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Abstract

Determining jatterns and drivers of organismadtdbution and abundance are
fundamental anénduring challenggsn ecol ogy, especially for mob
scale To address the prodainpresented bindividuals whosalistributions are dynamic across
large geographic areas, héteacked59 acousticallytagged migratory striped basddrone
saxatilig with an array of 26 stationary receivers in Plum Island Estuary (PIE), MA.
Specifically, | askedl) howthesepredatorsvere distributed across the estuarine seascape, (2) if
these fishuseal three types of geomorphic sites (exits, confluences, andordtuences)
differently, (3)if distinct types ofndividuald i st r i bype®i e x,ards®@)i fish within
distinct distributional groups used geomorptitetypes and regions diffently. Based on three
components of predator trajectories (site speaifimbers of individuals, residence tiraad
number of movemenistriped bass were not distributed evenly throughout PIE. Confluences
attracted tagged striped bass although natcaifluences or all parts of confluences were used
equally. Use of nortonfluences sites was more variable than exits or confluences. Thus,
geomorphic drivers and regions link mobile organisms to physical conditions across the
seascape. Based on spatial apdtiattemporal cluster analyses, these striped bass predators
clustered into four seasoharesident distributional type3hese included the (Rowley River
group (fish that primarily resided in the Rowley River), PA)m Island Soundroup(fish that
primarily resided in the Middle Sound region), EXtreme Fidelitygroup(fish that spent most
of their time in PIE at a single receiver location), and (4 Bx@oratorygroup(fish that showed
no affiliation with any particular locationThese distbutionalgroupsused geomorphic site

types and regiondifferently. Thus, ng data show a rare link between behavioral (i.e., individual



animalpersonalities) and field ecology (seascape geonabogl) that can advance the

understanding of fiekdbased ptterns and drivers of organisnwdistribution.
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Chapter1-Geomor phic and regional

di stri bution for a mobi |

Abstract

Patterns and drivers ofganismabistribution and abundance are fundamental and
enduing problems in ecology and resource conservailibiese issuesre especially challenging
to addres$or mobile organisma t scapeséale because their distributions are dynamic and
cover a large geographic ardategrating multiple wholesystem respases can help quantify
distribution for a range of mobile organisms at a variety of scales. In addeimmogphic
drivers (confluence, neoonfluenceandexits) and regiomay link mobile organisms to
physical conditions bettéhantraditional pointspecific physical habitat variableslere, we
usedmigratorystriped bassMorone saxatili} ontheir feeding migratiom Plum Island Estuary
(PIE), Massachusetit® develop a framework for quantifyimghole-estuary distributioal
patternsand drivers ofhose seascape patterr&pecifically, we tracked 59 acoustically tagged
striped bass wiih a 26stationaryreceiver arrayrom June 24, 2015 October 26, 2015. This
array included three types of geomorphic sites exit receivergegress to oceaygix non

confluence receivers, and 12 confluence recedeptoyed at three locations within four

e

dr

confluencescross four regions of the estuary the Upper, Middle, Lower Plum Island Sound, and

Rowley River.Most tagged fish were detected montyne: 44ish, 100%, July: 50 fish, 87%
August: 48 fish, 81%) until they started to migrate south in the fall (September: 38 fish, 65%
October: 8 fish, 13%Based orthree components of predator trajectofg@te specifimumbers

of individuals, residence timandnumber of movemenistriped bass were not distributed
evenly throughout PIBBy integrating three components of predator trajectonesconstructed

an estuarywide mosaic in which &tWestRowley River sites were associated with high



residenceandhigh movementsbut low numbers of individuals ancdbNh-South mid-channel
Soundsites were characterized by high numbers of individuals, but low resideddew
movementsConfluences attracted tagged striped bass although not all confluencqsaxis ai
confluences were usedjually.Use of ron-confluencesites wasnore variablghan exits or
confluences Relative to region, more striped bass were detected in the Rowley River and
Middle Sound regions (and spanbre timethereand movecmong reeiversmore).Our
research demonstrated how intensive spatial coveragplafates ofliscretetypes of
geomorphic habitatsan be used tmform ecology andisheries managemernitd., where are the
fish spending the most time, and why) and advancédlieof movement ecology.€.,
characterize patterns and drivers of movements and distributions of mobile orgaingsms

seascape scale).

Introduction

Patterns and drivers of distribution and abundance are fundamental and enduring
problems in ecologyStephens and Krebs 1986ackulic et al. 201)Land resource conservation
(Mittermeier et al. 1998Bond et al. 2012)Understanding the distribution of figliedatorss
important ecologicallyHeithaus 2008; Espinoza et al. 2016}, conservatior{Sergioet al.

2005; Rous et al. 2017), and for management (Coleman et al. 2004; Crossin et aln2017)
particular, many current scientific and management problems related to predators (e.g. Estes et
al. 2011)depend on understandings c scadeedistributiongbatternsof these highly mobile
organisms However, understanding patterns and drivers of mobile organism distribution across
a large geographic rangsuch as a seascapedifficult becauseesearchers and managers often

dondt Kk ntleewninalere,wkenthey are foundt hey dondt stay in o



distributionfrequentlycovers a large geograplacea Without some knowledge of how mobile
organisms are distributed through time and space, we cannot study them, manage them, maintain
them or restore theml'o address thibroad and generalizabéeologicaland conservation

problem we usamigratory sriped bassNlorone saxatili} predatorgeeding seasonally with

Plum Island Estuary (PIE), Massachuseatig;onstruct a general framewdk examining

whole system distributional patterns and geomorphic and regional drivers of these patterns.

Distribution is important for fisheries and ecology aath changéhe outcome of many
research questions and conservatioranagement issues (Crasst al. 2017)Telemetry can be
used to assess habitat (e.g. DeCelles and Cadrin 2010), survey use of marine protected areas (e.g.
Espinoza et al. 2015), and monitor invasive species distributions (e.g. Binder et al(2B&6)
researchers have suggesh®w to use this distributional data to help with assessments of both
hatchery fish (i.e. Boehler et al. 2012; Cram et al. 2013; Binder et al. 2016) and wild fish stocks
(e.g. Bronte et al. 2007; Currey et al. 2014; Calihan et al. 2015). For exampleleichaed
overfished species can be effectively protected by assessing site fidelity and activity (Currey et
al. 2014). In ecology, understanding distribution is useful for pregagyrrelationships
(Burkholder et al. 2013; Kessel et al. 2016) and petjt modeling (Block et al. 2005; Shapeira
et al. 2013). Specifically, quantifying cod distribution during iced and open water periods
advances understanding of changes in the prey community (Kessel et al. 2016).

The dstribution of predataris ecologiclly important.Predators can affect ecosystem
energetics (Rosenblatt et al. 2013), are of social and economic interest (U.S. DOl et al. 2011),
and are often at low population levels because of human impacts including harvest (Jackson et al.
2001, Estes «al. 2011). Distributions of predatocan have consequess for local ecosystems

throughtop down effects (Heithau&008; Altieri et al. 2012; Casini et al. 2012) and other direct



and indirect impacts on the prey communities (Sergio et al. 2005; Fiscle@12) For

example, the absence of a predator is linked to the complete degradation of a marsh system
(Altieri et al. 2012) Most of these predators are highly mobile. As such, predators can
energetically connect spatially distant ecosystems (Weblsidr 2002; Mather et al. 2013), but
they also require a seascape scale approach (Kennedy et al. 2016N204#acking tools can
helpinform ecological issues involving predators.

Understanding where fish are located, why, and if/how they agigrégimportantto
advance ecology and resource conservati®rysical habitat can be an important driver of
organismadistribution(Albanese et al. 2004; Clark et al. 20089r example, poirspecific
physical habitat variablgse. depth Torgersen and Gse 2004; Binsong et al. 208ybstrate
Gratwicke and Speight 2005; Franca et al. 2@t2)often quantified to explain local
distribution. Howeverthese pointspecific variables are difficult to measure over large
geographic areas and may not be théabées to which mobile organisms reactecBuse these
animals cover a large geographic area and their distribution frequently cheogdesly
distributed, poinspecific physical habitat variables may eéfectivelyinform distributional
patterns omobile predators at larger scaléSeomorphology isnothemway of looking at
physical driverf distribution (Dauwalter et al. 2008; Johnson and Host 2010; Gorski et al.
2013) . For exampl e, Kennedy et ale¢@0a6,rane
irregular physical features such as dai#fs, sandbars, depth variation, confluences, and islands
have a disproportionate effect on seascape distribution of stripedWadsuild on this
geomorphic discontinuitgrganizing framework here.

Confluencesthe junction where tar bodies of water come togethesra common type of

discontinuity in aquatic system#n increasing body of ecological literature suggeststthst



particular type of geomorphic featuran beanecological hotspot (Poel2002; Benda et al.
2003; Rice et al. 2006; Rice et al. 201Zdnfluences have been examined relative to ecosystem
processes (e.g. Rice et al. 2017). The confluence concept is increasingly being used to describe
and understand organismal pattefidgt and Angermeier 2008; Osawa et al. 2011; Czegledi et
al. 2016) For example, one use of the confluence concept, river network position, has been used
to assess diversity in riverine ecosysteBmith and Kraft 2005; Thornbrugh and Gido 2010;
Kuglerova et al2015. Although important ecological effects are often attributed to confluences,
many issues about confluence structure and function remain unknown. For example, do mobile
organisms actually use confluences more thancomfiuences? Does the effectindlividual
confluences vary within a system? Do different parts of a confluence function differently? These
guestions about confluences could help explain mobile fish predator distribution across a whole
system.

Geographic region can also influence sepsdale distributiarSome research on
organismal distribution has shown differential usageesacrosgegions (Murchie et al. 2013;
Bultel et al. 2014Kennedy et al 20165essel et al. 2016)This regional scale of aggregation
may be an important linbetween point habitat features and seascape geomorphic features.
Specifically in PIE, Kennedy et al. (2016) showed that striped bass were concentrated in the
middle region because of the interaction among discontinuities related to river and ocean
proceses.

Although an increasing body tdlemetrydata is accumulating, relatively feaf these
studies seek to understand patterns of seascape distribution anesygteta drivers of those
patterndor fish predatorsUsing the keywords telemetry, acousfish*, array, field, and

distribution in Web of Sciender a Syear period 2012017, wedentified 39 studies (Tab.



1.1). These studies included a variety of fish species in diverse ecosystems. Specifically, of
these fish distributional studies, ZB400) focused on marine fish, two (5%) examined freshwater
fish, and seven (18%) tagged anadromous fish. Fifteen (38%) of these studies were undertaken in
estuaries, seven (18%) took place along the coast, eight (20%) researched coral reef fish, four
(10%)were undertaken in freshwater ecosystéhreservoir, 3 rivers), and five (13%) tracked
fish around islandgdowever, aly four (10%) examined the whole system or explicitly noted
that their studi eBew(l@bezammad whether fisvesecemeple s c al e.
distributed across the study areasmall numbef these studies linked fish distribution to
point specific habitat (10, 26%), geomorphology (1, 3%), exits (7, 18%), regions (7, 18%) or
confluences (0)Thus, although many researcherstaeseking fish to understand distribution of
mobile predatora gapexists in that few studies connect fish predator distribwtibim whole
systemsseascapscale, and geomorphic measures of habitat

Striped bass are a model organism to address hquatatify patterns and drivers of
mobile organisms related to geomorphic features across a seadstapmtec coastal migratory
striped bass spawn in the Chesapeake, Delaware, and Hudson Bay egtsaidmdults (2
yrs), theymake a seasonal migratiap theAtlantic coast into New England for the summer
months (typically MayOctober; Walter et al. 2003; Mather et al. 2010; Pautzke et al. 2080)
mayseasondy resice in New England estuaries (Mather et al. 2009; Pautzke et al. 2010;
Kenned et al. 2A.6). The uneven distribution of these fish has been linkelistmontinuities
(confluences, sand bars, istin points, Kennedy et al. 2016), yet the role of individual
geomorphologic features has not been systematically tested

To fill these gaps in pretiar distribution and geomorphology, we asked three sets of

specific research questiorsrst, relative tgatterns of whole system distributjahd striped



bass use the entire estuary study system (i.e., were they seen at all receivers), were they evenly
distributed throughout PIE (i.e., did they use all locations equally), how were they distributed by
number?Did their distribution change with thdistributional metriaused Gumber, residence

time, number of movemeptSecond, based on residence tindmesgeomorphologgxplain

striped bass distribution? Specifically, are tagged fish more common at three different
geomorphic types of sites (confluences,“aonfluences, exits)?; are there differences in striped
bass use of individual confluence sjtasnconfluence sites, and eXtsare there differences in

where striped bass were detected within a confluence site?; are there differences in variability
among geomorphic sites?; Third, are there differences in striped bass distribution related to

region(Rowley River, Uper Sound, Middle Sound, Lower Soy®ad

Methods

General Study Site

Plum Island Estuary (PIE) is a temperate estuary located within théecojgbrate
Acadian Province on the northeastern coddflassachusetts, USA (Fig. &hb). PIE is a lr-
built coastal plain estuary with seswhiurnal tides that have an average tidal range of 2.9 m
(Deegan and Garritt 1997). PIE includes three major rivers (Parker, Rowley, Ipswich Rivers),
and a masmmade connection to the Merrimack River (Plum Island Riffég. 1.2a) These rivers
drain into an open water embayment, Plum Isli8adnd characterized by a large central island,
Middle Ground The approximate length of the Sound is 13.2 km with a shoreline length of 262
km (Buchsbaum et al. 1997lhis estuay has a surface area of 12.8%an low tide and 20.0
km? at high tide Mean depth ranges from 1.4%:i7 m fttp://pie

lter.ecosystems.mbl.edu/content/siscription. PIE has gtensive areas of productive, tidal



http://pie-lter.ecosystems.mbl.edu/content/site-description
http://pie-lter.ecosystems.mbl.edu/content/site-description

marshes as well as multiple nreagetated, intertidal sand flats of varying sizes at low tide (7.2

km?) (http://pielter.ecosystems.mbl.edu/contésite description. Thus, PIE includes substantial

heterogeneity in aquatic habitats that affect fish including confluences, depth variation, sand
bars, and islands (Kennedy et al. 2016). Ocean access points include Plum Island River, which
connects tahe coastal Merrimack River and the southern entrance of Plum Island Sound, which
connects directly to the Atlantic Ocean. The yearly water temperature range4 08°C and
salinity ranges from 0 to 32 ppt
PIE Geomorphic Features

PIE has seascajsede geomorphic features that could affect striped bass distribution.
Exits from Plum Island Sound include the four egress points on which we focus, Plum Island
River, Parker River, Ipswich River, and the south end of Plum Island Sound (FigRIBd)as
many tidal creek confluences includingr four focal confluence¥yest CreekRowley River,
Third Creek, and Grape Islaliéig. 1.2b). West Creek is within the Rowley River network.
Third Creek is the middle of Plum Island Sound and Grape Island is sotlthern Sound near
the main estuary access point. We identified three components of each confluence, two arms and
a sweet spot nexuBlum Island Sound also contamsiny norconfluence sites that may or may
not be associated with physical discontimasit For example, receiver 3 is located in the upper
part of Plum Island Sound on a slightly curving marsh edge that contains no tidal creeks,
whereas receivers 13 & 18 are on the northeast and southwest sidegefsalt marsh island
called MiddleGround (Fig. 1.3p

PIE Regions
In addition to geomorphology, the estuarine seascape can be dividéalur regions

Rowley River, Upper Plum Island Sound, Middle Plum Island Sound, and Lower Plum Island


http://pie-lter.ecosystems.mbl.edu/content/site-description

Sound (Fig. 1.2cfollowing the divisions used byétnedy et al. (2016, 201Hach region is
physically different (Kennedy et al. 2016). The Lower regimiudes theleepmouth of the
estuarythe Ipswich River confluence and Grape Island confluence (Fig. 1.2c). The Lower
region is deeper and faster widwer small confluences. Theititlle regionof Plum Island
Sound has many confluences, including the Rowley River mouth, is dominated by salt marsh and
tidal creeks, is relatively shallow, has a high proportion of sandbars, and a large salt marsh
island, Mddle Ground Because of its size, ve®nsideredhe Rowley River as its own region
The Rowley River region is dominated by salt marsh, is relatively shallow compared to the Plum
Island Sound (<4 m maximum depth), has multiple smaller creeks flowing (stoall
confluences), and has many tidal flats and sand bars exposed at low tidgpEhedgdiorof the
Plum Island Soundontains the Plum Island Riveonfluence (i.e.an exit into tle ocean via the
Merrimack River), the Parker River confluenaada mixture of shallow and deep locations
with a few creek inputs.
Geomorphic and Regional Foci

In this research, weeek to understand how striped bass use three types of geomorphic
features and four regioms Plum Island The three geomorphic features aonfluencesjon
confluence ard exits. To test confluences, wramined striped bass distribution in West Creek,
RowleyRiver Mouth, Third Creek, and Grape Island (Eig@b). In each confluence, we
deployed three receivers (see details below). Dimeconfluences include siocations
throughout the Plum IslarSlound(Fig. 1.39 and two locations adjacent to Middle Ground
Island (Fig 1.39. The exits include Plum Island River, Parker River, Ipswich River, and the
lower entrance to Plum Islarf@bund(Fig. 1.33. The three regions are the Upper, Middle,

Lower Plum IslandSoundand Rowley River regions (i 1.29.



Stationary Array

We tracked acoustically tagged striped hasiaga 26 stationary receiver array (VR2W
69kHz) (Fig. 1.3b) in which eacheceiverdetected coded pinggthin a 500 m radius. Receivers
were deployed from June 24, 2011®ctober 26, 2015/Ne deployed four exit receivers (receiver
numbers 1 Plum Island River2 - Parker River25- Spindle & 26 - Ipswich River; Fig. 1.3a)
andsix nontconfluence receiverséceiver numbers 3, 12, 13, 18, 19,.20n-confluences were
chose in all regions based on locations away from confluences where fish were detected in past
studies. Confluences of approximately the same size were chogaEmta eange of distances
from the oceanConfluences (West Creek, Rowley River, Third Creek, and Grape Is¢iadd)
three receiversach: West Creek (receivers 9, 10, & 11); Rowley River (receivers 5, 6, & 8);
Third Creek (receivers 14, 15, &16); and Graégland (receivers 21, 22, & 23jor all
confluenceswe placedoarece ver i n the central miecevarg5 ar ea,
9, 14, & 21). The other two receivers for each confluence were placediinthemg¢hé o r
contributing rivers tahe mixing basin of the conflueac(receivers 6, 8, 10, 11, 15, 16, 22, &
2y . A few fAineighborhoodod receivers in the Row
to detect fish in underrepresented areas and to provide greater spatial coveragdafdtioss.
For example, receivers 7 (in the Rowley River) and 17 (in the Plum Island Sound). We deployed
receivers in four regions (Upper, Middle, Lower, and Rowley River). The Upper region
consisted of receivers4. The middle region included receivéi®19. The Rowley River region
included receivers-82. The Lower region included receivers2® In summary, the majority of
receivers were placed in specific locations, across PIE regions, to provide replicates of specific

geomorphic treatments acrogsgjions.
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Fish Tagging

Subadult and adult striped ba#s-59; mean fish size = 524 mm, range =428, SE =
5.85) were captured Wiy anglingwith barbless hookwithin our four focal confluences (West
Creek, Rowley River MouthThird Creek, and Grape Isld). We tagged fislon 11 days during
two tagging events in the summer of 2015. Specifically, we tagged 44 angled striped bass on
June 24 June 2%nd15 striped bass on July 22uly 26. All striped bass were released near
capture locations. We taggedar equal numbers of fish from each locatibd® fish werecaught,
tagged and releasenh West Creek, 14 fish weaughttagged and releaseh Rowley, 17 fish
werecaughttagged and releasenh Third Creek, and 15$h were caughtagged and relesed
in Grape Island.

All fish (n=59) were internally implanted with Vemco V13 acoustic {@gsgth: 3648
mm, weight in air: 1413 g, weight in water:-6.5 g; Gerber 2015). Tags were less than 2% of
the body weight of all tagged fish (Bridger and Bod®02). Individual fish were anesthetized
with Aqui-S 30 mgL until theylost orientation (mean = 2 mir8seq. A 1530 mm lateral
incision was made below the pectoral fin, about % of the way to the tip of th&rip surgical
scalpels of size 12The aoustic tag was sterilizagsing ethanochnd inserted into the body
cavity, then the incision was closed witid Zurgical suturesthicon, braided, coated Vicryl; 3
0, FS2, 19 mm 3/8c, reverse cuttingean surgery time = 2:31). Pastrgery, all fish wre
intramuscularly injected with Liquamycin (0.1 mg/kg) and transferred to a recovery tank filled
with ambientwater. Fish were releasedcethey regained orientatigimean recovery time = 6

min 15 seq.
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Data and Response Metrics

Receiver dataveredownloaded nt o VEMCOO s apptbEmately mdntiya r e
Each individually coded tag detection was recorded as a single data line including information on
receiver station number, date, time, and tag nunibetia were compiled from VUE into
Microsoft Excel Data were summarized as three response metrics that quantified distribution of
mobile predatorsnumbers of unique individuals, residence tigednumbers of movements

The maeniqueiindividiald was def i ne dunigugelydode@individeimb er o f
fish that visiteda given locatiorover a given time periodror this metric, each fish was counted
only once even if it was detected multiple times.

The meesidencetmd quantified how much time each
To calculate reidence time, raw detection data from VUE wawenmarized with/Track
software (R 2.2 software; R Core Team; Campbell et al. 20R&sidence time at each receiver
site was recorded when a tagged fish was detected twice until it was not detected afoywhere
one hour or was detected at another receiverigsidence timevas then used to determine if
fish favored certain locations over others (long vs. gfesitience times respectively).

T h e maumber af mdvemeritsvascalculated as the numbertohes a fish arrived
or left areceiver site for a standard time petriod

Statistical Analysis

Total unique individualsaverageesidence timéor all fish at eaclreceiver and average
movementor all fish at eacthreceiverwere calculated and plotted ammap of Plum Island
Estuary to depict seascape patterAlb.three response metrics observed at each receiver were
compared to what would be expected to an even distribution. An even distribution was calculated

as what would be expected if the same neinds fish were present at each receiver (unique
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individuals), if fish resided for the same amount of time at each receiver (residence time), and if

fish moved the same number of times at each receiver (number of movements). Observed was

compared to expéedusing a Chisquare analysis with 2000 Monte Carlo simulations

(6chisqgq.testdé function, O6statsd package, R).
Whether geomorphology affected striped bassdencdime was statistically tested

usingaonavay ANOVA (o6anovabd f umuwhichgeemorphicdreasmens 6 p a c |

(confluence, noitonfluence, exityvas the independent variable and residence pierdish per

receiverwas the responsé oneway ANOVA was also used to compare differences among (a)

individual confluences, (b) individuabnconfluences, (c) individual exits, and (d) parts of

confluences (arms vs sweet spots). For all of these geomorphic analyses, the individual fish at a

receiver was the experimental uniergs(i.e., all tagged fish were considered for all receivers)

were included taest theentiretaggedpopulation.Data were log transformed to meet

assumptions afiormality. Aposthoc Tukey test (6tukeyHSDO6 funct

identified which geomorphic sites and regions were significantly diffefeatitical alphavalue

of P < 0.05 was used to determine statistical significaAamefficient of variatiorwas

calculated for all confluences and roonfluences to compare variability across sites in

geomorphic treatments.

Results

Overview
Across the sixmonth field season (Juridovember, 2015), we recorded 4972
detections of tagged fisfor an average of 7,593 detections per individual tagged striped bass

(range = 782,460; SE = 79 = 59). In addition,during the summer, most tagged fish were
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detet¢ed monthly(June: 44 fish, 100%, July: 50 fish, 87% August: 48 fish, 81%) until fish
started to migrate in the fall (September: 38 fish, 65% October: 8 fish, IB2015, tagged fish
were detected at an average of 15 (of 26; 58%) receivers (ra@8eSk: 0.6). Overall, tagged
fish spent on average 46 hours (range:32.4 hours, SE: 16.4) ali receiver locationg-ish
moved on average 167 times (rangel72.8, SE: 3.7) amonrg]l receiver locations. Fish were
detected for 12dlays, with an averagof 69daysper fish(range: 4117 days, SE: 4.43). In
November, at the end of the first field season, all but 1 of the 59 (1.6%) tagged fish had left the
estuary After striped bass left, 37/59 (63%) of fish were seen outside of Plum Island.
Maps: Numbers of Unique Individuals

Numbers of unique individual tagged striped bass that visited individual receivers within
PIE were unevenly distribute@he number of unique individumbetected was low at some sites
(receiver2, 10,11, 12, 15, 16, 22, 23) and iigh at other sites ¢ceiversl, 3, 4, 5, 6, 913, 14,
17, 18, 20, 24, 26;ig. 1.4a)Based on the cksquare analysis, one fish than expectedere
present at some sitee¢eivers 1, 3, 4, 5, 6, 7, 13, 14, 17, 18, 19, 20, 24,;826.001;U=
0.05;6% = 171.22 Fig. 1.5). Fewer individual striped bass than expeoteere detected at other
locations (2, 8, 9, 10, 11, 12, 15, 16, 21, 23, & P50001;U= 0.05;6 = 171.22;Fig. 1.53.
Even though fish were unevenly distributed, striped vasted all receiverdHg. 1.4),
suggesting that these mobile fish predators could and often did use the entire estuary ecosystem

Map: Residence Time

Average residence time was extremely variaass receiverdean residence time for
acousticallytagged striped bass was low at some si&e(vers 1, 2, 3, 6, 8, 10, 11, 15, 16, 20,
21, 22, 23, 24, 25, & d@andhigh at others (receivers 4, 5, 7, 9, 12, 13, 14, & 17) (Fipp)1.4

None of our 26 receivers had zero residence tiResidence times we notthe same across
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receivergP<0.001;U= 0.05; Fig. 1.6). Higher residence time than expected., all fish were
spending the same amount of time at all receivers) occurred at some locatense(s 4, 5, 7,
9, 12,13, 14, & 176* = 46270.33Fig. 1.%). Lower residence time than expecteas observed
at all other locationg¢ceivers 1, 2, 3, 6, 8, 10, 11, 15, 16, 20, 21, 22, 23, 24, 25, & 26;
46270.33; Fig1.5b).
Map: Number of Movements

Average movementso varied across sitdgleanamount of movements for
acoustically tagged striped bass in 2015 was low at some sites (receivers 110, 31415,
16, 17, 19, 20, 21, 22, 23, 24, 25, & 26) and high at others (receivers 5, 6, 713,824, Fig.
1.4c). Numbers of movements siriped bass at all receivers within PIE were not the same at all
receivers <0.001;U= 0.05; Fig. 1.6). More movements were made than expected at some
locations (Receivers 5, 6, 7, 9, 12, 13, & 64+ 15310.28; Fig. 16). Fewer movements were
made than expected at all other locations (receivers 1, 216, 41, 15, 16, 17, 19, 2P]1, 22,
23, 24, 25, & 2662 = 15310.28; Fig. 16.

Map: Integrated Responses

When all responses are considered together, intriguing seascape patterns emerged. First,
more individuals use the central A hfisgpdmevay o cr
spending more time in the central basin of the Plum Island Sound and the Rowley River (Fig.
1.6b). Third, when we combine all responses, four different patterns were evident (Fig. 1.6c).
The first pattern (red) shows areas with low numbers avithaals and low residence times
(receivers 2, 6, 10, 11, 15, 16, 21, 22, 23, & 25; Fig. 1.6¢). The second pattern (yellow) shows
areas of receivers that have high numbers of individuals, but low residence times (receivers 1, 3,

18, 19, 20, 24, & 26; FidL.6¢). The third pattern (light green) shows areas that have low
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numbers of individuals, but high residence times (receivers 6, 7, 9, & 12; Fig 1.6c). The last
pattern (dark green) shows areas that have both high numbers of individuals and high residence
times (receivers 4, 5, 13, 14, & 17; Fig. 1.6c).
Geomorphic Type: Numbers

Numbers of unique striped bass varaalossggeomorphic site type3he exit sites
(receivers 1, 2, 25, & 26) had moderatambers of individuals (224 wique individuals) as
almostall of these migratory striped bass left PIE for the ocearerialhthrough an exit (Fig.
1.4a). Manytagged striped basised the Rowley River confluencedgiver numbers 5, 6, & 8;
average: 40 range: 42D unique individuals) (Fig. 183 Numbers ofish werevariable at Third
Creek (receiver numbers -114; average: 25, range: -BR unique indriduals) and West Creek
(receivers 911; average: 21, range:-B& unique individuals) (Fig. 1a% Grape Island receivers
(21-23) detectedewer unique individals (aerage: 17, range-%3 unique individuals) (Fig.
1.4a). Detections of unique individual striped bass at-confluence sites (receivers 3, 12, 13,
18, 19, 20) were highly variable (Average: 43, range5@4inique individuals; Fig. 1a4.

Geomorphic Type: Residencelime

Residence tim&ariedacross geomorphic site typand regions. The exit siteg¢eivers
1, 2, 25, & 26 had very low residence timevi@age: 2.38 hour§E 0.46, range: 1.78.56)
because fish were detected by exit receiverdlypias they left the estuary during the southward
fall migration. At the Rowley River confluencesreivers 5, 6, & 8), residence time varied from
6.5hoursi 62.9 hours on averagev@age: 25.67SE 5.59).West Creek @ceivers 911) had
high but variate residence tingthatranged from 0.141.53 hours (eerage: 32.04SE: 11.39).
At Third Creek (eceivers 1416) times were intermediate, fradi321 50.90 hours on average

(average: 19.67SE: 5.54). Grape Islandegeivers 2123) had lower residencenrtes that ranged
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from 0.212.94 hours on averagev@age: 1.41SE 0.69).Residence times at naronfluence
sites (receivers 3, 12, 13, 18, 19, 20), like unique individuals, were highly variable (average:
41.75, SE: A1, range: 6.685.22) (Fig. 1.H).
Geomorphic Type: Movements

Movements of striped bass variattoss geomorphic site typeThe exit sites éceivers
1, 2, 25& 26) had very low movementsyarage: 3.925E 0.41, range: 1.14.14) as the fish
exited infrequentlyAt the Rowley Riveconfluence(Receivers 5, 6, & 8), movements \&ti
from 21.536.17 on average\(arage: 28.135E 2.83).West Creek @ceivers 911) had high but
variable movemds that ranged from 1.61.29 (aerage: 38.44SE 5.28) At Third Creek
(receivers 1416) movemats were intermediate, fron¥ D01 27.32 hours on averagevgaage:
25.51,SE: 3.44). Grape Islandegeivers 2123) overall had lowemovementshat ranged from
1.255.15 movements on averagedeage: 4.51SE 0.74). In all four confluence sites,
movene nt s at t he |eqeipeesro, 8/ilA, 1Intb, 186,22, & Z3) were less thareat
isweet verage:B.858E (98, range: 0.14.78; Fig. 1.8). Residence tinsat non
confluene sites (eceivers 3, 12, 13, 18, 19, 20), like uniquevidiials, were highly variable
(average: 16.435E: 1.27, range: 1.283.3; Fig. 1.4).

Test of Geomorphic Treatments

Striped bass residence times were different across geomorphi¢expgsconfluences,
nontconfluenceskig. 1.7a, P<0.001). Exit site®ad significantly lower residence time than
either confluence or neconfluence sites (Fid..7a). Exits had little variation across sites
because all exits had consistently low residence times (Fig. R&&ilence timeat confluence
sites were lowethan nonconfluence sites (Fid..7a) but higher than at exit sites. Confluences

had an intermediate level of variation across sites (Fig. INAmconfluence had highest mean
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residence time althougton-confluencs were also the most varialgleig. 1.7b) Confluences
had a higher coefficient of variation than proonfluences and exits (Fig. 1.7c)

All exit sites had low residence timasdwere not significantly different (Fid..7d.
Within the confluence categqriagged striped bass spent more timé/est CreekhanRowley
confluence ol hird Creekcompared tdsrape IslanqP<0.05; Fig.1.76. Within the non
confluence categorynean residence time at sites 3 and 20 were low but not very variable.
Residence time at sites 18 and 19 were average hablarSites 12 and 13 had means above
the estuary average but were highly varigPk0.05; Fig.1.7f).

Confluence Parts

At all four confluence sites, residence ti
11, 15, 16, 22, & 23) were less than ateotbonfluence sites (average: 3.75, SBO0range:
0.147.78) (Fig. 1.4). In all confluence sites, many fewer unique striped bass used the upper
Aarmo sites (receivers 6, 8, 10, 11, 15, 16,
5-42 unique individuals) (Fig. 1.4aptriped bass did not use all parts of the confluence equally.
Specifically, tagged striped bass had signifi
recei ver s P&O0% Rig.1iBaAll fiesnd sités were well belowverage residence time
across the estuar?€0.05; Fig.1.9). All fisweet spaisites werénigher tharaverage residence
at all confluenceacross the estuary except Grape IslawD(05; Fig.1.9).

Region

Residence time differed across regiohise Rowley,Upper, and Ntdle regions all had

statisticallyhigher residence time than thewer regionsi<0.05; Fig. 1.1Pwith the Rowley

and Middle regions having higher means than the Upper region
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Discussion

Take-home Message 1: High Resolution Telemetry Data
High resolution telemetry data can help link whole system fish distributions to seascape
scale physical conditions in a way that provides novel insighir study of seasonally resident
fish predatorsn=59 tagged stripebass) withiran acoustic arrayf@6 stationary receivers
deployed for 124 day®sulted in high resolution distributialata(400,000 + detections;
average: 7,593 per fish) for mobile fish predators that stayed within a 28 &skunary for an
average of 69 daydn contrast, many teheetry studistrack fish for only a limited period of
time in limited locations (e.g., 11 tagged fish, 120 days, Humston et al. 2005; 8 tagged fish, 29
days, Furey et al. 2013 mpirical trajectories are relatively rare because many impediments
exist to ollecting this type of data, i.e., many animals need to be tagged and the tagged animals
need to be detected at many locations, move at regular intervals, but stay within the study
system. This is especially di thdanimalslateande c aus e
where they go which makes setting up stationary arrays difficult. Often, telemetry arrays are
placed within large open areas from which tagged animals come amdi doll coverage is
impossible(e.g. Humston et al. 2005; Dewar et &108; Herbig and Szedimayer 2018his was
not the case for our dataset. Consequently, with ourregbiution data, we were able to
examine the three metriosimber of individualgesidence timeandmovementthroughout the
entire estuary for multiplésh.
Take-home Message 2: Integrated Metrics
Our three metrics revealed different pieces of information about the distribution of

individual mobile organisms, which when integrated, revealed novel insijhtsree metrics
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show higher values in certaareas thawthers If these distribution metrics were examined in
isolation threecontrasting (and erroneous) conclusions could be driaamexample,eceiver 3
had high numbers of individuals, low residence time, and high numbers of movements.
Examining just the number of individuals, we might conclude that this is an important location
for striped bass within the estuakysing just residence time, we might conclude that this is not
an important location. Using just numbers of movements, we might egagfude that this is an
important location. Combining all three metrics, this locaippears to be taansitional location
where many fish (high number of unique individuals) pass through (high number of movements),
but they are not spending time th@iav residence time)This integrated insighs a very
different interpretation tham number residenceor movementsvere viewed in isolation.

Thus, using naltiple metrics allowed us to look at seascape distributional patierns
individual sites andites across the entire ecosysté&ing, looking at thenumber of fish that
visited each receivallowed us taetermine whether the entire populatmrjust a few
individualsuseda location.Using the metric ohumber of tagged fisis common in telemtry
studies (Humston et al. 2005; Dewar et al. 2008; Fural 2013) and in traditional assessment
sampling.Residence timer how much time a single fish spends at a single locetioreasured
less frequently, and often differently across stu¢iResibens et al. 2013; Capello et al. 2015
Taylor et al. 201). Finally, movementsorthe number of timeish come and go from various
locations are frequently discussed (Holland et al. 2003; Gerig et al. 2014; Gannon et al. 2015)
butthe waymovementsare quantifiedand the context in which they are discussed differs
Additionally, there are few studies that combine multiple metrics together to create a mosaic of

site functionmetrics as we have done here, to generate testable hypotheses.
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Take-home Messge 3. Geomorphic Features

At the seascape scale, geomorphic correlates of distribution provide insights into how
physical habitatvereused by mobile predatorsluch research and ecological theory suggests
that physical conditions are the stage on whictidinteractions play out (e.g. Levin 1992).
Habitat researchbommonly usegoint estimates of physical conditiordepth Torgersen and
Close 2004, Binsong et al. 2013ybstrate Gratwicke and Speight 2005; Franca et al. 2012). At
the seascape scalegfie point estimates may not reflect major influences on physical habitat. In
fact, largerscale, irregular physical featuresdiscontinuities (confluences, sand bars, islands,
points, Kennedy et al. 2016), may be masefulindicators of large scale psigal variableshat
aggregate mobile organisms

In PIE, ggomorphology providedsefulinformation about wherstriped basspent more
and less timeExits were areas where striped bggert little time. This isexpected because
these receiver locatiomgere chosen to detect fish leavithg study system. Atlantic coastal
striped bass are highly migratoh/aldman et al. 199V alter et al. 2003; Pautzke et al. 2010;
Mather et al. 20133nd although contingents can remain within areas such as PIE fatiran e
season, other striped bass continue up the east coast as far north as Maine (Grothues et al. 2009;
Able et al. 2012)At exits we expected low residence times as these sites are only used as
passag¢o leavethe estuary. Other studies that trackstabmigrations and other long distance
movements (Mathegt al. 2013; Kennedy et al. 20Q1d@ften put receivers at system exits,
checkpoints and ot her fAf or kaursis the fitstsedy to@caedavize exiiscasr e v e r
a functional site for fish.

Confluences attracted tagged striped bass, and, in many cases, tagged fish spent much

time there and moved frequently to and from this type of geomorphi€sitdluences have
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been suggested to beologicalhotspots (Poole 2002; Benda et al. 2003gRital. 2006)
Confluences are increasingly a focusgjanismabiodiversity studiegHitt and Angermeier

2008 Torgersen et al. 200®sawa et al. 2011; Czegledi et al. 201Hpwever, many gaps still
exist relative to how animals use confluencest éxample, prior to this study it was unknown
how different confluences affected predator individuals and populatitniped bass used
confluences in PIE differentlstriped bass spent much timeWest Creek and Rowley River
confluences, bultttle time atthe Grape Islandonfluence Other studies have rarely compared
multiple confluences within a single system (éogt see Kennedy 2016). We were able to show
that striped bass used the fAsweet spod.0 signi
Although dher studies have examinbabdiversityupstream vs downstream of confluentes

river systemgGrenouillet et al. 2004; Hitt and Angermeier 2008; Czegledi et al.26&6),

previous study has examined how predators used the parts of a comfl@nfluences were
lessvariable than norwonfluences meaning such that even whanflaence siteslid not offer

the bestonditions for a feeding striped bass, thgre predictable in locatighigher than

average in qualityand a dependabfeod souce (Benda et al. 2003; Rice et al. 200Gt

o f f egoatdnouid payoffs In summary, confluences are important geomorphic sites for fish
predatorsHowever, he profitability of a range of confluencedthin a seascape (as suggested

by Rice 2017)nerits further ecological investigation.

Non-confluences were also used by many fish, but were highly variaiexample, the
highest average residence time for a-nonfluence location (receiver 13) was 85.22 hours and
this location was right in the Midiel region of the estuary as well as near other features such as
Middle Ground. In contrast, the lowest average residence time foreomdimence location

(receiver 20) was 6.66 hours. This location was within the Lower region of the estuary and not
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nearany other geomorpbifeatures. Kennedy et al. (2Ql#so found that nenonfluence sites
in PIE had the highest and lowest fish coultgheir study, lhe nonconfluence sites that
attracted large numbers of fish had multipleoccurring discontinuitiee.g. santars, depth
variation). Thus, an-confluencesites encompass a wide ranggbysical conditions (Torgersen
and Close 2004; Franca et al. 2012; Binsong et al. 2014) and need additional refinement to
understand the varied role they play as ge@mardrivers of fish distribution in the estuarine
seascape
Take-home Message 4: Region
At the seascape scale, geographic region within a system provided information about
where animals spent more and less tiifee Middle and Rowley River regionsere tre
geographic areas at which tagged striped bass spent the mositeridpper and Lower regions
were the areas where fish spent the least amounts offtinses likely because the greater
Middle region in general (when combined with the Rowley Rivdrighalso located in the
middle of the estuary) contains many aistnuities (Kennedy et al. 20L6ther studies have
also broken larger seascapes into regions and found distinct differences in usage (Murchie et al.
2013; Bultel et al. 2014; Kennedy ét 2016; Kessel et al. 2016).
Summary
By aralyzing fish distribution patterns using telemetwe have made a number of
discoveries that advance field ecology and fish conservation. First, our research demonstrated
how intensive spatial coverage of digerareasvithin an entire ecosysteoan be used to
explore details ohaturalfish behavioiin the field. Second, these higésolution data can be
broken into multiple metrics that, when integrated, can show novel insights into fish distribution.

Third, we showed that measuring geomorphology rather than point habitat features can explain
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predator distribution at a larger scale. Relative to geomorphic features, we were also able to
show that confluences are important features in the seascape. Althowgtusidionfluences

differ, they are more predictable and less variable tharcanfluences. Finally, as other studies
have shown, striped bass use regions within a larger seascape diffareedly findings can be
broadly applied to any species of in&trto provie mor e i nf ormati on on O6sc
distribution patternsSpecifically, the findings from this study can be used to inform fisheries
management (where are the fish spending the most time,landand advance the field of
movement ecology (howan we more specifically characterize movements and distributions?).
Future research could attempt to integrate the metrics described in this paper and apply them to
specific ecological theories (e.g. Central Place Foraging; Rosenberg and McKelvey 1999;
Movement ecology, Nathan et aD@B; Benkwitt 2016) or in support 6§heries goalg¢Crossin

et al. 2017
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Table 1.1: Summary of the literature review on studies using acoustic telemetry
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Table 1.1 (continued)
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a. Location of PIE

! P )\ Me

Figure 1.1: (a) Plum Island Estuary, MA is located on the Northeastern coast of
Massachusetts and (b) has diverse geomorphic and bathymetric features.
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a. Landmarks
: Péfkéf
'RiVér_- :

7 Confluences c. Regions

Figure 1.2: (a) Plum Island Estuary hasthree major river inputs; Parker River, Rowley River, and Ipswich River, one outlet
into the Atlantic Ocean, and onanan-made connection to the Merrimack River; Plum Island River.Landmarks include a
large salt marsh Island called Middle Gound. (b) Multiple tidal creek confluences are present, of which our study will focus
on West Creek, Rowley River, Third Creek, and Grape Island(c) The estuary can bebroken into four main regions, Upper,

Middle, L ower, and Rowley.
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a. Stationary Receiver Types b. Stationary Receiver Locations
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Figure 1.3:(a) Stationary receiver distribution within Plum Island Estuary, MA. Shapes indicate the categories of receiver
types. (b) Receiver locations and numbers are shown.
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a. Individuals (No)

b. Mean ‘Residence Time (h)

c. Mean Movements (No)
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Figure 1.4:The spatial distribution of (a) numbers of individuals, (b) average residence time, and (c) average number of

movements in Plum Island Estuary, MA for 59 tagged striped bass at 26 receivers. Receiver numbers are indicated next to the

associatedbars. A scale bar is in the right top corner of each plot. Figures 1.4 and 1.5 are related.
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a. Unique Individuals b. Residence Time €. Movements
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Figure 1.5: Results of a Chisquare analysis that identified (a) which receivers saw more individuals than exged and which
receivers saw less individuals than expected. The expected is based on an even distribution (i.e. the same amount wicinalis
at all receivers). (b) A which receivers fish spent more or less time than expected basedameven distribution, and (c) d
which receivers fish moved more or less than expected based on an even distribution.
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a. Individuals b. Residence Time & Movements c. Combined Pattern

[] Less than Expected [1] Low #, Low Res [3] Low #, High Res
] More than Expected 2] High #, Low Res High #, High Res

Figure 1.6: A map of mosaics indicating areas for (a) where there were more individuals than expected bdsm an even
distribution (red) and where there were less individuals than expected based on an even distribution (green), (b) where there
was higher residence times than expected based on an even distribution (red) and where there was lower residence tinae
expected based on an even distribution (green), and (c) the combined patterns from a and b where red indicates areas with low
numbers of individuals and low residence times, yellow indicates areas with high numbers of individuals but low residence
times, light green indicates areas with low numbers of individuals but high residence times, and dark green indicates areas

with both high numbers of individuals and high residence times.
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a. Geomorphology b. Standard Error c. Coefficient of Variation
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Figure 1.7: Bar graphs depictingmean and standard error (a)geomorphology typegconfluences, norconfluences, and exits
(b) standard error of geomorphic types, (c) coefficient of variation of geomorphic types, mean and standard error of (d) exits,
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(e) confluencesand (f) non-confluences. The dotted line is the estuary meat.etters indicate the results ofTukey post hoc
comparisons.P<0.05 was used to determine significance.
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Figure 1.8: Bar graphs depicting residence tne (mean +/ 1 SE) for confluence parts in
2015. Letters indicate the results of Tukey post hoc comparisons. P<0.05 was used to
determine significance.
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averages, and their corresponding partsffarmso and fisweet spobd). Letters indicate the
results of Tukey post hoc comparisonsP<0.05 was used to determine significance.
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Figure 1.10: Bar graph depicting the differences in residence time between regions in 2015.
Letters indicate the results of Tukey post hoc comparison®<0.05 was used to determine
significance.
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Chapter2-How i ndi viadualn var di stri but

providessinsetg geomorphic and regi

di stribution for a mobil e

Abstract

The examination of withipopulation individuality (also known as discrete individual
variation or behavioral syndromes) is a rapidly growing area of ecol@gideevolutionary
research that has the potential to reduce previaustplained withirpopulation variation for
many attributes of natural populations. However, few studies of individuality link a discrete type
of individual variation to distributiormovement, and habitat use in the field. Identifying discrete
behavioral types can have important implications for understanding patterns and drivers of
organismal distribution in the field if individuals within a discrete group behave similarly to each
other but differently from other groups. Here, we used spatial and terrguatl cluster
analyses to test if distinct types of distributional groupings existed for migratory striped bass
(Morone saxatiliy predators feeding seasonally in Plum Island Egt(RIE), MA. We also
tested if fish within distinct distributional groups or clusters used geomorphic habitat types and
regions differently. If a link between individual group and field behavior exists, then identifying
and categorizing individuality caadd to our understanding of patterns and drivers of field
distribution. To advance this issue, we tracked striped bads9) with a 26stationary acoustic
receiver array between June 24, 2015 and October, 26, Bised on multiple locational
metrics,these fish predatodustered into fivaliscrete types, hereafter referred to as
fidistributional group®. One di st r i Bhorttimersd gpenop, | dss t han

and were not analyzed furtheFhefour seasonatesident discrete distridonal groups included
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the (1)Rowley Rivedistributionalgroup(fish that primarily resided in the spatial region of the
Rowley Rive}, (2) Plum Island Soundistributionalgroup(fish that primarily resided in the

spatial Middle Sound region), (Extreme Fidelitydistributionalgroup(fish that spent most of

their time in PIE at a single receiver location), and (4)Bxeloratorydistributional grougfish

that showed no affiliation with any particular location). These discrete distribution groups used
geomorphic habitat types and regions differently. For example, the Rowley River distributional
group used more confluence habitats, whereas the Plum Island Sound and Extreme Fidelity
distributional groups used more noonfluence habitats. Regionally, tRewley River

distributional group used the Rowley River region more, but the Extreme Fidelity and Plum
Island Sound distribution groups favored the Middle region. These data show a rare link between

individuality and field distribution patterns that camnect animal behavior to field ecology.

Introduction

The problem Determiningpatterns and drivers of the distribution of molmitlganisms at
a seascape scale is an important ecological and conservatio(Stqteens and Krebs 1986;
Mittermeier et al. 298; Crossin et al. 2017), but is challenging to address because the location of
mobile organisms changes frequently and often unpredictably across a large spatial scale.
Elsewherave determined that geomorphic habitat features can exp#iernsof distibution
for migratory striped bag#lorone saxatili} foraging seasotig in an estuarinseascape
(Taylor et al 2017; Chapter 1). Howeyearuch variation in these digiutional patterns still
exists for these seasonally resident migratory fish preda&arsicreasing amount diterature
onindividuality andbehavioral syndromes has described disdggtes of variation in individal

behaviors within populations (e.g. Bell 2007; Sih et al. 20Ddis literatureshows promise for
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providing insights intaunexplained variation in patterns and drivers of field distributionhasit
not been well linked to fielgatterns yetHere, we use high resolution telenyatiata to quantify
individuality in distributional groups for striped bass predators in an @séuseascape (Plum
Island Estuary, MA)then weassesif identifying distinct individualityincreaseshe
understanding of geomorphic and regional drivers of distribution.

Importance of distribution.Patterns and drivers of predator distribution havenge of
important research and management implications. Predator presence can cause trophic cascades
(Frank et al. 2005; Estes et al. 2011; Altieri et al. 2012; Casini et al. 2012). Their high mobility
allows predators to make energetic connections betearally distant food webs (Walter et al.
2003; Bestley et al. 2010; Casini et al. 2012; Mather et al. 2013; Rosenblatt et al. 2013). Thus,
how predators are distributed can have ecosystem effects, societal and economic implications
(for sportfish or sdaod), and conservation consequences (Coleman et al. 2004).

Many factors can influence where and how animals are distributed. Habitat
characteristics can be especially important drivers (Albanese et al. 2004; Clark et al. 2004).
Many abiotic factoréink to organismal distribution®(g. depthTorgerson and Close 2004;
Binsong et al. 2014ubstrate Bouska and Whitledge 2014). However, a larger view of physical
conditions, or geomorphology, is an alternate approach to habitat. For exaspplesaf
geomorphology, such as confluencasglargerscale physical habitat features that can create
potential eceystemhotspots (Poole 2002; Bendtal. 2003; Rice et al. 2006). Select examples
exist of how this discontinuity is linked to genepajanismalOsawa et al. 20)1and fish
distributions (Hitt and Angermeier 2008ennedy et al,. 20163 zegledi et al. 20)6but much
about how this and other geomorphic features affect seascape scale biotic distributions remains

unknown.
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Importance of individuality.Individuality and behavioral syndromasge thefocus of
much ecological and evolutionary research (e.g., Sih 208#4; Dall et al. 2012; Wolf and
Weissing2012) Behavi oral syndromes are defined as
2004) tha by explaining noroptimal behaviorgan have impacts on population and distributions
(Sih et al. 2004; Dingemanse et al. 2009; Wolf and Weissing 2012). For example, differences in
activity syndromes (active vs inactive individuals) can affect the tradebfeen feeding and
predator avoidance choicard consequentlypecies distributions (Sih et al. 2004). Landscapes
of fear (Laundre et aR014) can also be caused by behavioral syndrontese individuals that
show more predator avoidance will hav#etient distributions than individuals that are more
bold.

Scope of current researcii.herecent literature on individualitg diverse and rapidly
expanding Using the keywords animal personalit* or behavioral syndrome in the title for a Web
of Sciencesearch between 202017 (5 years), we identified an objective sarbple of 43
select papers (TaB.1). The behaviors that are most often examined include very specific traits
such as aggression (19%; 8), boldness (19%; 8), activity level (D6®xplaation (16%; 7)pr
feeding (12%; 5) (TalR.1). Of the 43 studies, 51% were reviews or commentaries not empirical
studies. Of the remaining 49%, 21 tested discontinuous, often discrete behavioral differences
across individuals. However, of these 21 eimplrtests, 40% were undertaken in labs or cages
and only 9% (4) of the empirical studies on behaviorewsrdertaken in the field (Tab.1).

Even for empirical or field research in animal behavior, however, few of these behavioral studies
(35%; 15) menbn ecological links (TalR.1), and even fewer address consequences for

ecological distributions (7%; 3) or organismal movement (16%; 7).
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Thus, missing from the existing individuality literature is how individual differences
impact wild animals in thedid, and, especially how they link to ecological effects or
distribution/movement patterns. The four field studies in the above described sample of 43
papers Briffa and Greenaway 2011; Carter et al. 200@zama et al. 2031 Fresneau et al. 2014)
tesedecological ties (e.g. matindeeding adaptivity, and responseitovasive organismon a
variety of species (bigJ mammals, and anemones) (T2l). As an example, Kazama et al.
(2012) demonstrated differences in nesting and mating behaviors relatggréssion and
feeding syndromes in a wild gull population across varying environmental condi®onse of
the few examples of how animal behavior links with distribution (e.g. Monceau et al. 2015;
Pruitt and Modlmeier 2015), invasive insect specigp@formed the natives on traits measured
in the lab (Monceau et al. 2015).

In field ecology, evidence for discrete groups is increasing. Discrete individual groups or
behavioral contingents iiish have been detected in multiple studies using telenjpeZelles
and Cadrin 2010; Razke et al. 2010; Gerber 2015). For example, Gerber (2015) showed that
groups of blue catfish make different types of seasonal movements within a reservoir. Some
researchers have begun to assodiaee contingents withabitda use (Harcourt et al. 2009;

Reuvilla et al. 2008; Rosenblatt et al. 2013; Fodrie et al. 2015; Hirsch et a). Eot éxample,
Harcourt et al. (2009) were able to show how contingents of sticklebacks make different shoaling
decisions. Hirsch et al. (2013howed group differences in the probability of crossing an in

stream barrier. Outside of the contingent literature, individuality or behavioral syndromes have
largely developed in isolation from distributional or movement data. Clearly, expheit

conrectiors betweerbehavioral researcndfield ecology related to distribution is needed
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Specific questionsin the past, technology has not existed that would provide high
resolution data needed to explore individual personalities related to fielthatistni of fish.
With acoustic telemetry and an estuarngle array of stationary receivers, we askteeée
specific research questions. Fid,individual striped bass of the same size systematically vary
in discrete types dfistributional groups? Secord, aretypesof distribution groupslinked to
geomorphologc habitatand ecosystemegion? Three, does personality help us understand

mobile predator distribution in the field?

Methods

PIE and Geomorphology

This study was conducted in Plum Island Esty®&id{£) located on the northeastern coast
of Massachusetts, USA. PIE is an estuary with a diverse set of geomorphic features (confluences,
nonconfluences, and exits) across four regions (Upper, Middle, Lower, and Rowley). All
aspects of the study system dadging methods are described in detail elsewhere (Taylor et al.
2017; Chapter 1Below, some of these methods are briefly summarized.

Tagged Fish and Stationary Arrays

In 2015, variation in striped bass distribution was assessed using a stationao§ aéray
Vemco VR2W acoustic receivers deployed across three geomorphic types of sites (confluences,
nortconfluences, and exits) throughout four estuarine regions. In 2015, 59 subadult striped bass
were implanted with Vemco V13 acoustic transmitters anéseld near the location where they

were captured.
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Data and Response Metrics

The metricii r e s i d e nvaseuantifiethiey BGumming the amount of time each fish
spent at each location using VTrack software (R 2.15.2 software; R Core Team; Campbell et al.
2012. The metrich pr o p o r t i was caloutated biy takeéng the amount of time a fish spent
at a single receiver and dividing it by the total time a fish was detected across the entire array.

Cluster Analyses

To identify individual striped bass distribatial groups, two separate spatial and
temporals pat i al hi erarchical c¢cluster anal yses wer
di stance matrix (6clusterd paekampepea,soR) .werki sch
as a distinct cluster, bekcluded from further analyses. To determine the optimal number of
clusters, the average silhouette width was maximized (Kaufman and Rousseuw 1990). Jaccard
boost ap mean values >0.60 (6clusterbootdé functdi
distinct and cohesive cluster groups (Hennig 2008).

The first spati al c | propdrterr of tane & ¢aghitre 260 s ed t h
receiversand isolated the Rowley distributional group removed. A second, tergpathl
cluster analysis on thremaining Plum Island Sound fish used five additional distributional
metrics. The first temporapatial metrictotal days in Plum Islandyas measured as the days
bet ween an individual fishés first stHoettecti on
period of time to bedwve differently than seasonallgsident fish. The second metrictal
receivers visitedwas a measure of mobility that was calculated by counting the number of
unique receivers each fish visited. A fish that visited manyvereivas likely more active than
a fish that stayed close to the same few receivers. The third terspat&l metricfotal

movementsvas another measure of activity that was calculated by summing the numbers of
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times fish came or went from one receit@another. The fourth temporgpatial metrichighest
proportion of time spent at a single receiveias a measure of fidelity and was calculated by
selecting the highest proportion of time that each fish spent at any single receiver. A fish that
stayedn the same place would have a high value of this metric compared to a fish that spent
time at different receivers throughout the estuary. The final temppadial metriccoefficient of
variation, measured variation in within estuary distribution, a@d calculated as the coefficient
of variation of residence times across all receiver locations for a single fish. A fish that was not
attached to a limited set of locations would have a low coefficient of variation of residence time
compared to a fish théavored just a few receivers and did not visit other receivers at all.

These two spatial and temposggatial cluster analyses grouped individual fish into four
distinct seasonally resident distributional groups. All metrics were examined as boxplots to
visualize the differences among distributional group clusters. Differences in metrics across
distributional groups were tested using a Krudkalllis nonparametric ANOVA test
(6kruskal .testo6é funct i-bdotMand Whitrzey $mitible ac k ag e, R)
comparisons.

Relationship Between Geomorphic Site and Distributional Groups

We also tested whether geomorphic type (confluence, nonconfluence, and exit) and
striped bass distributional groupgk€ four abovealescribed clusters) affected recergpedfic
residence time usingtwo\ay ANOVAs (6anovad function, 6ésta
analyses, geomorphic type and distribution group were the independent variables, and residence
time was the response. The individual fish was the experimentaDaidt. were log transformed
to meet statistical assumptions. Apbsb ¢ Tukey test (O0tukeyHSDO f ur

identified pairs of significantly different treatments. For these analyses, all fish were included
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(i.e., zero valuewere includejito test how the fish behaved as an entire tagged population. A
value ofP < 0.05 was used to determine statistical significance. The above statistical procedure

was repeated after substituting the treatment, region, for geomorphic site.

Results

Types ofDistributional Groups

In addition to fish that were in PIE < 30 day®e tluster analysis identified four seasonal
resident distributional groups for striped bass in PIE. These four clusters resulted from the spatial
(one cluster; Fig. 2.1) and temporphsial (three clusters; Fig. 2.2) cluster analyEige four
distributional clusters were distinct based on Jaccards mean values > 0.6. In addition, many
metrics were statistically different among clustisee below)

Nine fish, the ShofTimers, stayd in PIE <30 days and are excluded from future
analyses (Fig. 2.3peventeen tagged figtetected within PIE for 5117 days) clustered with
the first Rowley River distributional group (Fig. 2.1; Fig. 2.@)irteen tagged striped bass
(detected within FE for 72111 days) represented the second Plum Island Sound distributional
group (Fig. 2.2; Fig. 2.3). Thirteen tagged fish (detected within PIE fa&088lays) were
classified into the third Extreme Fidelity distributional group (Fig. 2.2; Fig. 288)eiStagged
fish (detected within PIE for-62 days) fit the fourth Exploratory distributional group. (Fig. 2.2;
Fig. 2.3). Below, we use boxplots (Fig. 2.4) to show differences across all four distributional
groups for all metrics. Then, we show one eghanof each seasonal resident group in detail

using a single representative fish (Fig. 25ig. 2.8).
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Differences in Distributional Group Metrics

For the metricTotal Days the Exploratory distributional group had a significantly lower
number of days sp¢ in PIE than the Extreme Fidelity, Rowley River, and Plum Island Sound
distribution groupsK<0.05; Fig. 2.4a). For the metfiotal Receivers Visitedhe Rowley River
and Plum Island Sound distribution groups visited significantly more receiverhth&xtreme
Fidelity group P<0.05; Fig. 2.4b). For the metrimtal Movemenighe Rowley River and Plum
Island Sound distribution groups had significantly more movements than the Exploratory and
Extreme Fidelity distribution group®€0.05; Fig. 2.4c). Fothe metricHighest Proportion of
Time Spentthe Extreme Fidelity distribution group spent a significantly higher proportion of
time at any one receiver than all other distribution groBg®.05; Fig. 2.4d). For the metric
Coefficient of Variation of Redence Timethe Extreme Fidelity distribution group had a
significantly higher coefficient of variation of residence time than the other three distribution
groups P<0.05; Fig. 2.4e).

Rowley River Distributional Group

The Rowley Rivedistributional grop (Fig. 2.5 wascharacterized by trajectories with
movements within the Rowley River (Fig. 2.5a) where the highest proportion of time was spent
at receivers 82 (Fig. 2.5b), and residence times were highest at Rowley River receivers (Fig.
2.5c). The Rowdy River distributional group was seasonally reside® i (average: 88.35
days, SE: 5.01 Fig. 2.4a), visitedhigh number of receive(average: 18.47, SE: 0.60ig.
2.4b), had very high but variableimbers of movemer(@verage: 451.88, SE: 43.53g. 2.4),
had a high but variableighestproportion of time spent at a single receiyaverage: 0.55, SE:
0.04 Fig. 2.4d), and hadlaw coefficient of variatiorof residence timéaverage: 3.07, SE: 0.16

Fig. 2.4e). Individual fish in the Rowley Rivedistributional group visited a lot of receivers and
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moved a lot, but primarily within the Rowley River resulting in them spending a lot of time at a
subset of receivers. This distributional gra@pied in how much time was spent at each
receiver, but aa group they primarily used the Rowley River over their enéisedlencen PIE.
Plum Island Sound Distributional Group
The Plum Island Sound distributiorgrou s (B tragectoriés shdwed a
combination of movements and residence events withiBted (Fig. 2.6a), they spent the
most time at receivers 118 (Fig. 2.6b), and had the highest residence time at receivers within
the Sound (Fig. 2.6¢). The Plum Island Sound distributional group was seasonally resident in PIE
(average: 89.08 days, SE32; Fig. 2.4a), visited Righnumber of receiverG@verage: 17.62,
SE: 0.53; Fig. 2.4b), haah intermediat@umber of movementaverage: 270.00, SE: 32.40; Fig.
2.4c¢), had a variableighestproportion of timespentat a single receive(average: 0.4&E:
0.06; Fig. 2.4d), and had a lameefficient of variatiorof residence timéaverage: 2.68, SE: 0.24;
Fig. 2.4e). Individual fish within the Plum Island Sound varied with some fish spending more
time around Middle Ground and other fish spending mare th the southern end of the
estuary. As a distributional group, the Plum Island Sound fish seldom used the Rowley River, but
visited multiple Sound receivers, resulting in low variation in residence time across receivers.
Extreme Fidelity Distributional Group
TheExtreme Fidelity distributional group (Fig. 2.7) was characterized by trajectories that
show one long residence event with very few movements (Fig. 2.7a), an extremely high
proportion of time at only one or two receivers (e.g. 17; Fig. 2.7b)higidresidence times at a
few receivers (Fig. 2.7c). The Extreme Fidelity distributional group was seasonally resident in
PIE (average: 87.92 days, SE: 3.19; Fig. 2.4a), visited almaber of receiver&@verage: 11.77,

SE: 0.71; Fig. 2.4b), made a lowmber of total movementaverage: 109.08, SE: 20.12; Fig.
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2.4c¢), had a highighestproportion of time a single receivéaverage: 0.82, SE: 0.03; Fig. 2.4d),
and had digh coefficient of variatiorof residence timacross receiver@verage: 4.21, SE:
0.14; Fig. 2.4e). Fish in the Extreme Fidelity distributional group spent the majority of their time
at one or two receiver locations although the specific receivers varied by fish. These fish made
very few forays to any other receivers until they left Bt the end of the seasdail fish were
observed leaving at the end of the sumfaérseason.
Exploratory Distributional Group
The Exploratory distributional group was characterized by trajectories that showed very
few residence events and many movem¢hig. 2.8a), low proportions of time spent at multiple
receivers across the estuary (Fig. 2.8b), and low residences across the estuary (Fig. 2.8c). The
Exploratory distributional group spent a lemrmber of days in PlEaverage: 34.28, SE: 6.79;
Fig. 2.4), had a higinumber ofeceiversvisited(average: 14.00, SE: 1.56; Fig. 2.4b), made a
low number of total movemen(@verage: 71.29, SE: 8.89; Fig. 2.4c), had a low but variable
highestproportion of time spent at a single receiyaverage: 0.50, SE.@B; Fig. 2.4d), and had
a low coefficient of variatiorof residence timéverage: 2.80, SE: 0.35; Fig. 2.4e). The
Exploratory group was a roaming behavioral group that did not devote time to any specific
region or receiver.
Geomorphic Drivers of Distributions
Incorporating intrgpopulation distribution groups provided new insights into geomorphic
and regionatlrivers for the population (Taylor et al. 2017 Chapter 1). Striped bass in all
distributional groups spent very little time at exit locations (Eig). Striped bass in the Rowley
River distributional group had the highest residence time at conflugPc@95b; Fig. 2.9). The

Plum Island Sound distributional group had intermediate high residence times at confluences
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(P<0.05; Fig 2.9). The Extreme Hility and Exploratory distributional groups spent little time at
confluences (P<0.05; Fig 2.9). Tagged striped bass in the Extreme Fidelity and Estuary groups
had higher mean residence times at-oonfluence sites than confluence sites although these
highly variable differences were not significant (Fig 2.9).
Region

By region, the Rowley River distributional group spent significantly more time in the
Rowley River region®<0.05; Fig. 2.10). No distributional group spent much time in the Upper
region (Fig.2.10). The Middle region was used more by both the Extreme Fidelity distributional
group and the Plum Island Sound distributional group than the Exploratory or Rowley River
distributional groupsR<0.05; Fig. 2.10). The Lower region had very low residegmae for all

distribution groups (Fig. 2.10).

Discussion

Take-home Message :1Discrete Distributional Groups

Discrete and predictable distributional groups existed for striped bass in PIE during their
seasonal foraging migration. Individual fish clusteirgd four differentseasonatesidentgroups
based on where fish were located (spatial dimension) and how they behaved within each location
(temporalspatial dimension). As one example, the Rowley River distributional group used the
Rowley River for the Wole season. Although almost 1/3 of the tagged ftehl(7 fishin the
Rowley River distributional groymspent almost the entire season there (Average residence time:
108 hours), the rest of the tagged population spent no more than six hours in tHcatiore
Other research has found behavioral contingents of fish (DeCelles and Cadrin 2010; Pautzke et

al. 2010; Gerber 2015) and some have even linked these contingents with general site fidelity
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groups (Gahagan et al. 2015; Atkins et al. 2016; Espiebah 2016). However, these previous
studies of fish distribution have not grouped fish into as many statistically distinct distributional
groups as we show here. Thus, we have extended the connection between the animal behavior
literature and fish disbution literature in a way that can benefit both research areas.
Take-home Message 2: Distributional Groups and Geomorphology

The four seasonally resident distribution groups had specific associations with
geomorphic sites. These distributional grougdeal to the understanding of how striped bass use
geomorphic sites and regions. For example, the Rowley River distributional group used
confluences more than the other geomorphic sites. In related research, we expected confluences
to be ecological hotspofPoole 2002; Benda et al. 2004; Rice et al. 2006) and these geomorphic
sites were commonly used. However, our previous whole population analysis showed that not all
fish used these discontinuities (Taylor et al. 20Chapter 1). When just the Rowley Riv
distribution group is considered, though, confluence use is high.

Regionally, we also saw large differences between the distribution groups. The Rowley
River fish showed the highest usage of the Rowley River. The Middle region was dominated by
both theExtreme Fidelity fish and the Plum Island Sound fish. Regional aggregations have been
found in the literature (Gahagan et al. 2015; Zhang et al. 2015; Kennedy et al. 2015; Kessel et al.
2016) but we show how these can be related to distinct distributopgwithin a population.
The animal behavior literature is just beginning to explore how individual differences link to
habitat use in the field (e.g. Monceau et al. 2015; Pruitt and Modlmeier 2015). Our research on

geomorphic site types and regions satlalthis literature.
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Take-home Message 3: Site Fidelity

Site fidelity is one explanation for the patterns displayethbge fousseasonallyesident
distribution groups Site fidelity is defineda8t he tendency to return to
locato n 6 ( S wi).t Al ur sedsendlly resident distributional grogtayed in PIE over
30 days and thus are site fidel to the estuary (our largest.s@&le)Rowley River distribution
group is site fidel to thentermediatesizedRowley River region.Although fish in this
distribution group move a lot within the Rowley River, they stay within this area, and if they
leave,they return. The &reme Fidelity group are site fid& specific receiver locatior{sur
smallestscalg and rarely leave thenge ofthesesingle receivers. Elsewhere, site fidelity has
been found to occur at many different scales. For example, the size of a site can be from a single
holdfast where a seahorse grips (Harasti et al. 2014), the same coral colony (Gardiner and Jones
2016), or even as large as an entire bay area (Atkins et al. 2016). However, to our knowledge, we
are the first to show mulBcale sitdidelity (estuary, region, site) by a single population that co
occurs in a single ecosystefrhus,identifying distirct distributional groups has also provided
insights into sitdidelity.

Summary

Intra-population variationi(e. individuality and behavioral syndromes) is a growing field
of research that can benefit from better connections between field ecology aniahiavéor.
Field ecology has made great strides in explaining organismal distributions. However,
unexplained variation in distribution is still substantial and could be related to individual
differences. Animal behavior research is on the forefront ehanndividuality research but
needs a stronger connection to ecological implications in nature. With our large database of high

resolution telemetry data, we were able to make these links by both identifying behavioral
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syndromes and showing how these sgnuks help explain variation in field distribution of

mobile fish.
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Table 2.1: Summary of the literature review on animal behavior and personalitystudies

No. Citation Focus Traits Measured Ecology Link
3
o, 2 IS
3 Q- c O =
53 26282 _ 32 E3
o s = 38 2 3 90 & &5 > 3
E o o . D 0 © X o v 2 9 o
Year Author W o iL Oganism <« m < W oL O A = W
1 2017Peralsetal. X Bird X X X X
2 2017Lapiedracetal. X Lizard X X X X X X X
3 2017 Briffa, M. X
4 2017Beekman and Jordan X
5 2016Roche, et al. X
6 2016Michelangeli,etal. X Lizard X X X X X X
7 2016David and Dall X
8 2016Cerqueira, et al. X Fish X X X X
9 2016Briffa and Sneddon X
10 2015Way, et al. X Fish X X X
11 2015Sih, et al. X
12 2015Rey, et al. X Fish X
13 2015Quinn, J. L. X Insect X X X X
Pruitt and
14 2015ModIimeier X Insect X X X X
15 2015Monceau, et al. X Insect X X X X X X
16 2015Monceau, K. X
17 2015Modimeier, et al. X Insect
18 2015Mauze, et al. X Fish X X X
Lichtenstein, and
19 2015Pruitt X Insect X X
Hans and
20 2015Dingemanse X
21 2015Dosmann, et al. X Mammal X X X X
22 2015Dosmann, et al. X Mammal X X X X
23 2015Briffa, et al. X
24 2014 Wright, et al. X Insect X X
25 2014Pruitt, J. N. X
26 2014Kalinkat, G. X
27 2014 Juette, et al. X
28 2014Ingley and Johnson X
29 2014Fresneau, et al. X X Bird X X
30 2014Dosmann and Mateo X Mammal X X
Dirienzo and
31 2014Hendrick X
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Table 2.1 (continued)

No. Citation Focus Traits Measured Ecology Link
3
S g g
® Q- c O 5
.- g, 85 § g 2
g Z 2 8 >282 3£ 3
5 8 S £ § 05 g B & O
£ 3 o 83823 £ B33
Year Author Ww o i Oganism <« m <« W L O O = W
32 2013Zipser, etal X Mammal X
33 2013Rey, et al. X Fish X X X X X
34 2013Carteretal. X
35 2013Carere and Gherardi X
36 2013Brommer, J. E. X
37 2012Wolf and Weissing X
38 2012Wilson and Krause X
39 2012Kazama et al. X X Bird X X X X
40 2012Gherardi et al. X Crustacean
41 2012Carter et al. X X Mammal X
42 2011Brodin and Drotz X Insect X X X
Briffa and
43 2011 Greenaway X X Cnidarian X
Taylor et al. X X Fish X X X X X
Total 21 22 4 8 8 7 7 5 13 3 7 15
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Figure 2.1: Spatial cluster dendrogram basedn proportion of time spent at each receiver. The red box indicates fish within
the Rowley River Distribution Group. The purple box indicates NorRowley Distribution Groups. Each number indicates an

individual fish.
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2015 Temporal-Spatial Cluster
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Figure 2.2: Temporal-spatial cluster dendrogram using thetotal number of daysn PIE, total number of receivers visitedotal
movementshighest proportion of time spent at a single receivand standard error of residence timé&ach numberindicates an
individual fish. The Rowley River Distribution Group (spatial cluster 1) is excluded.
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Figure 2.3: Bar graphs illustrating the number of tagged fish in each distribution group.
Short-timers were excluded from subsequent analysis.
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a. Total Days by Cluster Group b. Total Receivers by Cluster Group c.Total Movements by Cluster Group
. — E ~ - —
W o | ! — B Xy ! . 2 [
o o | S &7 S o yi
w —_— I ! O ond 1] — —— — o S
> O + | — 2 -— \ = . X 1
8 °| = ~ 2 == v y 2 .
T o Yoy Y g e - g1 X = L H
e~ S . © = = —
T T T T O T T T T T T T T
Exploratory Extreme Rowley Plum = Exploratory Extreme Rowley Plum Exploratory Extreme Rowley Plum
Fidelity Island Fidelity Island Fidelity Island
Sound Sound Sound
Cluster Group
<= d. e.
:’% Highest Proportion by Cluster Group CV by Cluster Group
g Q — g - —
=I = o
=] XX X 5E] x X X
o _ ! ! 2 o 11— = - !
é g 7 y % o | y
g i o 0
S ! — == X — =
LT — Sw{ . —
w © T T T T 5 — T T T T
2 Exploratory Extreme Rowley Plum Exploratory Extreme Rowley Plum
2 Fidelity Island Fidelity Island
T Cluster Group Sound Cluster Group  Sound

Figure 2.4: For the four cluster groups (X Axis), shown are the box plots (Y axis) of (aptal days in PIE (b) total receivers
visited (c)total number of movemenigd) highest proportion of time at a single receiveand (e)standard error of residence time
Letters indicate statistical differences.
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Figure 2.5: An example of a fish from the Rowley River distributbn group showing (a) a trajectory displaying detections and
movements among receivers over the entire study period, (b) a bar graph indicating the proportion of residence time this fish
spends at each receiver location, and (c) a map of the average resiceetime that this fish spends at each receiver location. The

red asterisk denotes the same locations.

87



./
/'/
a / Plum Island Sound

Distribution Group

/
/
!
/
/
{

Sept Fish#57574

/ 100 Days

/

o f
%)

c

(O]

& 0.6

£

= 0.4

kS

.S 0.2

§_ 0 I -

& 1 3 5 7 9 11 13 15 17 19 21 23 25

Receiver Location

88



Figure 2.6: An example a fish from the Plum Island Sound distribution group showing (a) a trajectory @playing detections
and movements among receivers over the entire study period, (b) a bar graph indicating the proportion of residence time this
fish spends at each receiver location, and (c) a map of the average residence time that this fish spendschtregeiver location.

The red asterisk denotes the same locations.
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Figure 2.7: An example of a fish from the Extreme Fidelity distribution group showing (a) a trajectory displaying detections
and movemens among receivers over the entire study period, (b) a bar graph indicating the proportion of residence time this
fish spends at each receiver location, and (c) a map of the average residence time that this fish spends at each receiaéiioc

The red aserisk denotes the same locations.
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Figure 2.8: An example of a fish from the Exploratory distribution group showing (a) a trajectory displaying detections and
movements among receivers over the entire stygeriod, (b) a bar graph indicating the proportion of residence time this fish
spends at each receiver location, and (c) a map of the average residence time that this fish spends at each receiver lacatien

red asterisk denotes the same locations.
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Distribution Pattern by Geomorphology
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Figure 2.9: Bar graphs depicting the average residence time (h) (Y axis) for each
distribution group (X axis) by geomorphic type (confluence, nonconfluence, exit). Letters
indicate statistical differences.
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Distribution Pattern by Region
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AppendixA-Gener al Data Trends

Fish were tagge(h=59) during two tagging events over 11 days in the summer in 2015.
Average fish length was 524.42 mnarfge: 434623; SE: 5.85; Fig. Aa). Average fish weight
was 1.46 kg (rang®.792.85; SE: 0.05Fig. A.1b).

By sampling week, an average of 67% of 6shwere seen weekly in 2015 (Fig.2%).

In 2016, after 33 fish returned (56%), an average of 8Dfish were seen weekly (Fig..2b).

In 2015, tagged fish spent an average ofod& days in Plum Island (Fig..3a). In 2016
fish also spent an aveya d 69 days in Plum Island (Fig..Bb).

Outside of Plum Island, the majority of fish were seen elsesvalong the East Coast
(Fig. A.4). The location farthest south was the Chesapeake Bay (three fish) and the location
farthest north was the Kennebew®&i (one fish). The most unique individual fish seen in a

location outside Plum Island was 50 fish in the Massachusetts Bay area.
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Figure A.1: Histograms illustrating (a) the length distribution of tagged striped bass and
(b) the weight distribution of tagged striped bass.
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Figure A.2: Bar graph depicting the percentage of tagged fish detected on the y axis over the sampling week number on the x
axis for (a) 2015 and (b) 2016.
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Figure A.3: Bar graph depicting on the y axis the number of days each individual fish spent in Plum Island total. Each bar
represents a single fish.
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Figure A.4: Map showing the distribution of fish that weretagged in Plum Island in 2015 and their reported detections outside
of Plum Island. The name indicates the general geographic area where fish were detected and the numbers indicate the
number of unique individuals detected in this area.
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AppendixB-Year | 'y Dsi fHBeetrveenecre 2015 and 2

otUni dwmai vi dual s, Resi dence Ti me, a

Justification

In Chapter 1, | revieed estuarywide trends in numbeof tagged fishresidence time,
andnumber ofmovements fostriped bass predators2015 Here | review the same respes
for 2016 and compare similarities and dréfnces in trends across these tyearg2015 vs

2016)
Questions

(1) How dothe responses (a) number of unique individuals, (b) residence times, and (c)
number of movements d#r across individual locations within Plum Island in 20167

(2) How do trends in number of unique individuals, residence times, and number of
movements of tagged striped bass compare across 2015 ard 2016

Methods

We set up a 29 stationary receiver arraRPW-69 kHz) and used the same 59 tagged
striped bass (Vemco V13) from 2015 to traagged striped bass 2016. Of the 29 receiver
locations, & remained the same as in 201B6réle were new additions to provide greater
coverage of noronfluence locationacross the estuary (receivers 27, 28, & 29).

For the metrics number ohique individuals, residence timendnumber oinovements
aChtsquare analysis with 2000 Monte Carl o simul
R) was performed to compathe observed measurements to an expected value based on an even

distribution.
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Residence time was tested against geomorphic types usinga@rye ANOVA ( 6anov
function, 0st atwmpANPBEAWeasaalseused B test differerces detween
individual confluences, individual neconfluences, individual exits, and parts of the confluence.
Data were log transformed to meet assumptions of normality. Ahpastukey test
(6tukeyHSDO®d function, Ostatso6 pac kitasged, R) was
regions were significantly different. A critical value€0.05 was used to determine statistical

significance.
Results

Overview.Of the 59 fish tagged in 2015, 33 unique individuals returned in 2016. In both
2015 & 2016 those individuals stayad average of 69 days. Mdstdings were consistent
between 2015 and 20H61d these trends are reviewed below

Unique Individuals. Looking at numbers ainiqueindividuals across the estuary,
tagged fish were present at all locatigN® zeros for numérs;Fig. B.1a).As in 2015, in 2016
numbers ofndividuals were high at receivers 1, 3, 5, 6, 9, 13, 14, 120,84 (Fig. Bla), but
receivers 4 and 26 had lower numher2016 than in 2015. All three new receivers added in
2016 (27, 28, & 29) haldigh numbers of individuals. As in 2015, in 2016, numbers of
individuals were low again at receivers 2, 10, 1118216, 22, 23Fig. B.1a)

Based on the cksquare analysis, more fish than expected were present at some sites
(receivers 1, 3, 5, 6, 13, 18, 19, 2021,24,25, 27,28, &29P< 0. 001 ; 2397%10;0. 05 ; G
Fig. B.2a). Fewer individual striped bass than expected were detected at other locatipBs (2
9,10, 11, 1214 15,16 17,22,23,&26(P< 0. 0 0 1 ; 23 9710 Big. B25); Corapared
to 2015, in 2016, receivers 21 & 25 had higher numbers of individuals and receivers 4, 14, 17,

22, 23, & 26 had lower numbers of individuals
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Residence TimeResidence timearied widely across receivers in both 2015 and 2016
(Fig. B.1b). In 2016, as in 2015, eanresidence timéor acoustically tagged striped bass was
low at some sites (receivers 1, 2, 3, 6, 8, 10, 11, 15, 16, 20, 21, 22, 23, 24, 25, & 26) and high at
othersites (receivers 4, 5, 7,92, 13, 14, & 17) (Fig. Bb). Accordng to the ChiSquare
analysisjn 2016higherresidence timéhan expected occurred at some locations (receb/efs
9,12 14,17, 18, 19, & 28 2=3613882.86; Fig. B2b) and loweresidence timéhan expected
was observed at all other locations (reees 1, 2, 34, 6, 8, 10, 1113 15, 16, 20, 21, 22, 23, 24,
25, 26, 27, & 29 2=613882.86Fig. B.2b). In 2016, receivers 4 & 13 had lowesidence time
than in 2015 and receivers 18 & 19 had higlesidence tim¢han in 2015

Movements.In 2016,numbers of movemenisere low at receivers 1, 2, 4, 10, 11, 16, 17,
19, 20, 21, 22, 23, 24, 25, & 26 and high at others (receivers 5, 7, 9, 12F&1B.1c).
According to the Chsquare analysjsn 2016 more movements were made than expected at
certan locations (Receivers 5, 6, 7, 9, 12, 138, & 28§ ?=c4277.27; Fig. Bc). Fewer
movements were made than expected at all other locations (receivers 1, 2, 3, 4, 10, 11, 15, 16,
17, 19, 20, 21, 22, 23, 24, 256, 27, & 29 ?=64277.27; Fig. Bc). In 2016, receivers 3 & 8
had higher movements than2815 and receivers 12 & 13 had lower movements than in 2015.

Geomorphic Site Typesin 2016 non-confluences and exitgere the only geomorphic
types that wersignificantly different (Fig. B3a,P<0.05). In 2016, enfluences and nen
confluences were naignficantly different; norwereconfluences and exsit(Fig.B.3a.) In
contrast, in 2015 there were significant differences between confluences and exits as well as
confluences and neconfluencesin 2016,individual confluence, neronfluence, anéxits
were not significantly differentFig. B.3b, ¢, & d) In contrast, in 2015, significant differences

occurred between individual confluences and individuatecanfluence locationsn 2016,
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geomorphic site types and individual locations within gegohic site types were more similar
than in 2015

Confluence Parts.In 2016, as in 201%arts of a confluenceere significantlydifferent
(P<0.05; FigB.4). In both years,ite sweet spots had significantly higher residence time than the
arm locatons(P<0.05; Fig. 1.8)As in 2015 for 2016 these differencesere especially
apparent wheoompared tdhe confluence averages (F5; Fig. 1.9. In 2016, Rowleywas
only significantly different from one of the armR<0.05;Fig. B.5). Grape Island as not
significantly different between the arms and sweet spots, this was the same as in 2015

Regional TrendsFinally, the regional differences remained the same between 2015 and
2016 with both the Rowley and Middle regions having significantly higtgdence times than
the Upper and Lower regionB<0.05; Fig.B.6; Fig. 1.10.

Yearly TrendsOverall, many of the main conclusions drawn from 2015 remained the
same in 2016. Fish were not distributed evenly across the estuary in 2016 according to any of
the metrics used. This finding is the same as in 2015 although some of the specific receivers that
were higher or lower than expected based on an even distribution differed between years. When
we look at residence time by geomorphic type, exits were aggiificantly different from non
confluences, but 2016 showed no difference between confluences aodmniloences. This is
likely due to our decision to add three new twomfluence receivers that provided a broader
picture of norconfluences, includingoth high and low occupancy sites across the estuary.

Also different from 2015 was that in 2016 we did not see any differences within each
geomorphic type. There were no differences among separate conflueneesnfioences, or

exits. The lack of trerglin 2016 could be attributed to having fewer fish than in 2015. We did
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see differences between confluence parts in both 2015 and 2016 and we also saw the same

regional trends in both years.
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Figure B.5: The spatial distribution of (a) numbers of individuals, (b) average residence time, and (c) average number of
movements n Plum Island Estuary, MA for 33 tagged striped bass at 28eceivers.Receiver numbers are indicated next to the
associated barsA scale bar is in the righ top corner of each plot. Figures A.1 and A.2 are related.
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Figure B.10: Bar graph depicting the differences in residence time between regions in 2016
Letters indicate the results of Tukey post hoc comparison®<0.05 was used to determine
significance.
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AppendixC-Ye dy Di fferences Between 2

Di stributional Groups and Geomor

Justification

In Chapter 2| reviewed estuarywide distributional groups for 2015 and assessed if these
distributional groups differed across geomorphic types and refgioaiped bass predators
Here Irepeat this analysis for 2016. Then, | compare simgardand diferences in trends across

these tw yearq2015 vs 2016)

Questions

(1) In 2016, which distributional groups used PIE? In 2016, how many fish were in each
group?

(2) Were trends in distributional groups the same across years?

(3) In 2016, how did distribtional groups affect use of geomorphic site types and
regions?

(4) Were these relationships among distributional groups, ggamnuosite types, and

regionsthe same across both years (2015 vs 2016)?

Methods

Tagged fish and stationary array$n 2016 we againsed a 29 stationary receiver array
(VR2W-69 kHz) and the same 59 tagged striped bass (Vemco V13) from 2015 (Taylor 2017,

Chapter 1). Out of the 29 locations in 2016, 26 of them were the same ones used in 2015. The

113



three additions provided greater spati@verage of nowwonfluence locations (receivers 27, 28,
& 29).

Cluster AnalysesTo identify distribution groups in 2016 we again performed the same
statistical analyses as described for 2015 (Taylor 2017, Chapter 2).

Relationship between geomorphiceiand distributional groupsln 2016, these groups
were again tested to see if geomorphic type and distributional group affected residence time
usingtwo2way ANOVAs (6anovad function, Ostatsd pa

2017, Chapter 2).

Results

Types of distributional groupdn 2016, as in 2015, the cluster analy$spatial (one cluster;
Fig. C.1) and temporal spatial ({fio clusters; Fig. @)] identified five seasonal resident
distributional groups and one group of Skbirners for stiped bass in PIE. These clusters were

distinct based on Jaccards mean values >0.6.

In 2016, we had only four fish (of 33 total) classified as Shorters (staying in PIE <30
days) that were exdlied from future analyses (Fig.3y. Eight fish clustered ithe first Rowley
River distributional group (Fig. C.1; Fig.&). Seven fish clustered into the Exploratory 1 group
and seven fish clustered irttee Exploratory 2 group (Fig. C.2; Fig.3}. Five fish clustered into
the Extreme Fidlity distribution grop (Fig. C.2: Fig. G3). Two fish clustered into the Plum

Island Saind distributional group (Fig. C.2; Fig.3}.

Exploratory 1Distributional Group. The 2016Exploratory 1distributional group was

characterized blow seasonal residence in PIE (averatfe71days SE5.51, Fig. C4a), visited
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ahigh number of receiververage: 12.71, SE: 1.38ig. C.4b), hadlow numbers of movements
(average: 61.86, SE: 10.48g. C4c), had dow but variablehighestproportion of time spent at
a single receive(average: 0.49, SE: 0.05; Fig.4d), and had a lowoefficient of variation of

residence tim¢average: 2.97, SE: 0.1Big. C4e).

Exploratory 2Distributional Group. The 2016Exploratory 2distributional group was
characterized bgverageseasonal resider in PIE (averagé83.71days SE6.04 Fig. C4a),
visited ahigh number of receivergverage: 18.71, SE: 1.25ig. C.4b), hadan averagaumbers
of movement&verage: 148.57, SE: 25;94g. C4c), had dow highestproportion of time spent
at a sinde receiver(average: 0.41, SE: 0.05; Fig.4@), and had a lowoefficient of variation of

residence tim¢average: 2.56, SE: 0.2big. C.4e).

Extreme FidelityDistributional Group. The 2016Extreme Fidelitydistributional group
was characterized lgverageseasonal residence in PIE (averéye20days SE14.22 Fig.
C.4a), visited dow number of receiverG@verage: 8.40, SE: 0.8&ig. C.4b), hadlow numbers of
movement§average: 29.40, SE: 11.;/2ig. C4c), had ahigh highestproportion of time spa at
a single receivetaverage: 0.72, SE: 0.09; Fig.4@), and had &igh coefficient of variation of

residence tim¢average: 4.00, SE: 0.4Big. C4e).

Rowley River Distributional GroupThe 2016 Rowley River distributional group was
characterized bgn average seasonal residence in PIE (average: 80 day3.8Fig. C4a),
visited ahigh number of receivelaverage: 16.13, SE: 1.98ig. C.4b), had very high but
variablenumbers of movemer(@verage: 257.00, SE: 77;/g. C4c), had a high butariable
highestproportion of time spent at a single receiyaverage: 0.55, SE: 0.07; Fig.4@), and had

a low coefficient of variation of residence tirteverage: 3.22, SE: 0.3Rig. C4e).
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Plum Island SoundDistributional Group. The 2016Plum IslandSounddistributional
group was characterized high seasonal residence in PIE (averddi3.50days SE9.5Q Fig.
C.4a), visited ahigh number of receivergverage: 20.50, SE: 0.58ig. C.4b), hadhigh
numbers of movemer(@verage: 285.50, SE: 56;3g. C4c), had ahigh but variablehighest
proportion of time spent at a single receiyaverage: 0.76, SE: 0.09; Fig.4d), and had &igh

coefficient of variation of residence tirteverage: 4.15, SE: 0.4Fig. C4e).

Distributional group metrics 6r 2016.In 2015, distributional groups were based on 59
fish and in 2016 they were based on 33.fiBbr the metriclTotal Daysthe only groups
significantly different from each other were the Exploratory 1 and Plum Island Sound
distributiongroups P<0.05; Fig. C4a) For the metricTotal Receivers VisitedheExploratory 2
distribution groupvisited significantly more receivers than the Extreme Fidelity gres.05;
Fig. C.4b). For the metricTotal Movementghe Rowley RiverExploratory 2and Plumisland
Sound distribution groups had significantly more movesémdn théxtreme Fidelity
distribution grougP<0.05; Fig. C4c). For the metris Highest Proportion of Time Speand
Coefficient of Variationthere were no statistical differences amdmgdistribution groups (Fig.
C.4d;Fig. 2.4e) The split between the Exploratory groups is new to the 2016 fish, but the
differences are mainly that the Exploratory 1 group spends less time in the estuary overall, and

the Exploratory 2 group exhibits emtiestuary usage and low residences times.

Differences in distributional group metrics between 2015 and 20h&2015, for the
metric Total Days the Exploratory group spent less time in Plum Island than all three other
groups. In 2016, the Exploratorygtoup was only different from the Plum Island Sound group
in this metric For the metriclTotal Receivers Visited) 2015, the Extreme Fidelity group also

visited significantly less receivers than the Rowley and Plum Island Sound group, but not the
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Exploraory. So, the trend of the Extreme Fidelity group visiting less receivers remains the same,
but exactly which groups it differs from (2015: Rowley and Plum Island Sound groups, 2016:
Exploratory 2 group) has changéabr the metriclTotal Movementsn 2015 we also saw that

the Extreme Fidelity group had significantly less movements than the Rowley and Plum Island
Sound Groups, but in 2016 the Extreme Fidelity group also had less movements than the
Exploratory 2 groupln 2015 we did have significant difiemces for both metricslighest

Proportion of Time SpemrindCoefficient of Variationbut both metrics showed the same trends.

In 2015, the Extreme Fidelity group had a higHaghest Proportion of Time Speand

Coefficient of Variationbut in 2016 thex were no significant differences

Geomorphic Drivers of Distributions in 2016ln 2016, the only significant difference
was between distributional group usage of conflueriee8.05; Fig. C5). Variation in groups
usage of exits or neconfluences wasat significantly different. The Plum Island Sound group
used confluences significantly more than the Exploratory 1 group. The other three distributional

groups were not significantly different from each other.

Differences in Geomorphic Drivers of Distriltions between 2015 and 201As in
2015, the only significant difference was the use of confluences between the groups. Different
from 2015, in 2016, the Plum Island Sound distribution group used confluences significantly
more than the Exploratory 1 gro(ip<0.05; Fig. C5). In 2015, the Rowley distribution group
had significantly higher confluence usage, but in 2016 it did not. In 2015, there were also no

significant differences in neoonfluence or exit usage across distributional groups.

Region.Regionadifferences in 2016 were also very similar to 2015. As in 2015, the

only significant differences were in the Rowley and Middle regi®®(05; Fig. C6). The
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Rowley distribution group used the Rowley region significantly more than the other four groups.
The Plum Island Sound distribution group used the Middle region significantly more than the
other four groups. As in 2015, in 2016, no significant differences existed between distributional

groups using the Upper or Lower regions.

Yearly TrendsWe agairnsaw strong evidence for fish clustering into distributional
groups based on the same characteristics used in 2015. One of the differences was the split in the
Exploratory group, but when we look at the two new Exploratory groups, we see that the features
of the original are still there. As groups, the other three still behaved similarly to the way they
did in 2015. The Rowley distribution group still used the Rowley River for the majority of its
time, the Extreme Fidelity distribution group still spent tiegority of its time at a single
receiver location, and the Plum Island Sound distribution group spends the majority of its time at
receivers within the Sound. The similarities also held up in our geomorphic type and regional
comparisons where confluenacgsre the only type with significant differences among the
distributional groups (in both 2015 and 2016). But it differed in 2016 with the Plum Island
Sound group using confluences the most in 2016 and the Rowley group using confluences the
most in 2015. Bgionally, the same regions had significant differences among distribution groups
in 2015 and 2016 (Rowley and Middle regions). In the Rowley region, the Rowley distribution
group again had the highest residence time, but in the Middle region, only thésRind Sound
distribution group had a significantly higher residence time (in 2015, the Extreme Fidelity group

also had significantly higher residence time).

For all comparisons, the reduced number of fish in 2016 as well as the additional
coverage ohon-confluences in 2016 likely contributed to y¢atryear differences in

distributional groups as much as the annual variability in abiotic and biotic conditions.
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2016 Spatial Cluster Dendrogram
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Figure C.1: Spatial cluster dendrogram for 2016 data basedroproportion of time spent at each receiver. The red box
indicates fish within the Rowley River Distribution Group. Each number indicates an individual fish.
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2016 Spatial-Temporal Cluster
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Figure C.2: Temporal-spatial cluster dendrogram for 2016 using lhe total number of daysn PIE, total number of receivers
visited total movementshighest proportion of time spent at a single receivand coefficient of variationof residence timeEach
number indicates an individual fish. The Rowley River Distribuion Group (spatial cluster 1) is excluded.
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Figure C.3: Bar graphs illustrating for 2016 the number of tagged fish in each distribution
group. Short-timers were excluded from subsequent analysis.
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Figure C.4: For the five 2016cluster groups (X Axis), shown are the box plots (Y axis) of (aytal days in PIE (b) total receivers
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Figure C.5: Bar graphs depicting for 2016 the average residence time (h) (Y axis) for each
distribution group (X axis) by geomorphic type (confluence, nomanfluence, exit). Letters
indicate statistical differences.
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AppendixD-Tr aj ect ori es

Do fish behave the same over two years?
Trajectories were created using detection data for individual fish mapped relative to

receiver locations. Lines indicate movements from one receiver to another. Different colored
dots on topf one another along the y axis indicate detections through time. Fish shown are only
those that were tagged in 2015 observed in 2015, then returned in 2016. Also noted are the
clusters for the distributional groups (See Chapter 2 and Appendix B) ahdags in Plum

Island.
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Figure D.1: Trajectories for two different fish, y axis, over two different years, x axis. Included is the total number of days
spent in PIE for each fish during each year and the distribution grouphat fish was categorized under.
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Figure D.2: Trajectories for two different fish, y axis, over two different years, x axis. Included is the total number of days
spent in PIE for each fish during each year and the distributin group that fish was categorized under.
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Figure D.3: Trajectories for two different fish, y axis, over two different years, x axis. Included is the total number of days
spent in PIE for each fish during each year and theistribution group that fish was categorized under.
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Figure D.4: Trajectories for two different fish, y axis, over two different years, x axis. Included is the total number of days
spent in PIE for each fish during each yeaand the distribution group that fish was categorized under.
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