilised; however,
not all of these will be classified as nurseries according to criteria in

Heupel et al. (2007)

tebrates; Beck et al. 2001). These other
habitats are utilised by young sharks, but
are used inconsistently or by fewer indi-
viduals (Heupel et al. 2007). Further,
reduced growth rates, survival and move-
ment to adult populations can diminish
the productivity of habitats and thus their
suitability to be classified as nurseries
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(Beck et al. 2001). The contribution of other young
shark habitats to the long-term sustainability of shark
populations is poorly understood. For example,
young school sharks Galeorhinus galeus used to be
abundant in sheltered inshore systems of Tasmania
and Victoria, Australia (Olsen 1954). More recently,
Stevens & West (1997) reported relatively low
catches of young G. galeus in these inshore systems,
and estimated that their contribution to total pup pro-
duction was small (<10 %); and recruitment may now
be maintained by production in other areas, such as
exposed beaches, that were not traditionally
regarded as pupping sites (Olsen 1954). This sug-
gests that although exposed beaches may not have
been significant nurseries prior to anthropogenic dis-
turbance (that has resulted in substantially reduced
abundance), they may contribute much of the current
pup production of G. galeus.

Diversity within teleost fish stocks can reduce vari-
ability in production and contribute to long-term sus-
tainability (Tilman 1996, Luck et al. 2003, Moore et
al. 2010, Schindler et al. 2010). This reduction of vari-
ance is known as the portfolio effect (Figge 2004),
and has been quantified within a sockeye salmon
Oncorhynchus nerka stock in Bristol Bay, Alaska
(Schindler et al. 2010). Portfolio effects in O. nerka
may also be occurring in Bear Lake, Alaska (Boa-
tright et al. 2004). These stock complexes are com-
prised of several hundred discrete breeding popula-
tions structured by morphological and life history
traits including asynchronous migrations to different
spawning habitats (Hilborn et al. 2003, Doctor et al.
2010, Greene et al. 2010). Differences in water tem-
perature between spawning streams are an impor-
tant driver of this stock structuring (Boatright et al.
2004). Complementary dynamics between these
populations are thought to have allowed O. nerka
stock complexes to sustain productivity despite
large-scale environmental variations (Hilborn et al.
2003, Schindler et al. 2010). Further, the variability in
commercial landings of O. nerka in Bristol Bay is 2.2
times lower than it would be in the presence of a
more homogeneous population (i.e. the dominant
age classes in the average stream population;
Schindler et al. 2010). This variance-dampening
resulted in 10 times fewer fishery closures than
would have occurred in the presence of a more
homogeneous population (Schindler et al. 2010). In
contrast, extensive fish hatchery production and
damming in the Snake River basin, Washington
State, appears to have caused synchronisation of
>90 % of spawning populations within the stock, rais-
ing serious conservation concerns and increasing the

variability in annual O. nerka landings (Moore et al.
2010).

The definition of shark nurseries described by
Heupel et al. (2007) can be used to identify the most
heavily and consistently utilised young shark habi-
tats (i.e. nurseries) and is an important tool for the
management and conservation of sharks. The
Heupel et al. (2007) definition is used to examine
whether a specific area is nursery, whereas portfolio
effects operate over broader spatial and temporal
scales. Thus portfolio theory considers multiple habi-
tats through time rather than focusing on a specific
habitat or location. For example, this approach could
be used to compare contributions of multiple nursery
areas to the adult stock. In instances when discrete
nurseries cannot be identified, the portfolio approach
may be a useful means of examining the contribu-
tions of other young shark habitats. This approach
can also be used to compare the importance of indi-
vidual nursery areas (or nursery versus non-nursery
areas) and examine variability in production over
time.

The possibility of portfolio effects operating within
shark stocks is unknown. However, the characteris-
tics that allow portfolio effects to operate within
Oncorhynchus nerka stocks may be shared by some
shark species in their use of young shark habitats.
This review outlines and discusses what is currently
known about intraspecific diversity in habitat use by
young sharks. The possibility of variance-dampening
portfolio effects within young shark habitats will be
explored, as well as the potential implications of
these processes for shark populations and how they
are managed.

DIVERSITY IN YOUNG SHARK HABITATS

Inshore environments typically support high biodi-
versity and productivity (Robertson & Duke 1987,
Blaber et al. 1989, Beck et al. 2001), and therefore
provide important habitat for many shark species
(Branstetter 1990, Simpfendorfer & Milward 1993,
White & Potter 2004, Knip et al. 2010). The utilisation
of inshore environments varies considerably be-
tween shark species; however, most are described by
2 general models. One model describes species that
utilise inshore nurseries as juveniles before moving
offshore to adult habitats (Springer 1967). Large
coastal sharks such as Carcharhinus limbatus con-
form to this model (Springer 1967, Castro 1996). In
contrast, the second model describes species that
complete their entire life cycle within inshore envi-
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ronments (Knip et al. 2010), such as Australian sharp-
nose sharks Rhizoprionodon taylori. A portion of the
species represented by this model exhibit site fidelity
within restricted inshore sites (Sims et al. 2001), and
others traverse larger areas (Parsons & Hoffmayer
2005, Carlson et al. 2008). Because of this diversity in
inshore habitat use through ontogeny, anthropogenic
impacts occurring within inshore habitats will affect
different species in different ways. Sharks that com-
plete their life cycle within inshore environments
may be affected to a greater extent by unfavourable
conditions because all age classes may be affected
concurrently (Knip et al. 2010).

Owing to the diverse range of shark life histories,
not all species utilise discrete nursery areas (Heupel
et al. 2007), and those that do may benefit from them
in different ways (Heithaus 2007). Small sharks are
both predators and prey, and how a species balances
the trade-off between predator avoidance and
energy uptake can often be related to its life history
(Branstetter 1990), as well as competitive interactions
between individuals (Brown 1999, Heithaus 2004,
2007). It is widely assumed that nursery areas benefit
young sharks by providing ample food and protec-
tion from predators (Springer 1967, Branstetter 1990,
Ryer et al. 2010, Heupel & Simpfendorfer 2011).
There are some notable exceptions to this long-
standing assumption, including indications that these
2 factors may be mutually exclusive in at least some
cases (Heithaus 2007, Heupel et al. 2007). For exam-
ple, resource limitation occurs in some protected
nurseries (Lowe 2002, Bush 2003, Hoffmayer et al.
2006), and movements of young sharks are driven by
predator avoidance and not prey distribution in other
nurseries (Heupel & Hueter 2002, Heupel &
Simpfendorfer 2005). Some energetically productive
nurseries offer abundant food for small sharks, but
may be frequented by large predatory sharks for the
same reason (Branstetter 1990, Heithaus 2007), in
some cases necessitating fine-scale spatial partition-
ing (Kinney 2011). In general, large-bodied and
slow-growing shark species may receive (reater
benefit from predator avoidance than small-bodied,
fast-growing species (Branstetter 1990). Accordingly,
the former typically utilise more protected nurseries.
There remains scarce information on how life history
factors, as well as abiotic environmental factors,
influence the selection and use of nurseries by young
sharks (Heithaus 2007).

In addition to interspecific variation in habitat use
based on life history patterns, space utilisation within
young shark habitats varies between species. Juve-
nile pigeye sharks Carcharhinus amboinensis have

been shown to occupy relatively small home ranges
in coastal waters (Knip et al. 2011b). In contrast, C.
plumbeus have been reported to use larger areas,
although usually remaining within the confines of a
single estuary or embayment (Grubbs et al. 2007,
Conrath & Musick 2010). How young sharks utilise
space has important implications for their resilience
to localised impacts occurring within their ranges,
with some species having a greater ability to move
away from unfavourable conditions than others. For
example, juvenile lemon sharks Negaprion brevi-
rostris are strongly site-attached to mangrove and
seagrass habitats within isolated nursery lagoons. In
one such lagoon, Jennings et al. (2008) reported a
23.5% reduction in juvenile survival in the year fol-
lowing localised dredging activities and associated
declines in seagrass coverage. Negligible migration
between N. brevirosiris nurseries appears to be the
norm (Gruber et al. 1988, 2001, Morrissey & Gruber
1993a, 1993b, DiBattista et al. 2007, Jennings et al.
2008), and this strong site attachment may have pre-
cluded movement away from the degraded habitat.
In contrast, C. leucas move out of their usual young
shark habitats and into adjacent embayments in
response to low salinity events (Simpfendorfer et al.
2005, Heupel & Simpfendorfer 2008). Portfolio theory
suggests that resilience might also be improved
when conspecific young sharks are distributed
among multiple young shark habitats along environ-
mentally heterogeneous coastal stretches.
Environmental and habitat heterogeneity has been
shown to influence habitat use within and between
young shark habitats as well as through time. For ex-
ample, how young sharks optimise predator avoid-
ance and foraging success may be facilitated and in-
fluenced by heterogeneity in environmental factors
(Kinney 2011). High turbidity is thought to provide
protection from predation for juvenile estuarine fish
(Blaber & Blaber 1980). Similarly, multiple species of
young sharks in Cleveland Bay, Australia, were more
abundant in shallow (<5 m), turbid habitat whereas
adults usually inhabited deeper waters further from
shore (Kinney 2011, Knip et al. 2011b). In contrast, ju-
venile spot-tail sharks Carcharhinus sorrah showed a
preference for deeper, less turbid habitat, which may
represent a trade-off against predator avoidance in
order to reduce resource competition with other juve-
nile sharks (Kinney 2011). Similarly, juvenile slit-eye
sharks Loxodon macrorhinusin Hervey Bay, Australia
showed a preference for shallow areas with lower tur-
bidity, which may represent predator avoidance or re-
source partitioning in order to optimise foraging suc-
cess (Gutteridge et al. 2011). In Florida, juvenile C.
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leucas displayed spatial segregation by body size,
thus partitioning available food resources and reduc-
ing competition between size classes (Simpfendorfer
et al. 2005). This partitioning by C. leucas appears to
be driven by temperature and salinity gradients along
with varying preferences for these parameters be-
tween size classes (Simpfendorfer et al. 2005, Heupel
& Simpfendorfer 2008). These findings highlight the
importance of environmental variables as determi-
nants of habitat use by young sharks and the impera-
tive for improved understanding of how anthro-
pogenic disturbances, habitat restoration and climatic
change will affect shark populations.

Over large spatial scales, intraspecific differences
in habitat use may be driven by varying environmen-
tal conditions associated with changes in latitude. For
example, inshore systems in the northwestern
Atlantic are some of the most seasonally dynamic
aquatic habitats in the world, where temperatures
range up to 28°C between summer and winter
(Coutant 1985, Grubbs et al. 2007). Accordingly, the
majority of teleost and shark fauna in these habitats
are seasonal migrants (Musick et al. 1985, Grubbs et
al. 2007, Heupel 2007). In contrast, young shark habi-
tats in tropical and subtropical regions are utilised
year-round, although species composition may
change seasonally (see Simpfendorfer & Milward
1993). The implications of seasonal and year-round
use of young shark habitats for their inhabitants are
unclear. Seasonal migrations, and thus large expen-
ditures of energy, are typically not required in tropi-
cal young shark habitats (Simpfendorfer & Milward
1993). This may provide more energy for growth in
tropical areas, as well as mitigate the presumed
increase in predation risk on young sharks during
seasonal migrations (Branstetter 1990). Conversely,
sharks in tropical regions may be challenged in other
ways. For example, inter-annual variations in water
temperature are generally smaller in tropical marine
environments than those in temperate environments.
As a result, tropical fish species may be less resilient
to elevated temperatures and climate warming
(Munday et al. 2008), a pattern that is also reported in
terrestrial ecosystems (Williams et al. 2003, Deutsch
et al. 2008). Tropical young shark habitats can also
undergo significant seasonal fluctuations in other
environmental variables such as rainfall (Knip et al.
2011a) and prey availability (Staples 1979, Simpfen-
dorfer & Milward 1993), and these fluctuations repre-
sent potential stressors for tropical shark species.
These different challenges suggest that the effects of
environmental changes might vary within shark
stocks that span climatic transition zones.

Intraspecific differences in habitat use over large
spatial scales may also be driven by differences in
available habitat types. Differences in biotic and abio-
tic characteristics may require sharks to adopt differ-
ent strategies in different areas (see Knip et al. 2010
for review). This suggests that habitat plays a crucial
role in driving how sharks use space and that popu-
lations will alter their habitat-use patterns as
required. For example, juvenile Carcharhinus plum-
beus inhabit discrete areas within inshore systems of
the northwest Atlantic (Conrath & Musick 2010).
However, in the eastern Indian Ocean, juvenile C.
plumbeus utilise larger areas further offshore
(McAuley et al. 2007). These 2 populations of the
same species use different habitats, which suggests
that inshore habitats are more beneficial to juveniles
off the coast of North America, while offshore habitat
must provide greater benefits to juveniles in the east-
ern Indian Ocean. Therefore, it is possible that differ-
ences in available habitats along environmentally
heterogeneous coastal stretches may influence
intraspecific differences in nursery use over smaller
spatial scales.

Sharks are known to exhibit intraspecific differ-
ences in habitat use over smaller spatial scales than
those described above (for example see Taylor et al.
2011), and the unique and dynamic nature of inshore
areas suggests that proximate inshore systems
should not be treated interchangeably in terms of the
services they provide young sharks (Knip et al. 2010).
For example, habitat utilisation by young Carcharhi-
nus plumbeus varied between 2 large adjacent
embayments in the northwest Atlantic Ocean. In
Delaware Bay, young-of-the-year sharks were most
abundant in shallow, slow current areas and both
young-of-the-year and juveniles avoided deep chan-
nels with faster currents (McCandless et al. 2007b).
In contrast, juvenile Carcharhinus plumbeus in
Chesapeake Bay were more abundant in deeper
channels (>5.5 m), which were protected from strong
currents (Grubbs & Musick 2007). One explanation
for this variation between the 2 embayments may be
that young Carcharhinus plumbeus prefer areas
with slower currents. Alternatively, predation risk
from sand tiger sharks Carcharias taurus present in
deep channels within Delaware Bay, but absent in
Chesapeake Bay, may also explain the observed dif-
ferences in habitat use between these sites (McCan-
dless et al. 2007b). Further assessment of Carcharhi-
nus plumbeus habitat use between Chesapeake and
Delaware Bays may facilitate a greater understand-
ing of the most important environmental factors for
young sharks in this region, and may help managers
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to preserve those attributes, as well as to rehabilitate
other areas where anthropogenic impacts have
occurred (Heithaus 2007). In addition, variation in
habitat use between young shark habitats might
allow for portfolio effects. Since Carcharhinus
plumbeus demonstrate different patterns of habitat
use between areas, the effects of environmental
change may not affect this species in these 2 areas
equally. Therefore, this kind of combined occurrence
of multiple heterogeneous young shark habitats
potentially contributes to population resilience and
sustainability.

POTENTIAL DRIVERS OF PORTFOLIO EFFECTS
IN SHARKS

In Oncorhynchus nerka, precise natal philopatry
for spawning, coupled with the ability to thrive in a
wide range of environmental conditions, facilitates
reproductive isolation and local adaptation to natal
streams and thus portfolio effects (Taylor 1991,
Hilborn et al. 2003, Doctor et al. 2010, Schindler et al.
2010). Sharks are also reported to demonstrate repro-
ductive philopatry (Hueter et al. 2004), as well as
local adaptations and life history diversity between
different regions (Harry et al. 2011), albeit at a much
larger geographic scale than in O. nerka. For exam-
ple, in some regions, male scalloped hammerhead
sharks Sphyrna lewini disperse to occupy offshore
environments as adults (Hazin et al. 2001, De Bruyn
et al. 2005), whereas males in other regions remain in
inshore areas (Harry et al. 2011). These habitat-use
patterns are also associated with differences in body
size and longevity, and may have resulted from the
influence of regional habitat differences in a trade-
off between reproductive success and reproductive
opportunity (Harry et al. 2011). Taken together, re-
sults from genetic, vertebral microchemistry and life
history studies indicate stock structuring within sin-
gle genetic stocks of S. lewini that extend ~2000 km
along eastern Australia (Welch et al. 2011). This
range crosses a transition between tropical inshore
lagoons to subtropical rocky shores (Ovenden et al.
2011, Welch et al. 2011). Stock structuring in S.
lewini is facilitated by site fidelity, although limited
regional migration provides connectivity between
sub-stocks and may allow for replenishment of
depleted populations (Welch et al. 2011). These find-
ings suggest that like O. nerka, some shark popula-
tions cover a range of environmental and habitat con-
ditions, and can be structured according to local
adaptations to their environment. Spatially distinct

components of the stock may therefore perform dif-
ferently, allowing for portfolio effects to operate over
large spatial scales.

Over smaller spatial scales (e.g. ~500 km;
Froeschke et al. 2010a), the young of some shark
species are distributed across environmentally het-
erogeneous coastal stretches (McCandless et al.
2007a, Ovenden et al. 2011, Welch et al. 2011), and
this habitat diversity may also facilitate portfolio
effects. Variations in depth (Grubbs & Musick 2007),
turbidity (Ortega et al. 2009, Knip et al. 2011b), veg-
etation and substratum type (Morrissey & Gruber
1993b, White & Potter 2004), salinity (Simpfendorfer
et al. 2005, Abel et al. 2007, Ubeda et al. 2009, Knip
et al. 2011a), dissolved oxygen (Heithaus et al. 2009,
Ortega et al. 2009) and temperature (Froeschke et
al. 2010a, Espinoza et al. 2011) have been found to
influence habitat use by young sharks. In some
teleost fish, environmental heterogeneity appears to
drive localised adaptation and thus differences in
behaviour (Mariani et al. 2011) and species richness
(Sheaves & Johnston 2009) between proximate estu-
aries. In addition, some seagrass- and mangrove-
associated teleosts exhibit varying levels of flexibil-
ity in habitat use through time and between nearby
locations (Kimirei et al. 2011). Indeed, high inter-
annual environmental variability within inshore
waters is known to produce starkly contrasting fish-
ery productivities in some teleosts (Balston 2009).
However, the degree to which heterogeneity in
environmental factors drives intraspecific diversity
in young shark habitat use within a region is large-
ly unknown, as are the effects of environmental
changes.

Utilisation of multiple heterogeneous habitats
improves the adaptability of a species to anthro-
pogenic disturbance and environmental change
where these effects unevenly impact throughout a
species distribution (Secor et al. 2009). This act of
'‘bet-hedging’ is an example of the portfolio effect.
Diversity in juvenile shark habitats may drive portfo-
lio effects whereby the effects of unfavourable condi-
tions in one place or habitat type are buffered by pro-
duction in others. Low-salinity events (Knip et al.
2011a), toxic algae blooms (Nam et al. 2010), pollu-
tion (Gelsleichter et al. 2005), coastal development
(Jennings et al. 2008), resource limitation (Lowe
2002) and localised fisheries (Stevens & West 1997)
are examples of events that can create unfavourable
conditions for young sharks. Over longer temporal
scales, different populations can perform well at dif-
ferent times, and young shark habitats that are minor
producers during one environmental (e.g. climatic)
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regime can be major producers in others, as is the
case for Oncorhynchus nerka (Hilborn et al. 2003).
Long-term fishery-independent catch data along
the Texas coast indicate that the productivity of
young Carcharhinus leucas within 8 embayments
was not static through time (Froeschke et al.
2010b). Rather, abundance fluctuated within these
sites, and it is their combined occurrence that
might allow for complementary dynamics in pro-
ductivity between bay systems (Fig. 2). Of the
8 sites sampled, only Matagorda Bay satisfied all
3 criteria for classification as a nursery (according

Total Sabine Lake

to Heupel et al. 2007) for young-of-the-year C. leu-
cas (Froeschke et al. 2010b). However, it is impor-
tant to consider the contributions of other young-of-
the-year habitats, because cumulatively they
reduced Texas' total variance in the abundance of
young-of-the-year C. leucas (Table 1, Fig. 2). This
finding has population-level implications, because
abundance data of young sharks (e.g. catch per
unit effort) can be used as a proxy for young shark
habitat productivity (Garofalo et al. 2011). There-
fore, this collection of embayments may act to sta-
bilise total recruitment of adult C. leucas in this
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Fig. 2. Carcharhinus leucas. Young-of-the-year abundance in 8 estuarine embayments along the Texas coast (A: whole region;

B to I: locations corresponding to Table 1). Inter-annual variation in log,, catch per unit effort (CPUE; sharks h™') within each

site is evident (B to I; O = annual mean). Abundance in some sites fluctuates above and below the population mean (broken

line), and therefore they vary in their suitability to meet the first criterion for a shark nursery (i.e. abundance in the area

> mean abundance over all areas; Heupel et al. 2007). Portfolio effects may operate across these young-of-the-year habitats

because variability in mean CPUE for the whole region (A) is less than the variability in individual sites. (From Froeschke et al.
2010b. With permission)
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Table 1. Carcharhinus leucas. Mean log,, catch per unit ef-
fort (CPUE; sharks h™!) and variability in log;, CPUE of
young-of-the-year bull sharks within 8 Texas embayments
between 1976 and 2006 (J. T. Froeschke pers. comm.). Note
that variability in abundance across the region (Total) is less
than variability in abundance in individual embayments,
suggesting that portfolio effects may occur across this region

Location Logio CPUE
Mean SD CvV

Sabine Lake 0.063 0.078 1.236
Galveston Bay 0.075 0.086 1.136
East Matagorda Bay 0.005 0.017 3.674
Matagorda Bay 0.335 0.176 0.526
San Antonio Bay 0.162 0.097 0.601
Aransas Bay 0.105 0.091 0.864
Corpus Christi Bay 0.037 0.061 1.639
Lower Laguna Madre 0.022 0.054 2.432
Total 0.102 0.042 0.411

region and hence annual yield of the fisheries in
which they are captured.

Philopatry is an important consideration in the dis-
cussion of the potential for portfolio effects in young
shark habitats. The combination of precise natal
philopatry and the ability to thrive in a range of envi-
ronmental conditions contributes to portfolio effects
in Oncorhynchus nerka because it allows for repro-
ductive isolation, localised adaptations to a large
number of natal streams, and asynchronous spawn-
ing migrations. Portfolio effects operate in O. nerka
because environmental changes do not affect pro-
duction across all natal streams equally (Schindler et
al. 2010). Sharks demonstrate various forms of
philopatry, including juveniles returning to specific
summer habitats (Castro 1996, McCandless et al.
2007b, Conrath & Musick 2010), and adult females
returning to broad mating and pupping regions
(Feldheim et al. 2004, Hueter et al. 2004, Keeney et
al. 2005, DiBattista et al. 2008). However, the spatial
scale and precision of philopatry in sharks remains
poorly understood, as do the implications of philopa-
try for portfolio effects.

If environmental conditions remain stable, philopa-
try may increase the likelihood of offspring experi-
encing suitable environmental conditions, therefore
enhancing survival. However, philopatry may reduce
adaptability to anthropogenic impacts or environ-
mental change, whereby individuals might return to
the same place to reproduce even if conditions
become unfavourable (Secor et al. 2009), thus com-
promising offspring survival and fitness and creating
population-level problems. In addition, recovery of
philopatric shark species from localised impacts

(such as overfishing) will be slow compared to less-
philopatric species because they will receive less
replenishment from production in other areas
(Hueter et al. 2004, DiBattista et al. 2008). Therefore,
mating- or pupping-site fidelity in adults might limit
portfolio effects, especially if a species is philopatric
to a narrow range of habitats or geographic locations.
Similarly, many teleost species repeatedly aggregate
at specific locations to spawn, which drastically
increases their susceptibility to overfishing and
localised extirpation (Sala et al. 2001). The risks asso-
ciated with philopatry may be mitigated if sharks
utilise multiple environmentally heterogeneous
young shark habitats (Secor et al. 2009).

Straying of young sharks away from where they
were born might also overcome some of the potential
risks of reproductive philopatry. It has generally
been assumed that young shark habitat location is
governed by where parturition occurs whereby
young sharks remain in the vicinity of where they
were born, with the ability to only select microhabi-
tats within these areas (Springer 1967, Heithaus
2007). However, there are numerous examples of
young sharks—even in species with philopatric
young —moving away from where they were born,
suggesting that birth location may be less influential
in determining where young shark habitats occur
than traditionally thought (Castro 1993, Heupel et al.
2004, Aubrey & Snelson 2007, McCandless et al.
2007b, Farrugia et al. 2011). Movement of young
sharks around or away from where they were born
might influence the amount of diversity in young-
shark habitat use within a species (Branstetter 1990),
as young sharks may spread themselves across a
mosaic of habitats. In addition, movements of young
sharks away from where they were born in response
to localised impacts might facilitate portfolio effects
by boosting production in the habitats to which they
move.

Most shark species possess life history traits that
are different to those of Oncorhynchus nerka and
other teleost fish, and it is important to consider
whether these differences might limit the potential
for, or the magnitude of the benefits obtained from,
portfolio effects in young shark habitats. K-selected
life history characteristics observed in sharks allow
for the production of relatively stable numbers of
large-bodied and actively swimming offspring. In
contrast, most teleost fish produce vast numbers of
smaller-bodied offspring that are highly dependent
on environmental variables (Cole & McGlade 1998,
Balston 2009). Although environmental and habitat
variables have been shown to influence neonate
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shark survival and fitness (Lowe 2002, Bush 2003,
Hoffmayer et al. 2006, Jennings et al. 2008, Nam et
al. 2010), they presumably are less impacted by their
environment than are larval fish. Therefore, the ben-
efits obtained from portfolio effects may be limited in
young shark habitats because temporal stability in
production could be achieved through their life histo-
ries rather than portfolio effects between numerous
fluctuating habitats.

IMPLICATIONS FOR MANAGEMENT AND
CONSERVATION

This review has demonstrated the potential for
portfolio effects to operate within young shark habi-
tats as well as the factors that may promote or limit
the occurrence and magnitude of portfolio effects.
However, further research is required to confirm
whether portfolio effects occur in these habitats, and
if they should be considered in management deci-
sions. Portfolio effects were quantified in Alaskan
Oncorhynchus nerka by comparing the variability in
annual fish landings of the stock complex with the
variability in fish landings in individual rivers
(Schindler et al. 2010). A similar method could be
used to quantify the occurrence and strength of port-
folio effects in young shark habitats, whereby the
variability (e.g. coefficient of variation [CV]) in young
shark abundance across a range of habitats is com-
pared to the variability in abundance within individ-
ual habitats of the same region. Abundance surveys
across a range of young shark habitats can be used to
test the prediction that although abundance in indi-
vidual habitats is highly variable through time, the
overall abundance and thus recruitment across the
population or region is relatively stable (e.g.
Froeschke et al. 2010b). More recently, Carlson &
Satterthwaite (2011) discuss some of the limitations
of using CV as a metric of stability in teleost fish, and
promote the use of additional metrics such as correla-
tions in productivity among stock components, an
idea also explored by Schindler et al. (2010).

Identification of whether portfolio effects operate
in young shark habitats is important because these
processes are likely to provide population-level ben-
efits for sharks and may be a critical consideration for
shark management and conservation. The current
method for identifying shark nurseries (Heupel et al.
2007) assumes that the location of the most important
habitats (i.e. shark nurseries) is stable through time.
However, sharks generally occur in low densities and
with high temporal and spatial variability in abun-

dance (Froeschke et al. 2010a). Indeed, significant
temporal variability in Carcharhinus leucas abun-
dance within the most heavily utilised young shark
habitats was recorded in the Gulf of Mexico, includ-
ing periods when shark abundance in these areas fell
below the population mean, and therefore violated
one of the criteria for classification as a nursery (our
Fig. 2; Froeschke et al. 2010b). In the presence of
portfolio effects, these fluctuations should not be as
significant at the population level. Therefore, the
importance of young shark habitats may be a func-
tion of their individual contributions to adult recruit-
ment, as well as their combined occurrence and rela-
tionship with each other, an idea originally proposed
for teleost fish (Meynecke et al. 2007). Accordingly,
the conservation of a geographically diverse range of
juvenile habitats has been identified as an important
factor in the recovery of the endangered smalltooth
sawfish Pristis pectinata in the USA by minimising
the risk of stochastic local-scale disasters including
hurricanes and fish kills (NMFS 2009). Indeed, toxic
dinoflagellate algae blooms (red tides) have caused
mass fish mortality within inshore embayments
within P. pectinata's range (Flaherty & Landsberg
2011), and the population-level impacts of these
events will be partially mitigated by production of
juveniles in other less-affected areas. In the absence
of such extreme events, portfolio effects across multi-
ple areas may also stabilise the population-level pro-
duction of juvenile P. pectinata.

Portfolio theory provides the ability to consider
contributions of a range of young shark habitats,
including those that currently appear relatively
unproductive or are not classified as shark nurseries
according to Heupel et al. (2007). Portfolio theory can
be used to explore whether habitats that are not clas-
sified as Essential Fish Habitat, Habitat Areas of Par-
ticular Concern, or Critical Habitat at one point in
time may contribute to the sustainability of shark
stocks over the long term. For example, young-of-
the-year Carcharhinus leucas abundance in Galve-
ston Bay and Sabine Lake, Texas has increased over
the last decade to above the population mean, and
therefore these sites may now qualify as nurseries
(our Fig. 2; Froeschke et al. 2010b). This demon-
strates that nursery use and habitat quality may not
be stable through time, and these changes may influ-
ence the production of young sharks across a range
of areas (Froeschke et al. 2010b). Additional threats
such as fishing pressure will continue to alter the pro-
ductivity of these habitats. Non-uniform harvest of
Alaskan Oncorhynchus nerka's natal streams (e.g.
through temporally selective fishing) threatens to
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reduce their phenotypic and genetic diversity (Doc-
tor et al. 2010). Theory predicts that this homogenisa-
tion erodes portfolio performance, thus increasing
vulnerability to environmental change and the likeli-
hood of synchronous population crashes (Heino et al.
1997, Engen et al. 2002, Moore et al. 2010). Similarly,
spatially selective fishing in young shark habitats
could reduce their phenotypic and genetic diversity,
and may therefore compromise the long-term sus-
tainability of shark fisheries and the conservation of
endangered shark populations. Further, shark popu-
lations with weak or no portfolio effects may be more
susceptible to depletion and therefore should be
managed more conservatively.

CONCLUSIONS

Criteria for classifying young shark habitats are es-
sential for identifying the most important habitats for
juveniles, and allow fisheries managers and scientists
to optimise the effectiveness of management, conser-
vation and research efforts. However, the young of
many shark species are spatially dispersed and utilise
a wide range of habitats, some of which do not cur-
rently meet the criteria for classification as shark
nurseries. The contribution of these various habitats
to the long-term sustainability of shark populations
remains poorly understood. In response to environ-
mental change, areas of high shark density may
change over time, and less important habitats under
one set of conditions may be more important during
others. Portfolio theory predicts that contributions
from a wide range of young shark habitats should sta-
bilise the population-level recruitment of adults.
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