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Abstract: As place-based frameworks are increasingly applied to fisheriegerageat,
researchers are faced with the need to define ecosystem units and collecadataner
that will meet this management need. Place-based management approahlees, suc
ecosystem-based management and marine spatial planning, are explectyspatial
considerations and rely on an understanding of the spatial arrangementafitslevithin
the system and how elements interact. | explore the utility of spatieipanalysis and
spatial statistics for understanding the distribution of marine resouréesuslon the
upper shelf and outer slope region of the Eastern Bering Sea continental maigin. T
region is highly heterogeneous in terms of geomorphology of the shelf break ana syste
of canyons that incise the shelf. | used slope and aspect to divide this regionlfnto she
and slope geomorphic zones and facets and divided this region into a northern and
southern portion to explore spatial pattern at a range of scales. | quasitifietdral
heterogeneity with a shape index and surface roughness metric. | used ghocatdhs
per unit effort (CPUE) trawl survey data to describe and quantify the degneatiaf s
autocorrelation in this region. | found spatial autocorrelation of groundfish CPUE in t
upper shelf and outer slope region of the Eastern Bering Sea continental. nidregi
clustering pattern was dominated by low-value clustering at the déeksdl At the local
level, low-value clusters were confined to the southern portion of the studgratéegh-
value clusters varied spatially and temporally. Outliers were most oairiound in
close proximity to the shelf-slope break. This explicitly spatial method deratessthe
feasibility of this approach in fisheries management.
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INTRODUCTION

Place-based marine management frameworks, such as ecosystem-based
management (EBM) approaches, have been proposed by institutions and governmental
bodies as a means to sustainably manage coastal and marine resourceN(@P&\P
1999; POC 2003; USCOP 2004). EBM is an integrated approach to management that
recognizes human linkages with ecosystems and considers interactions withiroagd am
systems and across spatial and temporal scales (Leslie and McLeod 2007). EBM
explicitly acknowledges the complexity of human and ecological systeththe
emergent properties that arise from these underlying complexities. &BfidHeries
management is geographically specific, adaptive, considers ecodysdeviedge and
uncertainty, takes into account external influences, and serves to balanad societ
objectives (Sissenwine and Murawski 2004). Tools have been developed to meet these
goals including spatially explicit management frameworks such asenanotected areas
(MPAs) and marine spatial planning (MSP). MPAs are spatially desanatine areas in
which restrictions on human use are established in order to rebuild stocks andgacour
recovery of overexploited areas, protect habitats and ecosystem struotirgain
species biodiversity, or preserve culturally significant sites (Bramvemd Stergiou
2004). MSP is a multi-sectoral approach that brings together stakeholdetseto ma
coordinated and informed decisions about how to use marine and coastal resource with
the intention of creating comprehensive plans that consider tradeoffs betwaeruses
and goals (Ehler and Douvere 2009). Both MPAs and MSP are marine and coastal
management tools that combine consideration of the complexity of ecolagical a
socioeconomic systems with explicit reference to the spatial aésilaud scales of
ecosystems.

The National Oceanic and Atmospheric Administration (NOAA) and the North
Pacific Fisheries Management Council (NPFMC) use an ecosystem-ipgseddh to
fisheries management in federal waters off the coast of Alaska. This @pproa
incorporates temporal scale through annual and long-term assessmentss(biviet al.
2005); considers interactions within and among fisheries through a single species
management approach of annual and seasonal quotas and a multispecies approach of

limits on incidental catch and target fishery closures when incidenthl lbaits are
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reached for non-target and protected species (Ruckelshaus et al. 2008); ansl protect
habitat through the use of MPAs (Witherell et al. 2000). Broader ecosysteatiittes
between target fisheries and other species are accounted for with tidssgich as the
spatial and temporal allocation of walleye pollo¢kéragra chalcogrammand Atka
mackerel Pleurogrammus monopterygju® manage fishing pressure on sources of food
for Steller sea liondHumetopias jubatygWitherell et al. 2000). Other management
measures in the Bering Sea include limiting fishing and transitingmaane mammal
rookeries and haul-outs; reducing bycatch by establishing bycatchilbmizanes for

snow, king and tanner crab and implementing salmon and herring savings areas when
prohibited species catch limits are reached; and protecting blue kin(Penaithodes
platypug habitat with the Pribilof Islands Habitat Conservation Area (Withenell a
Woodby 2005).

Although NOAA and the NPFMC have taken actions to implement an ecosystem-
based approach in the Bering Sea, challenges exist. Some are getheral to
implementation of EBM, such as managing the time lag between stock amsessm
modeling and decisions on fishery allocations (Methot 2009). Others are specific t
regional implementation, such as recommendations to include broader ecosystem
objectives in management by considering socially valuable habitats andrgen-ta
species in higher and lower trophic levels (Ruckelshaus et al. 2008). Consideroey broa
ecosystem components requires a regional knowledge of the biological ressmadbe
socioeconomic uses of those resources.

The Bering Sea supports valuable and productive commercial fisheriesedivers
and rare species, and subsistence needs for Alaskan Natives. Given the use@bthis r
by a variety of stakeholders, managers are challenged to meet stakekeldeand
maintain ecosystem functions. The Bering Sea supports over 400 fish species, of which
more than 40 are commercially valuable (Hunt et. al. 2010). Major commero&idis
have been active in the Eastern Bering Sea since the 1950s, with walleye pollock
(Theragra chalcogramnjaéecoming a target in the 1970s and remaining commercially
important since that time (Hunt et al. 2010). Other commercially importanessech
as rockfish and crab have experienced population fluctuations due to natural varrability i

their life cycles and periods of overexploitation (Hunt et. al. 2010). In addition to
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substantial fishery resources, the Bering Sea supports diverse sealvrdrared
mammal species. A number of species found in the Bering Sea are raral@diste
endangered. Such species include short-tailed albaRbeslfastria albatrusand a
number of cetaceans including the bowhead wigdéagna mysticetysfin whale
(Balaenoptera physaljishumpback whaleMegaptera novaeangliaeNorth Pacific
right whale Eubalaena japonicaand sperm whaldPfyseter macrocephaluNOAA
2011).

The Bering Sea is a dynamic marine system serving as a transition avaerbe
arctic and temperate water bodies and containing high structural complexigythe
outer continental margin. The Bering Sea experiences substantial seasounal,and
decadal oceanographic shifts due to the accumulation, advection and melting ef sea ic
(Stabeno et. al. 1998 and Macklin et. al. 2002) that drive the spring plankton bloom and
annual cold pool formation (Stabeno et. al. 1998 and Hunt et. al. 2010). Shifts in
physical forcing by the Pacific Decadal Oscillation (PDO) in 1977 antsshipolar
vortex winds by the Arctic Oscillation (AO) in the 1990s has led to a subanetitime
climate (Overland et. al. 2005) and more recently, extensive sea icegmtieaafavors
species at lower trophic levels and extends the summer cold pool (Zador and Gaichas
2011).

The geomorphological heterogeneity of the outer continental margin anchsyste
of canyons incising the shelf also contribute to the complexity of the Berang Se
ecosystem. Outer continental margins tend to be dynamic with strongrgsaidi depth,
pressure, dissolved oxygen and substrate stability with high population difi&oanti
and species diversity (Levin and Dayton 2009). Shelf edge canyons, such as those of the
Bering Sea, are believed to support higher biomass and productivity than other marine
areas (Brodeur 2001). The abrupt slope of marine canyons alters downstreaatiarircul
and increases the shelf-slope exchange of water and nutrients (Napp et. a8r@060r¢
2001; Allan and Durrieu de Madron 2009). Research by Mizobata and Saitoh (2004)
found that the slope topography and canyon features along the shelf edge affect the
formation of anticyclonic eddies along the shelf break, finding that advection by
mesoscale features led to increased horizontal mixing. Other processessedimast

flushing, transport of organic matter offshore, and diel vertical migratiooaglankton
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may also increase biological productivity (Brodeur 2001). In the Bering SaficPa
Ocean perchSebastes alutyiiave an affinity for sea whip habitat associated with
Probilof Canyon (Brodeur 2001), short-tailed albatré¥sogbastria albatrusfrequently
forage along shelf edges and at marine canyons (Piatt et al. 2006), egyatepgshe
Alaska skateBathyraja parmiferg Aleutian skateB. aleuticg and Bering skateB(
interrupta) was high in areas near marine canyons for (Hoff 2010), and corals and
sponges provide vertical relief in an area of otherwise low relief stibstr Zhemchung
and Probilof canyon (Miller et al. 2012). These studies suggest potential asasciat
between the structural complexity of canyons and the biological use and pribgogti
these habitats.

The development of geographic information systems (GIS) and related tools allow
for more efficient spatial analysis and readily interpretable datahastion that may be
valuable in the policy and management context of place-based frameworks.rriroréhe
the application of remote sensing and remotely operated vehicle technologynarihe
environment allows resource managers to inventory and map resourcesyquantif
environmental characteristics, describe the flow of energy and mattevalndte
changes in ecosystem dynamics in new ways (Quattrochi and Pelletier 189ig
remote sensing to model seafloor geomorphology provides an avenue to model seafloor
terrain and explore potential relationships between habitat types and sssesdlages
that can be used to improve the understanding of a region and how processestade affec
by seafloor geomorphology (Wilson et al. 2007). For example, steeply slopisgcarea
alter current flow, limit fishing gear use and influence community compogiVilson
et al. 2007).

Spatial statistical analysis is concerned with both the location and attriddute
data (Wong and Lee 2005). It considers where phenomena occur in space andaihe spati
dependence and spatial heterogeneity among phenomena (Anselin 1993). Spatial
analysis considers interactions between observations in space and distemees be
observations in space (Anselin 1993). It is used in diverse fields of inquiry to identify
regions with extreme values and to explore the processes that may have led to thos

values and configurations of values (Ord and Getis 2001), as well as the ability t
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understand associations between observations based on distance (Legendre and Fortin
1989).

An underlying premise of spatial analysis is the concept of spatial autatone
Spatial autocorrelation, the interdependence of values over space, is a commoa attribut
among most ecological data (Legendre and Fortin 1989). Measuring the despatabf
autocorrelation requires specifying a neighborhood or distance measure dtesrioc
points in space (Ord and Getis 1995). Distance can be a relative position in sgace, suc
as a spatial arrangement, or an absolute position in space, such as Euclideaa dist
(Fortin and Dale 2005). Spatial autocorrelation will not be identical for all desaac
location that exhibits autocorrelation at one distance may not exhibit it at adistiaece
(Legendre and Fortin 1989). Spatial scale is an important consideration for frsysana
because the distance threshold used, or neighborhood, delineates the geographic scope of
influence under investigation (Tobler 1979). Different neighborhood definitions will lead
to different statistical values (Unwin and Unwin 1998). In ecological dasac@mmon
to find positive spatial autocorrelation at short distances, with the posdihéttpegative
spatial autocorrelation indicates too large a sampling interval forea giatch or
ecological avoidance (Legendre and Fortin 1989). Spatial autocorrelsias positive
at a short distance and negative at a long distance indicates an ecgjegicait, while
positive autocorrelation at both short and long distances indicates an aggregation
(Legendre and Fortin 1989).

The use of local statistics facilitates investigation into sub-regionaitiariand
acknowledges the likelihood that different processes are operatingea¢if§patial and
temporal scales within a study area (Fortin and Dale 2005). Global statistid over
large areas with large data sets can fail to detect fine-scale pattdmlocal statistics
compare each data point to its neighbors. A classic example from Ord an{iL@@2s
considered Sudden Infant Death Syndrome mortality rates in North Carolina counties
from 1979-1984. Global statistics did not detect spatial patterns in the data, but loca
statistics detected clustering of cases in a few southern countissmtartant to use
global and local statistical analysis in combination to investigateaspatpendency and
consider local statistical values in light of global values (Ord and &@fi$). A local

indicator of spatial autocorrelation (LISA) decomposes global statistapants,
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investigating whether a global pattern is representative of the averagym jpditiocal
associates (Anselin 1995). When a pattern is stable throughout the study ares, there i
little variation from the mean, but when there are significant deviations in y#hess
locations contribute a greater share towards the global statistic ifAhS686). Results of
the localG;” statistic should be interpreted in the context of whether global
autocorrelation is present (Ord and Getis 2001). The likelihood of Type | error in
analyzing local statistical values can be increased when locakrasellinterpreted in the
absence of global statistical results since locations that appeaakdispots’ inG;’
results may be located in areas with generally high values. Lotislissacan be used to
understand local pattern in the absence of global spatial autocorrelation anate expl
cases where local patterns are an aberration from the global pattérn@@Getis 1995
and Anselin 1995).

Exploratory spatial data analysis can be used to determine and descidde spat
structure in data in order to generate insights in spatial associatiorsi(Ar893;

Wilhelm and Steck 1998). These approaches allow researchers to visualize abé desc
geographic distributions, uncover patterns of spatial association, measure spatial
heterogeneity and spatial instability, and identify outliers at both géotzhlocal levels
(Anselin 1993; Wilhelm and Steck 1998). Global statistics provide a summary or
average value for an entire area, while local statistics provide a unique arabael
location.

Contemporary marine management is shifting towards place-based frameworks
and tools; this approach has been incorporated into NPFMC management actions through
an EBM approach to fisheries management (Witherell et al. 2000; Witherell aodidy
2005). According to Belgrano et al. (2006), space constitutes and important variable in
the Bering Sea system and exogenous and endogenous processes leading talecologic
variation should be analyzed with consideration of spatial autocorrelation and
multivariate methods. Spatial statistics and pattern analysis have thagbdteinform
place-based management frameworks, increase data integration, angeiohieo
visualization. In this region, the continental shelf-slope break forms a conspicuous
spatial feature. | used a hierarchical study design and spatial atédysis to integrate

biological and structural information. | used groundfish distribution and abundsiace a
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biological attribute angeomorphological heterogene of the outer continental mar
as a structural attributd hypothesized that the structural complexityhad shelslope
break would be statistically cociated with spatial attributes of groundfish speciThis
approach provides a method for bounding spacestructurally complex marin
environment and exploreghether thegeomorphologicatlivisions imposed ar

meaningful in understanding groundfisistribution and abundance.

MATERIALSAND METHODS

Study area The Bering Sea is a se-enclosed subarctic sea connecting
Pacific and Arctic Oceans. It is boledby Russia to the west, Alaska to the eae
Aleutian Islands to the souitndnarrowly connected to the Arctic Ocean by Bering
Strait. The Bangian Continental Margirextendingfrom the Aleutian Islands to tt
Siberian Margin, bisects the sea into roughly twoas plain; a shallow continental she
and deep sea basin. Thégion has a high degree of spatial heterogensitly,sever
marinecanyons incising the shelf (Carlson and Karl 1984rlson and Karl 198t
Johnson et al. 2004). The study area of 218,0€? includes the outer shelf and upj

slope of the Eastern Bering Sea continental mafjgure 1).
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Data Sources ETOPO1 was used for bathymetry and derivatives. ETOPOL is a
one-arc-second model of global relief developed by NOAA using lapogtaphy and
ocean bathymetry (Amante and Eakins 2009). Although higher resolutioynmstry is
available for portions of the study area, ETOPO1 has uniform 1.5 Wnmeselution
throughout the study area.

| utilized fisheries-independent dirantsitu trawl survey data for groundfish
distribution and abundance data. The groundfish data were taken from the 2002, 2004,
2008 and 2010 Eastern and Northern Bering Sea Continental Shelf Bottom Trawl
Surveys of Groundfish and Invertebrate Fauna and Eastern Bering Sea0dppeental
Slope Surveys of Groundfish and Invertebrate Resources conducted by the Alaska
Fisheries Science Center (AFSC). The Resource Assessment and/@tamser
Engineering (RACE) Division of the AFSC conducted both surveys betweenddine a
August each year. The shelf survey utilized a stratified systematisagnpling
approach in which the sampling grid consisted of fixed sampling stations at threadente
each 37 X 37 km (20 X 20 nautical mile) grid square. Sampling density of the shelf
survey ranged from one station per 775 kenone station per 1,496 Kwith a mean
sampling density of one station per 1,311°krfihe slope survey sampling grid consisted
of random sampling within predefined geographic subareas based on bathyrpetric ty
and landscape features in an effort to represent habitat types (Hoff &rizDB1i).

Sampling density for the slope survey ranged from one station per 112236 &ne

station per 368.96 kiwith a mean sampling density for the EBSS of one station per 204
km?. Three chartered stern trawlers (43.5-m F/V Alaska Knight, 40-m F/\bAtde,

and 38-m F/V Vesteraalen) conducted trawls for 30-minute durations at stamalard t
speeds of 3 knots for the EBS (Lauth 2011). One charted stern trawler (38-m F/V
Vesteraalen) conducted trawls for 30-minute durations at standard tow speeds of 2.5
knots for the EBSS (Hoff and Britt 2011). Both surveys were conducted with eastern
otter trawl gear with 25.3 m headropes and 34.1 m footropes (Hoff and Britt 2011; Lauth
2011). Species were recorded as catch per unit effort (CPUE) number by dividing the
number of species caught per hectare swept. Species were also recordeé ageht

(kg) by dividing the catch weighs for each species by the hectare swepa(tddiritt

10
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2011; Lauth 2011). For Table 1. Total stations by year.

additional details regarding 2002 2004 2008 2010
survey methods and data Total Number of Stations 248 340 310 310
processing, refer to Lauth (2011§peif Stations 135 171 154 163
and Hoff and Britt (2011). Slope Stations 113 169 156 147
Because this study Northern Stations 122 148 146 147
focuses on the outer continentalSouthern Stations 126 192 164 163

shelf and slope area, the shelf

survey data were partitioned based on depth. Trawl data from 100 m and greater from
the EBS survey stations and trawl data from all EBSS survey stations wackethmn

the analysis (Table 1).

All invertebrates as well as eggs, egg cases, shells and unidentifie® speae
removed from the survey data. To assess spatial pattern among specidsrandele
whether patterns of groundfish were driven by the most abundant species, thedour m
abundant species by CPUE flathead sHipgoglossoides elassodpmiant grenadier
(Albatrossia pectoralis Pacific Ocean perciS€bastes alutisnd walleye pollock
(Theragra chalcogrammavere analyzed individually. Within the Bering Sea Aleutian
Island fishery, flathead sole, Pacific Ocean perch, and walleye pollockaasified as
target species and giant grenadier as non-specified. Speciesizatégsrtarget species
are those with commercial value and non-specified species are thos®witbnomic
value and for which records are not maintained.

Methods Calculation of derivativesi partitioned the study area into a shelf zone
and slope zone by calculating the first and second order derivative of bathjanetry
represent the slope and aspects and their local rates of change.

Definition of study area, geomorphic zones, and facéiibe spatial extent of the
study area was established by the international dateline to the north andstke ddlast
to the south with a combination of a 25 km spatial buffer around the point observations of
the groundfish survey, the 100 m isobaths, and the digitized continuous line representing
the toe edge of the slope. The slope-shelf break was established aseddig#inf
maximum slope dividing the study area into the geomorphic shelf-zone and slope-zone

These geomorphic zones were further defined into facets based on slope ahd aspe

11
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morphology and adjacency o

facets along the shelf. Facet| ...~ _' | Slope Zone

initiation points identified the |, Fq;"'f— n_ ) 7
L s o Shelf Zone

point of slope-shelf incision A : Fis

using a minimum mapping Northern Portion

.
Z 4
unit length of 100 km along ¥ e

the slope-shelf break. Inthe| FH a7 B

slope zone, facet boundaries

Southern Portion

were digitized following N7
connected regions of '
maximum change in aspect. { ¢ S _:

Given the very low structural Fos _
complexity of the shelf i
geomorphic zone, facet S,
boundaries in this zone were bR
oriented orthogonally from

the point of initiation at the s F 3
h | . |T: 0 08

slope-shelf break and

) ) ) Figure 2. Spatial scales captured within the study area fgbtdd
COﬂtInued tO the |ntersect|0n by pattern type anfacet numbe

of the 200 km shelf-slope break line buffer. In this way each facet was recognaed as
individual geomorphic unit within the study area extent. Polygon vector fields were
added to the attribute tables of each facet designating the polygons as either shage
geomorphic zones and each geomorphic facet was individually labeled north to south as
Fo1-Fog for slope facets and fF; 5 for shelf facets (Figure 2). Subsequent spatial analysis
was used to compare response variables across geomorphic zones and facets emd betwe
northern and southern portions of the extent. The groundfish data sets were spatially
intersected with the polygon attributes to aid in interpreting results.

Structural pattern metricsQuantitative measures of shape complexity and
surface roughness (rugosity) were calculated for each facet. fiveeserms represent
the relative spatial complexity between facets in the study area in therttatiand

vertical dimensions. Shape index is a measure of shape complexity wherelthe patc

12



Laura Wigand
SMEA Thesis

shape is compared to a standard shape (square). This metric is calculte@Gasgal
et al. 2002):

shape index =

Where 0.25 serves as a constant to adjust for the standard Bhapthe perimeter of
patchij anda;; is the area of patdh When shape index equals one, the shape is a
square; the value increases as the patch becomes more irregular. Rsgosigasure

of surface roughness and was calculated by dividing the surface area byepiaranea
(Jenness 2011). Shape index and rugosity were calculated for each geomorphological
facet in the study area.

Spatial trend:The geographic mean center is the point representing the geometric
center of a point distribution. When these spatial observation points are weighted by a
attribute value such as count, the shift in direction and distance between the mean cent
and the weighted mean center is a measure of spatial trend in the observed d&a. Int
study, shifts in the weighted mean center indicate shifts in groundfistesdindance
(measured in CPUE number and weight) and species richness vary in magnitude and
direction over time in relation to the geographic mean center.

Global statisticsThe Moran’sl and Getis-Ord gener@é are used in this analysis
to investigate the variation in the autocorrelation of the measured variaieg the
different units of analysis. Moranlds a measure of correlation based on the degree of
covariance among values where the gen@rialbased on proportional distribution of
values (Moran 1950; Getis and Ord 1992). Both global autocorrelation statistics are
weak in detecting variations in spatial dependence and are instead focused on
characterization of similarity of measured values as a function of distaadgoency.

One advantage of genef@lover Moran’d is its ability to distinguish between patterns
of high values and patterns of low values. Morarmssonly able to distinguish the
presence of spatial pattern. Another frequently used measure of global spatial
autocorrelation is GearyG, but Moran’sl is often preferred because the results are
easily interpretable (scaled from -1 to 1) and more closely resembis®Rsa

Correlation Coefficient (Legendre and Fortin 1989). In addition, because GE€asy’s

13
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calculated directly from attribute values, its variance is affecteé gra@atly by the
sample distribution than that of Moran;swhich is calculated from differences in
reference to the mean (Cliff and Ord 19813lobal Moran’dl is calculated as according
to Wong and Lee (2005):

_ Xty X wi (g — X) (% — %)

Qi1 Xy wip) Xis  (x — %)?

Wheren is the number of observationsg;; is a spatial weights matrix indexing location
in proximity to location; x is the mean of the variable over all locationisandx; are

the variable’s value at two particular locations. With the exception of the wengirtis
(w;;) all terms are calculated directly from attributes of the data.

Moran’s| detects spatial pattern in data by measuring whether high values are
proximate to high values and low values proximate to low values for an attribute given
the weight matrix used. When high values occur in neighborhoods of high values or low
values occur in neighborhoods of low values, Moraimsspositive. When high values
occur in neighborhoods of low values or low values occur in neighborhoods of high
values, Moran’s is negative. The Getis-Ord gene@statistic is calculated as (Getis
and Ord 1992):

=1 D=1 Wi (d)xx;

G(d) =
=1 Z;'l=1xix1'

,j notequal to i

Wheren is the number of observations;; is a spatial weights matrix indexing location
in proximity to locationy; dis distancey; andx; are the variable’s value at two particular
locations.

GeneralG detects the spatial concentration of values in data by measuring, for a
specific attribute, whether high values are clustered around other high valuelsedhdrw
low values are clustered around other low values. In interpreting géhdradh positive
and negative z-scores indicate spatial autocorrelation, but a significaitgopsscore

indicates high values clustered near high values and a significant negatives

14
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indicates low values clustered near low values. Thus ge@englicates both whether
there is spatial structure present in data and the type of structure, unlike $vidhat’
can indicate only whether there is spatial structure.

Local statistics:Local statistics acknowledge that processes can vary within a
geographic region and provide insights on the presence of localized patterngtitat mi
not be detected using global statistics. Rather than providing a global avatzee
these statistics provide a measure of autocorrelation for each locatiarits Réfocal
statistics can be mapped to aid in interpretation because they produce individesl val
for each location. Similar to global measures of spatial pattern, each hitsticst
measures a different aspect of spatial autocorrelation so it is recommendediore
than one statistic (Wilhelm and Steck 1998).

| used local Moran’$ andG;" statistics in this analysis. Local Moraih’s
decomposes global Moran’y measuring the degree to which locations in a specified
neighborhood have similar attribute values; the sum of these values is proportional to the
measure of global spatial autocorrelation (Anselin 1995). Following An4d€l85%), the

local Moran’sl statistic is calculated as:

Il' = Zl'z Wl'jZ]'
J

Wherez; andz; are locations that deviate from the meay);is a spatial weights matrix;

and the summation ovgensures only neighboring values are included in the calculation.
Local Moran’sl measures the degree of similarity of attribute values among

neighboring locations. Resulting values that are large and positive indicantration

of high values or low values (high values in neighborhoods of high values or low values

in neighborhoods of low values). Values that are large and negative indicate

heterogeneity (high values in neighborhoods of low values or low values in

neighborhoods of high values). Large positive values can serve as outlieeragée

points, locations that exert a strong influence on the global value (Wilhelm akd Stec

1998). Thes; statistic (Ord and Getis 1995) is calculated as:

15
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s{[nSy; —W#)/(n = D}/?’

G (d) = all j

Wherew;; is a spatial weights matriky;” =W + w;;; d is distancex is the mean of the
variable over all locationsis the sample variancs;; = S3; = ¥; w/; (for allj).
Because thé; includes alj it includes values whene;; # 0 unlike the generdb

statistic. In interpreting; a large positive z-score indicates the presence of high value
clusters and a large negative z-score indicates the presence of lowluataes.

Determination of spatial relationship and distanceA 50,000 km distance
threshold was used for calculation of neighborhood statistics based upon theofdkelts
Ripley'sK multi-distance spatial cluster analysis that summarizes spatial depgnde
over a range of distances. A zone of indifference was used for the sgatiahiship, in
which all features within the 50,000 km distance were included in the analysishof e
target feature; beyond this threshold the degree of influence of the featiimeslec
exponentially with distance.

Data analysis All data analysis was conducted with ArcGIS Version 10.0

(Environmental Systems Research Institute, ESRI).

RESULTS

Structural pattern metrics Measures of structural complexity indicated clear
differences between shelf and slope geomorphological zones (Figure 3), énaindiéfs
between the northern and southern portions of the study area were not detected.
Differences between individual facets varied based on the metric used. Amesiglf
facets, complexity was lowest indFand highest in fs based on the shape index metric
(Figure 3). Of the slope facets, complexity was lowestiarfe highest in fand F.
The incised facets (FF,, F; and k) did not appear to have greater complexity than those
that were not incised. Among facets on the shelf, rugosity was lowegtand-F-, and
highest in lz. Among facets on the slope, rugosity was lowest iand F, and highest
in Fs. The incised shelf facets did not exhibit the greatest complexity as measur

rugosity. Shelf and slope facets did not differ with respect to rugosity or catgple
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Neither of these methods seemed to
detect differences between incised an
non-incised slope facets.

Spatial trend Spatial trends in
species abundance and richness wert
consistent over time (Figure 4). In all
years, CPUE (measured as number a
weight) trended northwest of the
geometric mean center. The weight
CPUE weighted mean center was the
greatest distance from the geometric
mean center in all years. Species

richness trended a southeast directior

in all years. The distance between the

weight CPUE weighted mean center Figure 3. Facet complexity as quantified by shape

and the geometric mean center was complexity metrics. Shading lighter to darker gates
increasing complexity measured by the shape indstxicx

greatest in 2004 and 2010, while  Crosshatching larger to smaller indicates increpsimfac
. . . roughness measured by the rugosity metric.

distance between the species richness

weighted mean center and the geometric mean center was grea@32 and 2004.

Although results indicated variations in the distance, or magnitude, betweagnegde

attributes and between years, the directional trend of each weightbedtativas

consistent over all years.
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Figure 4. Geographic mean center (Hl) and weighted mean center for CPUE number (&), CPUE weight (@), and
groundfish species richness (@) for the study area by year.,

Global statistics. Moran’s I: The Moran’d test indicated that groundfish were
not dispersed and exhibited significant clustering (p-value < 0.05). Resuits of t
Moran’s| test indicated the occurrence of spatial autocorrelation at the sch&esyiitly
area in all years for total groundfish and individual species exceptdRacgan perch at
the study area level based on CPUE number (Figure 4 and Appendix Table 1). Total
groundfish, flathead sole and walleye pollock CPUE were autocorrelated in the shel
zone in all years, while giant grenadier was autocorrelated in the slopenzaihgears.
Pacific Ocean perch exhibited the greatest variability in spatial @uétation. The
pattern was not significantly different from random in 2000 and 2008, but in 2004 Pacific
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Ocean perch were autocorrelated in the shelf zone and in 2010 in the slope zone.
Moran’sl results indicated variability in autocorrelation in the northern and southern
portions between years and species.

General G:Results of the gener@ indicated less spatial autocorrelation than
results of Moran’s. The generab indicated clustering of low and high values (Figure 5
and Appendix Table 2). Based on this spatial analysis, groundfish CPUE wstezead
at the study area level and the southern portion in 2002, 2004 and 2008 and the northern
portion in 2008. No spatial patterns were detected for groundfish CPUE in 2010.
Flathead sole CPUE varied in clustering pattern based on year andzaeagrenadier
CPUE was rarely autocorrelated. Pacific Ocean perch CPUEonBrautocorrelated in
the slope zone in 2010. Walleye Pollock results varied from no spatial autoconredati
high value clusters in CPUE.

Moran's [ (2002) General G (2002)
Study Area Shelf/Slope North/South Study Area Shelf/Slope North/South

Total Groundfish

Ny
.___i \)
[y

4

Flathead Sole

Giant Grenadier \

¢ o 27

Pacific Ocean Perch

Walleye Pollock

s

% \’\‘9
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Moran’s [ (2010) General G (2010)
Study Area Shelf/Slope North/South Study Area Shelf/Slope North/South

Total Groundfish
Flathead Sole ‘

Giant Grenadier

Pacific Ocean Perch

| \
\

e o 2”7

Walleye Pollock

A
e e

Figure 5. Global statistical results by total study areapsl@nd shelf zones and northern and southern
portions. Black shading indicates significant sdatutocorrelation for Moran’s results, black shading
indicates significant spatial clustering of highlues for generalG results and gray shading indicates
significant spatial clustering of low values forngeal G results. In unshaded regions the distribution did
not differ from random.

L ocal statistics Local Moran’s I: Local Moran’sl indicated a variety of clusters
and outliers in CPUE between years and species (Figure 6). High vélaess@and low
value outliers were detected among total groundfish CPUE. Low value outliers we
detected for flathead sole and giant grenadier and high value outliers vemtedi¢or all
individual species. High value clusters were detected among total gsluG#UE and
all individual species, but low value clusters were detected only for total greluaaiid
giant grenadier. Outliers were congregated along the shelf-slope brdataf
groundfish CPUE and varied among shelf and slope zones by year. Flatheadi#isle res
indicated high value clusters and outliers jpead F3in all years, with low value
outliers present in{zin 2008. Giant grenadier results indicated both high value clusters
and high value outliers infin all years. Pacific Ocean perch had the fewest occurrences

of clusters and outliers and they were consistently locategan s of the slope zone.
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Walleye Pollock high value clusters varied from year to year amgrig; of the shelf
zone.
Local Moran’s /
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Low-Low
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Figure 6. Local Moran'sl results by species and year. Circles indicatstefing, while squares indicate
outliers of CPUE number.

G: TheG" results indicated a wide range of high and low clustering among
years and species (Figure 7). Among total groundfish OBUEesults indicated low
value clustering in the southern portion of the study area in all years wihgya
magnitude. High value clusters of total groundfish CPUE were variable, ra&nging
the shelf to the slope zone and from the northern to the southern portion of the study area.
The location of flathead sole CPUE clusters also varied greatly bywtbanigh value
clusters detected in the northern and southern portions of the study area and one low
value cluster detected inHn 2002, both high and low value clusters detected in the
uppermost and lowermost facets in 2004, only high value clusters detected in the northern
portion in 2008, and high value clusters detected in the northern and southern portions
and one low value cluster indin 2010. Giant grenadier results indicated clustering of
high values in Fin all years and frequent low value clustering #rafd . Pacific
Ocean perch were present along the entire shelf-slope line but had tisptiadt
autocorrelation. Pacific Ocean perch CPUE high value clusters weratein & and
Fs. No low value clusters were detected. Walleye pollock CPUE resultsiedic

clustering of high values throughout the northern portion of the shelf zone, with some

24



Laura Wigand
SMEA Thesis
high value clustering injs and ke and one station in;k: Low value clusters were
detected in 2004 and 2008 and confined to the southern portion.
6
008 /ff) 2010
L5 ] ® <-196
{ X Not Significant
® >196

Total Groundfish
6
) 2002 % 2004 %) 2008 1 2010
{ i -."[X..L N X/ 3 » X
Not Significant
>1.96

Flathead Sole
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Not Significant

Walleye Pollock

Figure 7. G results by species and year. Blue circles indichistering of low values, while red circles
indicate clustering of high values of CPUE (number)

DISCUSSION

The results of this study demonstrate that spatial analysis of fisdateesan
provide new insights into the distribution of species abundance (or variation in abundance
with respect to space). Groundfish abundance on the outer continental margin of the
Eastern Bering Sea varied over space and time, but some regions exhibieotlysi
high or low abundance. The results of global and local statistical analysimsigated
that the structural complexity of the shelf-slope break is associated withl spaibutes
of groundfish abundance.

A thin ribbon of higher abundance around the shelf-slope break is apparent in the
results. In some years and with some species, this feature appears thetfowarsl,
while in other years and among other species it appears to move slope-ward. This
observation is consistent with work by Springer et al. (1996) who termed thos g
the Bering Sea the Green Belt. Those authors found that primary and secondary
productivity along the Bering Sea shelf edge is enhanced compared with nigighbor
regions. They contended that shelf edge processes are critical to mvagnfiah,
mammal and avian populations. Spatial analysis can provide insights to ecological
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process since the presence of pattern indicates the presence of ecologesd(ps) that
govern the exhibited pattern. Detecting these patterns and seeking to understand the
processes that drive the pattern can provide information to managers on intedctions
ecosystem components.

Evidence for high productivity along the outer continental margin has been
detected elsewhere. Spatial variability is high on continental margins arabthplexity
impacts the flow of water, sediments, and nutrients from continental shelvesiio ocea
basins (Springer et al. 1996; Rogers et al. 2003; Bianchelli et al. 2008). Although these
systems play a meaningful role in ocean dynamics, they remain poorly undénstood
exposed to a high degree of human use due to fishing pressure and oil and natural gas
extraction (Rogers et al. 2003). The application of remote sensing and apalyelis
tools will provide new insights into these regions. Remote sensing and spdtisisana
are tools readily applied to inaccessible marine regions. Spatial aralgdie applied
to current data acquisition to aid in reducing data collection costs and provide agew le
to view existing data sets. The insights gained from spatial analyst®n#ibute to
marine resource management through refining our knowledge of ecosyst@nas/;ma
data visualization and expanding data integration.

Boundary delineation poses a challenge to spatially-explicit forms of enarin
resource management (Sissenwine and Murawski 2004). Tools are needed to improve
our understanding of these issues and provide guidance to managers and decision makers
The spatially-explicit visualizations produced by spatial statistics aterpanalysis can
be beneficial in addressing these challenges. Spatial statistics and patlysis
provide techniques to monitor species distribution and abundance over space and time.
These tools can be used to incorporate spatially explicit information in st@dsamsEnts
and food web modeling or can be integrated into multivariate analysis and spatial
modeling. The use of geomorphology to delineate hierarchical boundaries in this study
provided insights into how structural heterogeneity of the outer continentab$ tiedf
Eastern Bering Sea relates to groundfish distribution and abundance.

The two measures of structural complexity used in this study, shape index and a
surface area based rugosity measure, both failed to differentiaidincis

geomorphological facets from those that are not incised. The lack of difédi@mntising
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these methods could result from the techniques used to derive these metricksanel cel
or scale of the data. For example, the rugosity metric considered onlyesaméagc it did
not consider aspect, or the direction of orientation, in calculating rugosity. d¢askeof
the shape index, finer scale resolution of facet edges would lead to greatesatympl
Other measures of complexity exist, such as a contour index (Yen et al. 2004) that
measures the total range in depth over an area divided by the maximum depth ehthat ar
or a suite of tools in the Bathymetric Terrain Modeler (BTM) developed b&ANO
Coastal Services Center and Oregon State University, but BTM is not urrent
compatible with versions of ArcGIS higher than Version 9.2. Exploring other measure
of complexity, and at varying scales, may lead to different results. déesare faced
with the need to determine the appropriate scale of inquiry, which is not the sathe for a
ecosystems or ecosystem components. Understanding what question is being asked and
the appropriate scale for that question is a continuing challenge for nesmeae
managers.

Although the results do not allow inference with regard to differentiailalisiton
of marine resources and their association with incised slope facets oe rcamyons,
ongoing research on marine canyons in the Bering Sea and elsewhere (Bratleur e
2001; Hoff 2011; Miller et al. 2012) indicate that these regions could support enhanced
productivity. Some evidence shows that canyons may also serve as liaraoag-
slope processes because they create discontinuity along the shelf (Gage&fers et
al. 2003). Understanding these complex geomorphological features should be a goal of
fisheries management and research. Finer scale resolution in bathymetrage and
biological data collection within the outer continental margin of the Easeind@3Sea
may lead to a more nuanced understanding of interactions between seafloor
geomorphology and features and biological attributes. These regions, as pdrtiens
outer continental margin in general, are undergoing pressure from irttreasan use
and disturbance, but we have limited knowledge of how vulnerable or resilient these
regions are to human impacts (Levin and Dayton 2009). Fisheries are expanding onto
upper continental slopes, but the impacts to deep sea fish, which are often long lived,
slow growing and late maturing species, as well as to the benthic habitettavell

known (Levin and Dayton 2009). Outer continental margins tend to have patch-like

29



Laura Wigand
SMEA Thesis

structures of high vertical relief habitat among vast areas of sandyydrahitat
according to Levin and Dayton (2009) and recent research in the Bering SedebeMil
al. (2012). Understanding the possible interplay between species, geomorphologica
structure and habitat types allows managers greater ability to delbmatdaries in

place-based management approaches.

SUMMARY

Spatial statistics and pattern analysis are tools that can provide newsirgight
improve data visualization and integration. Fishery managers and policysnesakegain
greater comprehension of marine resource abundance and distribution through this
explicitly spatial approach. These tools can be used to better understand amteracti
within ecosystems and consider how fishing effort is distributed in the E&#eng
Sea. Understanding spatial patterns in abundance and the underlying proegsses t
create patterns can help to improve place-based marine management. Téefrdsalt
study demonstrate the utility of spatial approaches in fisheries maeaggand show
how these approaches can advance our understanding of marine systems.

ACKNOWLEDGEMENTS

This has been an amazing journey, which would not have been possible without the
support of numerous people. First and foremost, | would like to thank my committee
chair and advisor, Professor Terrie Klinger, for providing earnest support andgpiida
from day one when | first approached her to serve as my advisor through thetmomple
of my thesis. | would also like to express appreciation for my committee member
Professor Miles Logsdon. Professor Logsdon has served as an invaluatdeaour
information on AcrGIS and spatial analysis, but also as a source of geeaiskifomn. |
look forward to continued interactions with my thesis committee membersrasrme
going forward. | would also like to thank the School of Marine and Environmental
Affairs faculty and staff for their enthusiasm for marine policy aredess commitment

to students, with a special acknowledgement of appreciation to Nick Wehner and his
knowledge of all things technological. | am also grateful to the World Wél&iifind

U.S. Arctic Field Program, particularly Heather Brandon, for introducing mésiska

(a special thanks to Marina, Shawn, and Jeanne as well). | would also like to thank my
fellow students. In particular | want to thank Connie Sullivan for reviews ditgladong
the way and Audrey Kuklok, Ralph Riccio, Jen Sawchuk and Libby Whiting for their
support. Finally I would like to thank my family for their ceaseless encomageand
Kim Winnard for his well-timed inspiration that set me onto this path.

30



Laura Wigand
SMEA Thesis

REFERENCES

Allen SE and Durrieu De Madron X. 2009. A reviewlog role of submarine canyons in deep-ocean
exchange with the shelf. Ocean Science Discus$§i{)s1369-406.

Amante C and Eakins BW. 2009. ETOPOL1 1 Arc-Minuteb@l Relief Model: Procedures, Data Sources
and Analysis. NOAA Technical Memorandum NESDIS NGRC

Anselin L. 1993. "Exploratory Spatial Data Analyaisd Geographic Information Systems." Paper
presented at the DOSES/Eurostat Workshop on NeuwsTooSpatial Analysis, Lisbon, Portugal,
November 18-20 (West Virginia University, RegioRa@search Institute, Research Paper 9329).

Anselin L. 1995. Local indicators of spatial asatioin -- LISA. Geographical Analysis. 27(2):93.

Belgrano A, Boldt JL, Livingston P, Napp JM. 200®ward ecosystem-based management for the oceans:
A perspective for fisheries in the Bering SeaKruse GH and North Pacific Marine Science
Organization [Eds.] Report of the PICES/NPRB wod¢sbn integration of ecological indicators of
the north pacific with emphasis on the Bering S3ainey, B.C.: North Pacific Marine Science
Organization.

Berkes F. 2010. Linkages and multilevel systemgrfatching governance and ecology: Lessons from
roving bandits. Bulletin of Marine Science 86(25230.

Bianchelli S, Gambi C, Pusceddu A, Danovaro R. 2008phic conditions and meiofaunal assemblages in
the Bari Canyon and the adjacent open slope (Adis&a). Chemistry and Ecology 24(SUPPL.
1):101-9.

Brodeur RD. 2001. Habitat-specific distributionpafcific ocean perch (Sebastes alutus) in Pribilof
Canyon, Bering Sea. Continental Shelf Research) 2103-24.

Browman HI and Stergiou Kl. 2004. Marine Protecedas as a central element of ecosystem-based
management: Defining their location, size and numbleeme Section - Perspectives on ecosystem-
based approaches to the management of marine cesoiarine Ecology Progress Series. 274:271.

Carlson PR and Karl HA. 1984. Discovery of two navge submarine canyons in the Bering Sea. Marine
Geology. 56:159-179.

Carlson PR and H. Karl A. 1988. Development oféasgbmarine canyons in the Bering Sea, indicated by
morphologic, seismic, and sedimentologic charasties. Geological Society of America Bulletin.
100:1594-1615.

Cliff AD and Ord JK. 1981. Spatial processes: Mad&lapplications. London: Pion.

Ecosystems Principles Advisory Panel. 1999. Ecesydiased fishery management: a report to congress
by the Ecosystems Principles Advisory Panel (EPARS) Dept. Commerce, National Marine Fisheries
Service (NMFS), Washington, DC 54 p.

Ehler C and Douvere F. 2009. Marine spatial plagnikstep-by-step approach toward ecosystem-based
management. Intergovernmental Oceanographic Coramib4anual and Guides No. 53, ICAM
Dossier No. 6. Paris, UNESCO.

ESRI. 2011. ArcGIS Desktop: Release 10. Redlands Hovironmental Systems Research Institute.

Fortin M and Dale MRT. 2005. Spatial analysis: Adgufor ecologists. Cambridge, N.Y.: Cambridge
University Press.

31



Laura Wigand
SMEA Thesis

Gage JD. 2003. Benthic biodiversity across andgathe continental margin: Patterns, ecological and
historical determinants, and anthropogenic thréatdVefer G, Billett D, Hebbeln D, Jgrgensen BB,
Van Weering TJ. [Eds.] Ocean margin systems. Bedew York: Springer.

Getis A and Ord JK. 1992. The analysis of spasiabaiation by use of distance statistics. Geogcabhi
Analysis. 24(3):189.

Hoff GR. 2010. Identification of skate nursery Habin the Eastern Bering Sea. Marine Ecology Frsgr
Series 403:243-54.

Hoff GR and Britt LL. 2011. Results of the 2010teas Bering Sea upper continental slope survey of
groundfish and invertebrate resources. U.S. DégEoonmerce, NOAA Tech. Memo. NMFS-AFSC-
224, pp. 300.

Hunt GL Jr., Allen BM, Angliss RP, Baker T, Bond Bluck G, Byrd GV, Coyle KO, Devol A, Eggers
DM, Eisner L, Feely R, Fitzgerald S, Fritz LW, Gay EV, Ladd C, Lewis W, Mathis J, Mordy CW,
Mueter F, Napp J, Sherr E, Shull D, Stabeno P,&8tepko MA, Strom S, Whitledge TE. 2010. Status
and trends of the Bering Sea region, 2003-2008,98267 In SM McKinnell and MJ Dagg [Eds.]
Marine Ecosystems of the North Pacific Ocean, 20038. PICES Special Publication 4, 393.

Jenness J. 2011. Tools for Graphics and Shapesndgion for ArcGIS. Jenness Enterprises. Availalble
http://www.jennessent.com/arcgis/shapes_graphios.ht

Lauth RR. 2011. Results of the 2010 eastern anttherar Bering Sea continental shelf bottom trawl/eyr
of groundfish and invertebrate fauna. U.S. DepCofmmerce, NOAA Tech. Memo. NMFSAFSC-
227.

Legendre P and Fortin M. 1989. Spatial patternenadogical analysis. Vegetation 80(2):107-38.

Johnson GC, Stabeno PJ, Riser SC. 2004. The Bg&lipg Current system revisited. Journal of Physical
Oceanography. 34:384-398.

Leslie HM and McLeod KL. 2007. Confronting the dealges of implementing marine ecosystem-based
management. Frontiers in ecology and the environ®sigi®):540-8.

Levin LA and Dayton PK. 2009. Ecological theory amhtinental margins: Where shallow meets deep.
Trends in Ecology & Evolution 24(11):606-17.

Liebhold AM and Gurevitch J. 2002. Integrating tatistical analysis of spatial data in ecology.
Ecography 25(5):553-7.

Link JS. 2002. Fisheries management what does steybased fisheries management mean? Fisheries
27:18-21.

Livingston PA, Aydin K, Boldt J, lanelli J, Juraddelina J. 2005. A framework for ecosystem impacts
assessment using an indicator approach. ICES JafrN&rine Science 62(3).

Macklin SA, Hunt GL, Overland JE. 2002. Collabovatresearch on the pelagic ecosystem of the
Southeastern Bering Sea shelf. Deep Sea Reseatdit Fapical Studies in Oceanography
49(26):5813-9.

McGarigal K, Cushman SA, Neel MC, Ene E. 2002. FFRABTS: Spatial Pattern Analysis Program for
Categorical Maps. Computer software program prodigethe authors at the University of
Massachusetts, Amherst. Available at the followived site:
http://www.umass.edu/landeco/research/fragstagstats.html

32



Laura Wigand
SMEA Thesis

Methot RD Jr. 2009. Chapter 9: Stock assessmerrafipnal models in support of fisheries management
In: Beamish RJ, Rothschild BJ, American Instituté&ighery Research Biologists [Eds.] The future of
fisheries science in North America. [Dordrecht]ri&ger.

Miller RJ, Hocevar J, Stone RP, Fedorov DV. 20%u&ure-forming corals and sponges and their gse a
fish habitat in Bering Sea submarine canyons. Ro8 7(3).

Mizobata K and Saitoh S. 2004. Variability of BeyiSea eddies and primary productivity along théfshe
edge during 1998-2000 using satellite multisensaorate sensing. Journal of Marine Systems
50(1):101.

Moran PAP. 1950. Notes on Continuous Stochastion®nena. Biometrika 37(1):17-23.

Napp JM, Kendall AW, Schumacher JD. 2000. A syrithekbiological and physical processes affecting
the feeding environment of larval walleye pollodkéragra chalcogramma) in the Eastern Bering Sea.
Fisheries Oceanography 9(2):147-62.

National Oceanic and Atmospheric Administrationl 20Cetaceans: Whales, Dolphins, and Porpoises.
Office of Protected Resources. Accessed: 8/17/ptlatéd: 8/15/11. Available at:
http://www.nmfs.noaa.gov/pr/species/mammals/cetaslea

Ord JK and Getis A. 1995. Local spatial autocotiatestatistics: Distributional issues and an aggilon.
Geographical Analysis. 27(4):286.

Ord JK and Getis A. 2001. Testing for local spatiaocorrelation in the presence of global
autocorrelation. Journal of Regional Science 41(3).

Overland J, Boldt J, Hollowed A, Napp J, MueteSEbeno P. 2005. Appendix 4: Recent Ecosystem
Changes in the Bering Sea and Aleutian Islands:.1423p. In JR King [Ed.] Report of the study group
on fisheries and ecosystem responses to recemeegiiifts. PICES Scientific Report No. 28. 161.

Piatt JF, Wetzel J, Bell K, DeGange AR, Balogh GRew GS, Geernaert T, Ladd C, Byrd GV. 2006.
Predictable hotspots and foraging habitat of thdaagered short-tailed albatross (Phoebastria
albatrus) in the North Pacific: Implications fomservation. Deep-Sea Research Part II: Topical
Studies in Oceanography 53(3-4):387-98.

POC. 2003. America's Living Oceans: Charting a €etdior Sea Change. Pew Oceans Commission (POC),
Arlington, Virginia.

Quattrochi DA and Pelletier RE. 1991. Chapter 3nBte sensing for analysis of landscapes. In: Turner
MG and Gardner RH [Eds.] Quantitative methods imcape ecology: The analysis and
interpretation of landscape heterogeneity. New Y8gringer-Verlag.

Rogers A, Billett D, Berger WH, Flach E, Freiwald @age J, Hebbeln D, Heip C, Pfannkuche O,
Ramirez-Llodra E, Medlin L, Sibuet M, Soetaert kerilal O, Vanreusel A, Wlodarska-Kowalczuk M.
2003. Life at the edge: Achieving prediction fronvigEonmental variability and biological variety.:In
Wefer G, Billett D, Hebbeln D, Jargensen BB, Vanéfiteg TJ. [Eds.] Ocean margin systems. Berlin;
New York: Springer.

Ruckekshaus M, Klinger T, Knowlton N, DeMaster 2P08. Marine ecosystem-based management in
practice: Scientific and governance challenges. iaan Institute of Biological Sciences BioScience
58(1):53-63.

Sissenwine M. and Murawski S. 2004. Moving beyantklligent tinkering’: Advancing an ecosystem

approach to fisheries. Theme Section - Perspeabinexosystem-based approaches to the
management of marine resources. Marine EcologyrBssdseries. 274:271.

33



Laura Wigand
SMEA Thesis

Springer M, McRoy CP, Flint MV. 1996. The BeringaSgreen belt: Shelf- edge processes and ecosystem
production. Fisheries Oceanography 5(3/4):205-23.

Stabeno P, Schumacher J, Davis R, Napp J. 199&rticel observations of water column temperature,
salinity and spring phytoplankton dynamics: Eastening Sea shelf. Journal of Marine Research
56(1):239-55.

Tobler WR. 1970. A computer movie simulating urlggmowth in the Detroit region. Economic Geography
46:234-40.

Tobler WR. 1979. Cellular geography. In: Gale S &gson G. 1979. Philosophy in geography.
Dordrecht; Boston: D. Reidel Publishing Co.

Unwin A and Unwin D. 1998. Exploratory spatial dataalysis with local statistics. The Statistician
47(3):415-21.

USCOP. 2004. An Ocean Blueprint for the 21st Centiiinal Report of the U.S. Commission on Ocean
Policy (USCOP). Washington, DC.

Wilhelm A and Steck R. 1998. Exploring spatial dayeusing interactive graphics and local statisfidse
Statistician 47(3):423-30.

Wilson MFJ, O'Connell B, Brown C, Guinan JC, Greldahn 2007. Multiscale terrain analysis of
multibeam bathymetry data for habitat mapping andbntinental slope. Marine Geodesy 30(1/2).

Witherell D and Woodby D. 2005. Application of magiprotected areas for sustainable production and
marine biodiversity off Alaska. Marine Fisheriesvigav 67(1).

Witherell D, Pautzke C, Fluharty D. 2000. An ecdsys-based approach for Alaska groundfish fisheries.
ICES Journal of Marine Science 57(3):771-7.

Wong DWS and Lee J. 2005. Statistical analysiseaiggaphic information with ArcView GIS and
ArcGIS. Hoboken, N.J.: John Wiley & Sons.

Yen PPW, Sydeman WJ, Hyrenbach KD. 2004. Maring &ird cetacean associations with bathymetric
habitats and shallow-water topographies: Impligatitor trophic transfer and conservation. Jourfial o
Marine Systems. 50(1):79.

Zador S and Gaichas S [Eds.] 2011. Ecosystem aanatidns for 2011: Appendix C. North Pacific Figher
Management Council. 243.

34



Laura Wigand
SMEA Thesis

APPENDIX

Table 1. Moran’s| values by study area, shelf and slope zone ariierarand southern portions by year.

1.62

-0.84

Year Moran's z- Year Moran's z- Year Moran's z- Year Moran's z-
Total Groundfish CPUE (number) I score I score I score I score
Study Area 2002 0.10 3.85 | 2004 0.06 3.83 | 2008 0.09 4.68 | 2010 0.09 5.37
Shelf Zone 2002 0.17 4.02 | 2004 0.07 2.85 | 2008 0.22 6.07 | 2010 0.12 4.49
Slope Zone 2002 0.06 176 | 2004 0.04 1.91| 2008 0.02 1.0y 2010 0.03
Northern Portion 2002 0.09 221 | 2004 -0.05 -1.44| 2008 0.06 2.13 | 2010 0.08 2.87
Southern Portion 2002 0.06 246 | 2004 0.11 6.76 | 2008 0.09 4,08 | 2010 0.07 3.53

Year Moran's z- Year Moran's z- Year Moran's z- Year Moran's z-
Flathead Sole CPUE (number) I score I score I score I score
Study Area 2002 0.14 379 | 2004 0.11 4.47 | 2008 0.06 2.32 | 2010 0.13 5.18
Shelf Zone 2002 0.12 269 | 2004 0.17 5.89 | 2008 0.07 2.32 | 2010 0.18 5.81
Slope Zone 2002 0.33 3.37 | 2004 -0.10 -1.30| 2008 0.04 0.78 2010 -0.07
Northern Portion 2002 0.16 3.26 | 2004 0.16 3.39 | 2008 0.01 0.40| 2010 0.16 3.75
Southern Portion 2002 0.13 273 | 2004 0.12 4,55 | 2008 0.19 5.39 | 2010 0.14 4.70
Giant Grenadier CPUE (number) YeaMoran's - z- - yo,, Moran's -z o, Moran's -z oy, Moran's - z-

I score I score I score I score

Study Area 2002 0.18 4.37 | 2004 0.29 0.00| 2008 0.14 5.00 | 2010 0.25 9.44
Shelf Zone 2002 N/A N/A| 2004 N/A N/A| 2008 N/A N/A 020 0.11 4.70
Slope Zone 2002 0.19 376 | 2004 0.32 9.57 | 2008 0.09 2.68 | 2010 0.24 6.28
Northern Portion 2002 0.09 1.43 2004 0.14 2.5 20080.02 0.99 | 2010 0.07 1.65
Southern Portion 2002 0.14 3.26 | 2004 0.14 5.44 | 2008 0.14 4,22 | 2010 0.09 341
Pacific Ocean Perch CPUE Moran's z- Moran's z- Moran's z- Moran's z-

Year Year Year Year
(number) I score I score I score I score
Study Area 2002 0.02 0.93 2004 0.04 2.03 | 2008 0.03 1.15| 2010 0.09 347
Shelf Zone 2002 N/A N/A| 2004 0.03 1.99 | 2008 0.02 1.18| 2010 -0.01 0.27
Slope Zone 2002 0.02 0.883 2004 -0.02 -0/03 2008 02-0. 0.01 | 2010 0.13 218
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Northern Portion 2002 N/A N/A| 2004 N/A N/A 2008 N/A  N/A | 2010 0.09 1.73
Southern Portion 2002 0.03 145 2004 0.03 2.21 | 2008 0.04 1.75| 2010 0.05 224
Year Moran's z- Year Moran's z- Year Moran's z- Year Moran's z-
Walleye Pollock CPUE (number) I score I score I score I score
Study Area 2002 0.26 6.37 | 2004 0.08 3.21 | 2008 0.30 8.08 | 2010 0.18 441
Shelf Zone 2002 0.26 543 | 2004 0.13 0.13 | 2008 0.31 7.02 | 2010 0.19 3.90
Slope Zone 2002 -0.16 -1.11 2004 0.00 0.7 2008 3 0.3 403 | 2010 0.10 2.12
Northern Portion 2002 0.27 453 | 2004 0.00 0.22| 2008 0.30 4.44 | 2010 0.12 2.49
Southern Portion 2002 0.09 1.84 2004 0.11 4.42 | 2008 0.05 1.73| 2010 0.08 1.51
Table 2. GeneralG values by study area, shelf and slope zone artlararand southern portions by year.
General z- General z- General z- General z-
Total Groundfish CPUE (number) Year G score Year G score Year G score Year G score
Study Area 2002 0.03 -2.09 | 2004 0.04 -2.43 | 2008 0.03 -3.34 | 2010 0.04 -1.39
Shelf Zone 2002 0.04 -0.43 2004 0.06 -1.68 2008 40.0 -1.74| 2010 0.05 -1.62
Slope Zone 2002 0.07 -0.34 2004 0.07 -1/31 2008 7 0.0 -0.34| 2010 0.08 0.05
Northern Portion 2002 0.06 0.38 2004 0.07 -0/61 8200 0.05 -2.38 | 2010 0.07 -0.20
Southern Portion 2002 0.06 -2.95 | 2004 0.09 -2.65 | 2008 0.08 -2.20 | 2010 0.11 -1.44
General z- General z- General z- General z-
Flathead Sole CPUE (number) Year G score Year G score Year G score Year G score
Study Area 2002 0.04 1.72 2004 0.04 -0.p0 2008 0.03-1.26 | 2010 0.05 0.33
Shelf Zone 2002 0.05 1.17 2004 0.06 -1.6 2008 0.04-1.06 | 2010 0.06 0.00
Slope Zone 2002 0.11 231 | 2004 0.07 -1.13| 2008 0.08 0.76 2010 0.08 -0.10
Northern Portion 2002 0.08 2.60 | 2004 0.07 1.10| 2008 0.06 -0.20 2010 0.10 254
Southern Portion 2002 0.09 0.43 2004 0.10 -1.99 | 2008 0.08 -1.90, 2010 0.11 -0.89
Giant Grenadier CPUE (number) YearGegeraI sczc;re Year Gegeral sczc;re Year Gegeral sczc;re Year Gegeral sczc;re
Study Area 2002 0.09 0.24 2004 0.10 O.#O 2008 0.08 0.09 | 2010 0.11 0.68
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Shelf Zone 2002 N/A N/A| 2004 N/A N/A| 2008 N/A N/A 020 0.69 1.86
Slope Zone 2002 0.09 1.3 2004 0.11 3.09 | 2008 0.08 1.51| 2010 0.12 383
Northern Portion 2002 0.15 1.4 2004 0.18 2.32 | 2008 0.16 0.98| 2010 0.18 1.22
Southern Portion 2002 0.20 0.4 2004 0.17 -1{23 8200 0.15 -0.90| 2010 0.15 -2.00
Pacific Ocean Perch CPUE General z- General z- General z- General z-
(number) Year G score Year G score Year G score Year G score
Study Area 2002 0.02 -0.80 2004 0.02 -1.86 2008 60.0 -0.40 | 2010 0.19 0.83
Shelf Zone 2002 N/A N/A| 2004 0.05 -1.51 2008 0.02 0.95 | 2010 0.05 -0.95
Slope Zone 2002 0.00 -0.6p 2004 0.02 -0/99 2008 7 0.0 -0.04| 2010 023 225
Northern Portion 2002 N/A N/A| 2004 N/A N/Al 2008 N/A  N/A | 2010 0.41 1.60
Southern Portion 2002 0.03 -0.§7 2004 0.04 -11400820 0.11 -0.45| 2010 0.17 -0.25
General z- General z- General z- General z-
Walleye Pollock CPUE (number) Year G score Year G score Year G score Year G score
Study Area 2002 0.06 285 | 2004 0.03 -0.98| 2008 0.05 1.1 2010 0.06 2.66
Shelf Zone 2002 0.06 201 | 2004 0.04 -1.21| 2008 0.06 0.483 2010 0.07 1.92
Slope Zone 2002 0.05 -0.5p 2004 0.02 -0{7r3 2008 20.2 287 | 2010 0.25 2.89
Northern Portion 2002 0.11 3.45 | 2004 0.05 -0.37| 2008 0.08 344 | 2010 0.08 1.40
Southern Portion 2002 0.05 -0.89 2004 0.09 -0800820 0.06 -0.78| 2010 0.09 -0.09
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