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Abstract Fisheries management has typically focused on the
use of mathematical modeling to estimate current and future
population trends to maintain the maximum sustainable yield
in managed populations. However, modern advances in
geospatial technologies and the emerging field of marine land-
scape ecology now provide landscape approaches and theory
that can be applied in the management of marine fisheries. The
use of landscape ecological approaches can provide important
insights into the role that landscape complexity plays in the
population dynamics and habitat requirements of commercial-
ly important species. Here, I review recent advancements in
geospatial technologies and marine landscape ecology and
their application to one experimental marine landscape study,
and three studies dealing with managed fisheries populations
across complex marine landscapes. I close with a discussion
of emerging approaches in marine geospatial technology and
how they may further enhance our understanding of the rela-
tionship of landscape complexity to the ecological dynamics
of managed marine populations.
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Introduction

Historically, fisheries management has focused on maximiz-
ing catch while at the same time attempting to maintain pop-
ulation stability in commercially important species [1, 2]. To
date, many of the tools used in fisheries management have
employed mathematical modeling approaches to estimate fu-
ture population trends in managed species. The most notable
of these, the Ricker Stock Recruitment model, has been used
globally to estimate future catch totals and the maximum sus-
tainable yield in a variety of fisheries. Coupled with this ap-
proach have been regional policies of seasonal fishing activity
and size and catch limits [1]. Yet, despite these management
approaches, global fisheries have witnessed ongoing declines
which suggest that additional ecological considerations need
to be incorporated into managing commercially important
fishery species [3].

Within the last 20 years, the fisheries management commu-
nity began moving towards incorporating considerations of
habitat type into management practices that had historically
focused on estimating the maximum sustainable yield for pop-
ulations. The most notable of these efforts is seen in the use of
Marine Protected Areas (MPAs). Their original designs were
framed around protecting economically important species and
specific habitat types with less consideration for the ecological
value of habitat complexity or the importance of ecological
processes that occurred within an MPA [4—6]. These initial
limitations aside, many early MPAs around the world demon-
strated positive effects on targeted populations, such as in-
creases in abundance and body size. Positive effects of MPAs
on commercial species have been reported from regions as
diverse as New Zealand [7, 8], Chile [9, 10], Australia [11]
and British Columbia [12, 13]. In the United States, early
MPAs saw success in areas such as the Florida Keys [14],
portions of the mid-Atlantic region [15] and the Pacific
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Northwest [16, 17]. In each of these cases, the presence of
MPAs was cited as having a positive impact on populations
of fishery species.

The ongoing development of the current global network of
MPAs emphasizes consideration of the impact of reserve size
on reserve functioning, connectivity among populations, and
the inclusion of habitat critical to species across all their
lifestages [18-20]. There has also been a scientific consensus
that fisheries management needs to move towards ecosystem-
based approaches that can conserve multiple species, a strate-
gy that entails the simultaneous conservation of multiple types
of critical habitat [18-21]. This new approach to integrating
key habitat features into the design of MPAs represents a clear
advance in their design and implementation. However, current
designs still suffer from the scale at which key habitat features
that are used to designate MPAs are measured. This issue
arises because MPAs are often designated based on single
features that vary in scale from 10s to 100s of meters [22],
scales outside of which many targeted species interact with
their environment [23].

Features such as kelp forests or boulder fields may serve as
a good first proxy for habitat types conducive to supporting
targeted fisheries species. However, their sole use in MPA
designation may mask other features such as geological and
biological complexity (i.e., three-dimensional complexes of
sessile invertebrates or algal turfs), which can help to further
support populations of targeted species [24—26]. Thus, exclud-
ing multiple scales of habitat types in the design of MPAs can
mask habitat components that can increase overall biological
and geological complexity and associated ecosystem services
(e.g., refuge and forage habitat). For example, the intertidal is
one habitat that is often overlooked in the design of MPAs but
contains many complex features (i.e., mussel beds, rocky
crevices and algal turf communities) which are often excluded
in the design process of current MPAs [27]. These particular
features within the intertidal can add additional complexity to
a system that can then be utilized as essential foraging, repro-
ductive and shelter habitat [28-30]. Previous survey tech-
niques and technologies (e.g., quadrats) may have made it
logistically unfeasible to collect data at scales compatible with
intertidal habitat designation, the majority of which are best
classified at the sub-meter scale [27].

The field of landscape ecology has long examined the role
that multi-scale landscape complexity plays in driving ecolog-
ical process and patterns in nature [31]. Landscape ecological
studies demonstrate how variation in landscape complexity
can affect habitat configuration, the level of connectivity be-
tween populations [31, 32], and the availability of resources
[33]. In combination, variation in these landscape attributes
can in turn affect local population dynamics. These ecological
aspects of landscapes are key features of current metapopula-
tion theory which has informed modern MPA design and im-
plementation. Landscape complexity can also impart or
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enhance disturbance events in a community. For example,
vertical layering in forests and mussels has been cited as
playing a role in determining the relative impact of wind throw
and wave-induced disturbance events in these communities
[34]. Landscape complexity may also be a key feature in un-
derstanding the conservation and management of marine hab-
itats, such as coral reefs [35], which can be highly susceptible
to disturbance events.

Marine landscape ecology, sometimes labeled seascape
ecology, looks to apply many of the theoretical underpinnings
and scientific approaches of landscape ecology to studying the
role of scale and landscape complexity (hereafter defined as
three-dimensional complexes of biogenic and geological fea-
tures) in the ecological dynamics of marine systems. It has
only been within the last two decades that the scientific liter-
ature has seen an influx of papers which incorporate landscape
theory into marine ecological studies, with some of the earliest
studies applying these approaches to seagrass communities
[36]. The earliest compendium of papers on the topic was first
published in the journal Landscape Ecology [37] and featured
studies that detailed both theoretical and applied uses of land-
scape ecology in the marine environment [37]. This was
followed by a special issue in Marine Ecology Progress
Series [38] that focused on the application of spatial ap-
proaches to the study of marine systems. The studies featured
within each issue provided new theoretical and technical ave-
nues through which the marine ecological sciences could in-
corporate considerations of landscape complexity into basic
and applied research.

Coupled with new landscape-based perspectives in marine
ecology, advances in digital photography, LIDAR, bathymet-
ric mapping, and aerial drones have made it feasible to rapidly
collect data from marine systems across multiple levels of
ecosystem complexity [39]. Improvements in geographic in-
formation systems (GIS), computing and spatial statistics now
make it possible to visualize and analyze complex habitat data
in ways that were not previously possible. These advances
have supported studies that have revealed how landscape
complexity in marine environments drives ecological interac-
tions in a number of systems. This type of basic research can
in turn be used to provide fisheries managers with insight into
the importance of incorporating landscape complexity into the
design of modern fisheries management plans. Here, I discuss
how technological and analytical approaches from this emerg-
ing field can support fisheries management strategies that look
to incorporate landscape complexity into their designs.

Geospatial Technologies: Advances
and Opportunities

Beginning in the mid-1990s, advances in computing improved
the way that ecologists were able to visualize and analyze data.
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This improvement was especially significant for the field of
landscape ecology, as improved computer graphics allowed for
clearer visualizations of ecosystems via the emergence of GIS as
a primary spatial analysis tool for examining complex ecosystem
data [40, 41]. Coupled with improvements in computer graphics
and the ability to better visualize data, was the ability to more
effectively apply spatial statistics to the analysis of complex
spatial data. The rise of R statistical software as a free alternative
for analyzing spatial data has further helped the inclusion of
spatial statistics in modern ecological analysis. These advances
in computing technology helped support the advancement of
landscape-based ecological theory in marine systems that had
started to take shape in the early 2000s [42, 43]. In particular,
improvements in remote sensing approaches, such as LIDAR
and aerial photography, allowed for rapid data collection over
broad swaths of an ecosystem and enabled rigorous testing and
subsequent analysis of landscape ecological theory that was not
previously possible. Such applications provided new insights on
how landscape complexity in marine systems drives patterns of
species distribution and abundance [44].

Advances in computer programming, robotics and artificial
intelligence led to the development of remotely operated vehi-
cles (ROVs) [45] and autonomous underwater vehicles
(AUVs) [46] which provide platforms through which scientists
can now explore broad swaths of marine environments that
could only be briefly explored through SCUBA. Concordant
improvements in bathymetric mapping, with a move from sin-
gle beam to multi-beam and sidescan sonar, drastically im-
proved the ability to resolve fine-scale features on the seafloor
[35, 47]. When coupled with the use of AUVs and ROV,
bathymetric mapping helped to detail wide swaths of the ocean
floor that were previously undescribed. This enabled studies in
subtidal environments that were able to discern the role that
landscape complexity played in mediating the relationship be-
tween subtidal biological communities and their surrounding
physical environment. These studies have helped to disentangle
the complexity of interactions that occur in the subtidal, and
have provided crucial ecological information to help improve
management of fisheries resources in coastal systems [35, 47].
As computing and engineering approaches continue to im-
prove, geospatial technologies have the potential to play an
even larger role, not only in basic ecological research but also
in providing key insights into how habitat complexity can be
integrated into modern fisheries management.

Recent Marine Landscape Ecological Studies:
Examples From Experimental and Fisheries Studies
Rocky Intertidal Communities

One of the earliest investigations into the role of landscape
complexity in the marine environment comes from the rocky

intertidal and focused on a field test of one of the first
landscape-based cellular automata models for marine systems
[39, 42, 48]. Robles et al. [39] examined the hypothesis that
positive interactions among conspecifics within a population
could produce landscape patterns in boundary intensity. This
represented a shift from traditional ecological paradigms of
boundaries being driven by strong interspecific interactions
[49, 50]. In turn, they also proposed that the sharpness of
species boundaries could be driven, in part, by the complexity
of the underlying landscape and its interaction with the sur-
rounding environment.

In their study, spatial variation in boundary distribution and
sharpness emerged because individuals would aggregate in
the face of a potential limiting factor (e.g., wave stress) [39].
They further examined how spatially varying these neighbor-
hood processes across a spatial gradient of tidal immersion
and wave energy affected boundary sharpness and location
in mussel beds [39, 48]. Running their model with and without
neighborhood processes demonstrated that the neighborhood
processes increase boundary intensity above that caused by
environmental gradients alone, and consequently abrupt
(high-intensity) boundaries emerged as a function of spatial
variation in landscape complexity [48]. Trends generated by
their model were compared with photo-mosaics of intertidal
mussel beds, Mytilus californianus, on rocky shores of British
Columbia. Their analysis involved GIS interpolation of
boundary locations and estimation of the corresponding
boundary intensities using a contagion index [39]. The simi-
larity between predicted and real trends in boundary intensity
(sharp vs. diffuse) over a wave energy gradient (Fig. 1) sug-
gested that spatially varying neighborhood processes deter-
mines much of the landscape-scale variation in boundary in-
tensity. Discrepancies from predicted trends suggested that
increasing landscape complexity disrupted neighborhood in-
teractions resulting in increasing diffusivity in population
boundaries.

Temperate Reefs

This demonstration that complexity in rocky marine landscapes
can drive patterns of species distribution and abundance ad-
vanced our basic understanding of the ecology of the marine
environment. While not focused on fisheries, the work of
Robles et al. [39] also helped lead to applications of this knowl-
edge to applied uses in the marine environment. For example,
Young et al. [47] tested the applicability of terrestrial landscape
modeling techniques for predicting the distribution of three
ecologically and economically important rockfish species at
Cordell Bank National Marine Sanctuary. Young et al. [47]
used auto-classified multi-beam bathymetry along with
georeferenced submersible video transect data of the seafloor
and demersal fishes to model the abundance and distribution of
rockfish. Generalized linear models, which controlled for
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Fig. 1 Photo mosaic of rocky
intertidal mussel bed depicting the
distribution and intensity of
mussel bed boundaries as a
function of tidal height and wave
velocity. Cell color in the grids
indicates state: orange =
unoccupied, increasing variation
in remaining hues of color
represent increasing variation in
mussel bed boundary
fragmentation. The color bar
indicates alongshore gradient in
wave energy, represented by a
raster interpolation of maximum
flow speeds measured by wave
dynamometers. The vertical
dimension of the flow speed
interpolation has been
compressed to 1/4th its original

4348

span. Mussel tear-outs generated I 3.9-43
: : [ 134-39
earlier by winter storms are B 29- 3.4

outlined in yellow. The image is 25-29
referenced relative to mean lower 2-25
low water [38]

spatial autocorrelation, were created using habitat classification
analyses of high-resolution digital elevation models combined
with fish presence/absence observations [47].

Their models incorporated numerous aspects of seafloor
complexity that included slope, rugosity and topographic po-
sition index (a measure of seamount height about the sea-
floor). The resulting GIS-based probability surface models
generated for their study area proved reliable in predicting
the distribution of all three of their study species (Fig. 2).
The accuracies of their models for three species of rockfish,
Sebastes rosaceus, S. flavidus and S. elongatus, were 96, 92
and 92 %, respectively. The probability of the occurrence of S.
flavidus and S. rosaceus was highest in the high-relief rocky
areas and lowest in the low-relief, soft sediment areas [47].
The model for S. elongatus had an opposite pattern, with the
highest predicted probability of occurrence taking place in the
low-relief, soft sediment areas and a lower probability of oc-
currence in the rocky areas. Here, we have an early application
of landscape-based GIS models that demonstrate how varia-
tion in landscape complexity and composition drives the dis-
tribution of commercially important fishery species. These
results indicate that site-specific and species-specific algorith-
mic habitat classifications applied to high-resolution bathym-
etry data could accurately extrapolate the results from in situ
video surveys of demersal fishes across broad areas of com-
plex underwater habitat [47]. Their results also suggest that
geological features and variation in landscape complexity
were supporting different prey resources for each of their
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study species, thus enabling fine-scale habitat partitioning be-
tween these three species [47]. These results can feed into
broader management needs for accurate and efficient estima-
tion of actual and potential species distribution as a critical
component for effective ecosystem-based management and
MPA design.

Sandy Bottom Habitat

High-resolution mapping has also been used to inform the
management of one of the largest and most profitable fisheries
in the world, the California market squid, Dorthyteuthis
opalescens [51] which is concentrated largely on nearshore
squid spawning aggregations. Because of its economic impor-
tance, a central concern for sustainable squid fisheries in
California is to determine if reproductive activities and egg
laying occur at rates that can support harvestable populations
of this sub-annual species. Using high-resolution data collect-
ed via acoustic mapping methodology, Young et al. [51] esti-
mated a 99 % decrease in egg mops abundance from 2005 to
2007. Sidescan sonar images suggested that, although squid
prefer a sandy substrate as their primary egg mop habitat, the
depths across which mops occurred and their spatial distribu-
tion differed significantly between surveys. This variation ap-
peared to be due in part to the interaction between oceano-
graphic currents and the underlying landscape complexity,
which in turn determines the amount of, and where, sandy flat
habitat that squid use to spawn appear on a year to year basis
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Fig. 2 GIS probability map of
yellowtail rockfish, Sebastes
flavidus, distribution along
Cordell Bank off the coast of
Central California. Red colors
high probability of rockfish
occurrence, while blue cells
represent low probability of
occurrence. Grid reference system
in WGS 1984, UTM zone 10 N
[46]
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[51]. Thus, this yearly variation in the spatial positioning and
abundance of their primary spawning habitat could be used to
explain the observed decrease in egg mop abundance [51].

These results demonstrate that sidescan sonar surveys can
serve as an important tool to aid management of the California
market squid fishery through the monitoring, designation and
adaptive management of scasonally variable no-take
spawning zones. More broadly, their work provides an early
example of how seasonal variation in landscape complexity
and composition may be used to inform adaptive management
of commercially important fishery species.

Coral Reefs

Marine landscape ecological approaches are also being used
beyond the West Coast of North America to inform fisheries
management. For example, Pittman et al. [35] provide one
example of how remote sensing data and multi-scale statistical
modeling can determine the influence of landscape complexity
on connectivity and distribution in coral reef fish species. Coral
systems are ideal for investigating the relationship of landscape
complexity to managed species, as reef systems exist as a net-
work of interconnected patches the level of connectivity of
which can be affected by the underlying complexity of the
subtidal landscape that connects them [35]. Given their high
level of connectivity and movement of individuals between
patches, reefs can also be thought of as operating under any
number of metapopulation models that are traditionally exam-
ined in terrestrial systems [51]. Coral reefs can also harbor

economically important species which can be some of the most
susceptible to anthropogenic impacts and large external forcing
factors such as those imposed by hurricanes [35].

In their study, Pittman et al. [35] use maximum entropy
species distribution modeling to achieve a 92 % accuracy rate
in predicting the distribution of fish species across a Caribbean
coral reef. More specifically, they demonstrated that the loca-
tion on the coral reef shelf coupled with the topographic com-
plexity of the reef landscape could reliably predict the distri-
bution of fish species across a coral reef. Of particular note in
their study is that landscape predictors differed among species,
yet rarely changed across spatial scales ranging from 10s to
100s of meters. This suggests that single landscape-derived
variables can be used in the development of management
plans across multiple scales of ecosystem organization and
management [35]. Their work lends itself to an ever-
growing body of literature that demonstrates how geospatial
visualization and analytical approaches can enhance our un-
derstanding of the role that landscape complexity can play in
fisheries management. Furthermore, their approaches demon-
strate a cost-effective approach to support conservation prior-
itization in MPA design, zoning in marine spatial planning,
and ecosystem-based fisheries management.

Future Directions

Recent applications of geospatial technologies to marine
ecological studies have provided new insights into how
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landscape complexity can affect population dynamics in
coastal systems, especially as it pertains to supporting
management of commercially important species in coast-
al ecosystems. Recent advances in technologies such as
aerial unmanned vehicles, aka drones, and the ability to
incorporate stable isotope data into GIS platforms can
enhance the ability to understand multi-scale relation-
ships between ecological patterns and landscape com-
plexity in marine systems. Furthermore, these new ad-
vances can improve our understanding of how trophic
relationships in managed marine populations vary as a
function of landscape complexity in the marine
environment.

Drones have increased in their popularity in recent
years owing to their ability to rapidly capture multi-
scale data on landscape complexity at a relatively low
cost [52, 53e¢]. Ecologists and fisheries managers have
traditionally relied on remotely sensed satellite data or
LIDAR flights which are costly and, though they may
capture large swaths of data, can capture data at spatial
resolutions that preclude investigations of how managed
populations interact with their environment at finer spa-
tial scales [23, 53e¢]. This can in turn preclude rigorous
quantitative assessments on how landscape complexity
drives the ecological dynamics of managed marine pop-
ulations. Modern drones can bridge this gap, and pro-
vide a low-cost alternative for capturing multi-scale data
on landscape complexity and composition in the near-
shore marine environment at sub-meter scales (Fig. 3a,
b). Drones come with a number of advantages that can
help in enhancing fishery management plans. These in-
clude but are not limited to (1) carrying various imaging
or non-imaging payloads to collect spatial datasets, (2)
increased flexibility in survey intervals, (3) low-altitude
flight allows sensors to collect finer spatial resolution
data, and (4) operating costs are low [53ee].

Coupled with recent improvements in mapping technolo-
gies is the ability to incorporate stable isotope data into GIS
databases (isoscapes). Compared to more traditional diet re-
search methods such as gut content analysis, stable isotope
analysis (SIA) supports a more temporally integrated estimate
of important prey [54]. SIA-based trophic studies rely on the
assumption that consumers incorporate the isotopic signature
of their prey into their tissues in a predictable manner, creating
a long-term record of their main prey sources [55]. Stable
isotope analyses are low cost and can be contracted out to
stable isotope facilities at a cost of ~US11.00 to ~12.00 dollars
asample. Investigators simply need to prepare their samples in
the manner provided by a contract laboratory, thereby
avoiding having to invest financial resources in procuring
and operating stable isotope analytical equipment.

Historically used to assess connectivity and trophic posi-
tioning in terrestrial populations, SIA is now being used to
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Fig. 3 a E-bee aerial unmanned vehicle prior to deployment at Elkhorn
Slough, Californa. b Photo mosaic (/eff) and 2.5-cm digital elevation
model (right) of Elkhorn Slough captured using E-Bee. (Images courtesy
of R. Kvitek and P. lampietro)

assess connectivity among large oceanic species that are often
the focus of many fisheries agencies [56, 57]. Isoscapes can
allow fisheries managers to visualize how complex marine
landscapes affect population connectivity, and to quantify
the probability that a given landscape will affect connectivity
between or the trophic positioning of managed species [58,
59+, 60°]. Examples of this type of approach can be seen in
fisheries-related species such as tuna [56] and marine mam-
mals [61]. Recent applications have also been applied to near-
shore benthic fisheries such as the Pacific spiny lobster,
Panuliurus interruptus [62] and reveal fine-scale coupling of
lobster foraging preferences to sub-meter variation in land-
scape complexity and composition.

In the future, isoscapes may be able to provide a
cost-effective method for answering population-level
questions (i.e., stock discrimination) and provide a com-
plementary approach to tagging technologies and genetic
analysis [53¢¢]. Recent data from the Southern
California spiny lobster fishery [62] demonstrate that
stable isotopes can discriminate between connected lob-
ster populations on a scale of 10s of meters, whereas
traditional genetic approaches have typically distin-
guished unique populations on the scale of 1000s of
meters in the Southern California Bight [63]. With
regards to cost, a single satellite tag can
costs ~US$4000, while satellite time costs ~US$8/tag
per day, which can represent a significant investment
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for the tracking of a single individual across a land-
scape. By contrast, for roughly US$5000, the isotope
values and subsequent connectivity of approximately
400 individuals can be determined [57]. Ultimately, an
investigator’s research objectives and budget should
consider the added knowledge gained by the union of
extrinsic and intrinsic tagging approaches in fisheries-
based studies. Isoscape approaches, when coupled with
mapping and telemetry data in marine systems, can en-
hance the ability of natural resource managers to man-
age global fisheries via the ability to improve estimates
of connectivity and foraging preferences in managed
fisheries populations.

Conclusions

The field of marine landscape ecology offers new oppor-
tunities to advance our knowledge of spatial patterns and
process in marine systems through theory that provides
new insights into the role of landscape complexity in
driving population structure. Emerging data acquisition
and analytical techniques can improve quantitative infer-
ences on how structural complexity affects patterns of
species distribution and abundance. Beyond the advance-
ment of basic knowledge, this advancement in the ma-
rine ecological sciences can also inform existing and
future fisheries management approaches. Modern techno-
logical advances in GIS and spatial statistics provide
clearer visualizations of ecosystem dynamics across
complex marine landscapes, and the ability to make sta-
tistical inferences on these dynamics. Improvement in
data acquisition techniques such as multi-beam sonar
and LIDAR have improved the ability of coastal man-
agers to resolve landscape features critical to fisheries
management down to a scale of a few meters.
Meanwhile, advances in drone and stable isotope ap-
proaches now provide low cost approaches for capturing
landscape data and quantifying linkages between man-
aged populations as a function of landscape complexity.
The overall synthesis of these and future landscape-
based approaches can offer new insights and approaches
for managing and sustaining global fisheries.
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