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ABSTRACT: Identifying areas of high species diversity and abundance is important for under-
standing ecological processes and conservation planning. These areas serve as foraging habitat
or important breeding or settlement areas for multiple species, and are often termed ‘hotspots'.
Marine hotspots have distinct biophysical features that lead to their formation, persistence, and
recurrence, and that make them important oases in oceanic seascapes. Building upon a session at
the North Pacific Marine Science Organization (PICES), this Theme Section explores the scales
and mechanisms underlying hotspot formation. Fundamentally, understanding the mechanisms of
hotspot formation is important for determining how hotspots may shift relative to ocean features
and climate change, which is a prerequisite for determining management priorities.
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Marine conservation

What is a biological hotspot?

The term ‘hotspot’ is used with increased fre-
quency in marine biology and conservation litera-
ture. The concept of a hotspot of biodiversity has
a longer history in the terrestrial community, with
Myers (1988) defining hotspots as areas featuring
both high endemism and risk to habitat (Myers et al.
2000). These concepts translate well to more static
marine habitats such as coral reefs and kelp forests,
but are less easily applied to pelagic systems, where
both boundaries and features are dynamic. Here, we
build upon previous studies that have defined pelagic
hotspots based on bathymetric variation (Dower &
Brodeur 2004) and ocean features in the North
Pacific (Sydeman et al. 2006), to identify the biophys-
ical mechanisms that result in hotspot formation. This
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requires defining the concept of a marine hotspot,
particularly when it consists of mobile features.

We have taken a biophysical approach to defining
marine hotspots, focusing on their ecological rather
than their conservation importance. Understanding
mechanisms that result in hotspot formation is critical
to identify areas of high ecological importance and
ultimately conservation concern. Hotspots in marine
systems can be defined by (1) important life history
areas for a particular species, (2) areas of high biodi-
versity and abundance of individuals, and (3) areas
of important productivity, trophic transfer, and bio-
physical coupling (Dower & Brodeur 2004, Sydeman
et al. 2006, Santora & Veit 2013, this Theme Section).
Areas of high trophic transfer are of particular inter-
est, because predictable and recurrent productivity
hotspots often serve as the foundation of pelagic food
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webs. Fundamentally, hotspot formation operates
across a suite of spatial and temporal scales (dis-
cussed in the next section; see Fig. 1).

Life-history hotspots are critical to a large propor-
tion of a species or population, particularly at sen-
sitive life history stages. Examples of life-history
hotspots include spawning aggregations, juvenile
settling habitat, and areas providing unique foraging
resources. For example, bluefin tuna migrate across
the Atlantic and regularly use the warm waters in
the Gulf of Mexico to spawn (Teo et al. 2007), and
grouper species form spawning aggregations in pre-
dictable regions (Beets & Friedlander 1999, Sala et al.
2001, De Mitcheson et al. 2008). Current speed, eddy
activity, or shelf break habitat within these regions
may be important for larval dispersal or retention to
maximize survival (Teo et al. 2007, Heyman & Kjer-
fve 2008). Benthic habitats such as seagrass beds can
serve as settlement areas for pelagic fish (Ford et al.
2010) and as foraging habitat for juvenile turtles
(McClellan & Read 2007, Casale et al. 2012). Forag-
ing hotspots close to a breeding colony can support a
large portion of each species' population while also
serving as important areas of trophic energy transfer
from the physical environment to phytoplankton to
seabirds (Santora et al. 2012a).

At the broadest scales, biodiversity hotspots most
frequently occur in upwelling systems, coral reef eco-
systems, and along some continental shelves (Titten-
sor et al. 2010). Where tropical and temperate habi-
tats meet, there are consistent peaks in oceanic
predator biodiversity (Worm et al. 2003). The Califor-
nia Current and North Pacific transition zone stand
out as particular high biodiversity and high use hot-
spots (Bograd et al. 2010, Block et al. 2011). Coral
reefs often contain high biodiversity, as they provide
important structure and habitat near coastlines sur-
rounding tropical and sub-tropical waters (Roberts
et al. 2002, Bellwood et al. 2004). High biodiversity
allows multiple paths of trophic transfer buffering
against wasp-waist dominance of marine food webs
(Field et al. 2006, Cury et al. 2008).

Trophic transfer hotspots often translate biophysi-
cal processes across multiple trophic levels by sup-
porting a suite of mid-trophic organisms and, in
turn, their predators. These areas often have a
large ecosystem effect even though they may only
support a subset of a predator's population or may
not be areas of highest biodiversity. Aggregations
of mid-trophic species can be important hotspots
for top predators that migrate large distances to
optimize foraging opportunities (Cotte & Simard
2005, Bailey et al. 2010). The mechanisms underly-

ing trophic hotspots can include island/seamount
wake effects (Johnston & Read 2007, Morato et al.
2010), upwelling shadows (Nur et al. 2011, Wing-
field et al. 2011, Pardo et al. 2013, this Theme Sec-
tion), wind or eddy-driven upwelling (Croll et al.
2005, Atwood et al. 2010, Thorne & Read 2013, this
Theme Section), or bathymetric features (Croll et
al. 2005, Gende & Sigler 2006). Fundamentally,
changes in these hotspots may have indirect conse-
quences on ecosystem functioning that cascade
through to top predators.

Scales of hotspots

Inherent to all studies of marine hotspots is the con-
cept of scale—ecological phenomena interact at dis-
crete and often multiple spatial and temporal scales.
A Stommel diagram of hotspot mechanisms shows
how processes vary across space and time, and for
simplicity assumes that the scaling between time and
space is linear (Fig. 1). However, meso- and fine-
scale studies of aggregative responses among ocean
physics, predators and prey have revealed complex
non-linear interactions (Hunt & Schneider 1987, Piatt
1990, Fauchald et al. 2000).

Research on the scale of physical and biological
hotspots is often dictated by the sampling methodolo-
gies and technology employed. For example: (1)
Satellite-based observations of ocean conditions offer
the greatest flexibility by sampling broadly through
space and time at fine to basin scales, but are limited
to surface conditions and only sample up to a proxy
for primary production in chlorophyll a (Palacios et
al. 2006). (2) Satellite-tracking of vertebrate predators
is dependent on the resolution of tracking devices
(e.g. GPS, pop-up archival), the predators’ move-
ment, and initial tagging location, but offer excep-
tional insight into top predator behavior, distribution,
and their use of multiple marine ecosystems (e.g.
hotspot connectivity, residency: Block et al. 2011,
Bailey et al. 2012, Hazen et al. 2012; tagging through
the stages: Montevecchi et al. 2012). (3) Shipboard
surveys employ a variety of discrete and continuous
sampling devices (e.g. nets, acoustics, visual obser-
vations) to quantify vertical and horizontal dimen-
sions of seascapes and preyscapes, simultaneously
offering insight into hotspot mechanisms and metrics
of biodiversity (Santora et al. 2010, 2012a, Sigler et al.
2012), but are expensive and highly influenced by
weather conditions. Ultimately, the integration across
multiple types of observations should help resolve
spatio-temporal mismatches.
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back and fin whales (Stevick et al. 2008,
Hazen et al. 2009). Through the integrated
assessment of physics, primary produc-
tivity, and secondary production, the cou-
pling of fine and mesoscale sampling
offers promising directions for studies of
marine hotspots (Cury et al. 2008).

Mechanisms of hotspot formation and
persistence

Physical processes leading to hotspot
formation are varied, ranging from nutri-
ent input to retention or aggregation of
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Fig. 1. Stommel diagram. Spatial scale (y-axis) plotted against temporal

scale, focusing on persistence (x-axis). Blue: bathymetric-driven hotspots;

green: dynamic features that can move throughout the ocean. For exam-

ple, upwelling dynamics operate on a temporal scale of days to months

while tidally driven mixing lasts for hours. Black outline: features that are

persistent throughout time rather than recurrent; dashed outline: features
that are ephemeral and neither persistent nor recurrent

Studies of global hotspots, especially diversity/
richness hotspots, generally focus on relatively large
grid size resolutions (e.g. 10 km; months to decades)
and may cover entire marine ecosystems (Tittensor et
al. 2010, Block et al. 2011). This approach is useful for
comparing biodiversity and risk across ecosystems
and identifying important areas warranting fine-
scale study (Halpern et al. 2008). Fine-scale research
is necessary to elucidate mechanisms of biophysical
hotspot formation and persistence and to under-
stand critical species interactions within hotspots. At
the global scale, most metrics for physical variability
identified as underlying hotspots are proxies for key
species interactions (Dawson et al. 2011, Hazen et al.
2013, Mokany et al. 2013).

Mesoscale structure (10 to 1000 km; days to
months) underlying physical and biological compo-
nents of marine ecosystems often determine the
strength and recurrence of marine hotspots, and can
provide criteria for defining areas of high trophic
transfer. Studies at fine spatial scales (1 to 10 km)
examining predator—prey—oceanography relationships
are critical to describe the mechanisms that deter-
mine which mesoscale hotspots are formed and per-
sist. For example, tidal flow and internal waves pass-
ing over topographic features in the Gulf of Maine
result in dense aggregations of both krill and sand
lance, which support seasonal foraging for hump-

subsequent biological production. Mecha-
nisms of nutrient input into the euphotic
zone include freshwater run-off (Chase et
al. 2007, Planquette et al. 2011), aeolian
sources (Fan et al. 2006), and upwelling of
deep, nutrient rich water (Meskhidze et
al. 2007). Upwelling (or water column
mixing) can be seasonal or episodic when
wind driven; however, upwelling-enhanced
productivity can also be highly persistent,
especially when resulting from relatively static or
cyclical processes, such as the interaction of the
Equatorial Undercurrent meeting the western Gala-
pagos Islands (Palacios et al. 2006) or small scale,
tidally driven current interactions with bathymetric
features within a bay (Drew et al. 2013, Thorne &
Read 2013, both in this Theme Section). Likewise,
anticyclonic eddies that form in coastal regions and
spin-off into or form in the oceanic domain can
entrain or upwell macronutrients, leading to ‘travel-
ing’ open ocean hotspots of productivity (Crawford
et al. 2007) that are often utilized by upper trophic
level predators (Ream et al. 2005).

Hotspots can be a function of biophysical aggrega-
tion where physical features such as shelf breaks or
ocean fronts lead to increased densities of phyto-
plankton or zooplankton, or bottom-up processes,
such as where increased nutrient levels lead to
greater primary productivity, greater densities of
grazers, and so on up to mid-trophic and top-level
predators (Mann & Lazier 1996, Genin 2004). Due to
transport mechanisms and temporal lags, a foraging
hotspot may not coincide with a region of enhanced
primary productivity. In these cases, spatial dis-
cordance can result from downstream transport of
prey, such as zooplankton for foraging birds (Hunt et
al. 1998, Thorne & Read 2013, this Theme Section).
There are good examples of bathymetric features
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creating important aggregative habitat for species
such as krill where they can reduce their exposure to
currents while being close to foraging needs (Fiedler
et al. 1998, Cotte & Simard 2005, Santora et al. 2010,
Santora et al. 2011). These aggregations then be-
come important foraging features for large predators
such as baleen whales that require high densities of
prey to maximize their foraging efficiency and ener-
getic demands (Cotte & Simard 2005, Sigler et al.
2012). Top-down hotspots are rare, but facilitated for-
aging, where pelagic predators such as tuna force
forage fish towards the surface and make them more
available to seabirds, can result in higher biodiver-
sity at pelagic hotspots (Maxwell & Morgan 2013).

The spatial and temporal dynamics of marine
hotspot occurrence and persistence is quite impor-
tant, yet infrequently examined (but see Gende &
Sigler 2006, Sigler et al. 2012, Suryan et al. 2012,
Santora & Veit 2013, this Theme Section). Many
investigations have focused on long-term averages
(i.e. spatial climatologies) of physical and biological
conditions to map hotspots, but the greatest chal-
lenges for research on pelagic hotspots require stud-
ies melding space and time to quantify persistence of
hotspots. Quantifying their spatio-temporal persist-
ence will require highly replicated observations to
establish a baseline scale of variability and measure
the frequency of anomalies (Suryan et al. 2012). Due
to their ability to sample local to global spatial scales
over days to years, satellite-based observations of
ocean conditions offer the greatest opportunity to
examine the spatio-temporal persistence of many
marine hotspots (Palacios et al. 2006). Moored obser-
vatories (e.g. Neptune, Diemos, Mars), repeated glider
transects, or regular surveys can allow enhanced
temporal observations at marine hotspot locations (Bi
et al. 2007, Moustahfid et al. 2012).

Contributions to the Theme Section

This Theme Section arose out of a session at the
2011 Annual Meeting of the North Pacific Marine
Science Organization (PICES). The session built
upon previous efforts to identify hotspots in the North
Pacific and examine the biophysical mechanisms that
result in their formation (Dower & Brodeur 2004,
Sydeman et al. 2006). The session consisted of 19
(total) presentations and posters. This Theme Section
contains 8 studies with topics ranging from hotspots
of marine snow to migratory top predators.

Prairie et al. (2013) in a laboratory experiment
demonstrated mechanisms by which particles can be

temporarily retained when encountering density gra-
dients. The density of the aggregate relative to the
density of the bottom layer in the gradient is the pri-
mary determinant of the extent that marine snow will
aggregate, thereby enhancing food web develop-
ment at the boundary layer.

Boucher et al. (2013) used oceanographic and indi-
vidual-based movement models to examine larval
haddock dynamics in the Gulf of Maine. In good
years, increased retention lead to hotspots of larval
haddock on the bank but additional factors played a
role in the magnitude of haddock recruitment in a
given year.

Nishikawa et al. (2013) examined how water col-
umn characteristics lead to phytoplankton blooms in
the western North Pacific that develop into important
spawning habitat for Japanese sardine Sardinops
melanostictus. A deeper mixed layer and higher
phytoplankton density resulted in increased spawn-
ing habitat north of the Kuroshio.

Smith et al. (2013) examined how a hurricane pass-
ing through the Gulf of Mexico may have temporarily
increased foraging hotspots for bottlenose dolphins.
The decline in foraging habitat months after Hurri-
cane Katrina suggests some hotspots, such as sea-
grass beds, may have been lost or disrupted by the
hurricane.

Pardo et al. (2013) studied the role of environmen-
tal seasonality in a cetacean community within a
small bay in the Gulf of California. Different species
used the bay as the season progressed; periods of
mixing and pycnocline shoaling resulted in increased
habitat for blue whales and 2 dolphin species, while
other whales were more common during periods of
stratification.

Thorne et al. (2013) evaluated the biophysical pro-
cesses that structure foraging habitat for phalaropes,
a surface-feeding, planktivorous seabird in the Bay
of Fundy. Their model indicates that copepods are
physically upwelled and advected down current,
highlighting the potential for spatial mismatch of
lower trophic level food web processes and predator
foraging.

Drew et al. (2013) used visual transect surveys to
examine how foraging strategies of seabirds resulted
in differential habitat use in Glacier Bay, Alaska.
Bathymetric variability results in differential current
speeds and consequently a high diversity of hotspot
types in the bay; modeling approaches may help to
understand the development of fine scale foraging
behavior that has so far been difficult to quantify.

Santora & Veit (2013) examined species richness
and abundance in top predators to identify persistent
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hotspots near the Antarctic Peninsula. They identi-
fied 15 richness hotspots associated with either the
Antarctic Circumpolar Current, major breeding
colonies, or submarine canyons.

Future directions

To cross spatio-temporal boundaries, more syn-
thetic approaches to hotspot research are necessary,
such as combining Eulerian and Lagrangian meas-
urements of hotspot dynamics. Combining tag-based
movement data with shipboard surveys can provide
information on behavioral ecology and biodiversity
to address the suite of physical and ecological pro-
cesses that result in formation and prolonged use
of marine hotspots at multiple trophic levels (see
Benoit-Bird et al. 2013). Future studies of biophysical
hotspots should explicitly address the scale and
scope of their defined hotspot so that syntheses and
comparisons can be made across studies of disparate
marine ecosystems (Santora et al. 2012b).

One category of marine hotspots that remains
under-researched is the deep scattering layers (DSLs)
of the open ocean, which are made up of a complex
of species including fish, shrimp, jellies, and squid.
DSLs have been observed at various depths around
the world, yet little is known on their extent or vari-
ability (Barham 1963). They serve as a critical prey
resource in otherwise oligotrophic ocean basins, so
understanding the spatial and temporal distribution
of DSL hotspots is critical (Benoit-Bird & Au 2004).
Recent studies in Monterey Bay have shown a high
degree of temporal variability in distribution, both
vertical and horizontal, and abundance seasonally, of
DSL organisms (Urmy et al. 2012). Broad scale spatial
patterns of deepwater fishes in the southern Califor-
nia Bight were recently described, with low oxygen
levels proposed as a primary mechanism determin-
ing vertical distributions (Koslow et al. 2011).

An increasing number of studies focus on areas in
the ocean that are important for conservation. The
Global Ocean Biodiversity Initiative (GOBI) is an
international organization working to define Eco-
logical and Biologically Significant Areas (EBSAs) in
the world's oceans (Williams et al. 2010). The clear
identification of hotspots and the establishment of a
‘hotspot repository’ would ensure the effective study
of hotspot mechanisms and persistence, and subse-
quently inform management and conservation efforts.
Dynamic management has been proposed and even
implemented in a few systems, but with ocean use
projected to increase in the future, new tools are

required to optimize ecological services and ecosys-
tem functioning (Hobday et al. 2010, Dunn et al.
2011, Grantham et al. 2011, Ronconi et al. 2012).
Examination of the overlap between human-use hot-
spots and the temporal persistence of ecological hot-
spots will enable real-time management approaches
to allow human uses when hotspots are absent and
protect habitats when hotspots are persistent.
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