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Abstract

Consistent behavioural differences among indivislib common phenomenon that has been demonstrated
for a wide range of taxonomical groups. Such behaei differences are expected to have ecologitél a
evolutionary implications and has therefore reagiae increasing amount of attention during the past
decade.

This study applies acoustic telemetry to exploteHpopulation variation in coastal Atlantic cochbgiour.
Specifically, | explore whether consistent diffezea in cod Gadus morhupbehaviour can be correlated to
two a priori defined groups based on the type of gear thantheiduals were caught with prior to tagging.
The aim was to elucidate potential selectivity mafishing gear with respect to behavioural typHss was
studied using acoustic telemetry within a smaltigtarea in the inner parts of Oslo fjord. A higladkof
among-individual variation in behaviour was ideietif, and the group were significantly differentwit
respect to temperature use and how they wereldigdd in the water column. The contrasting use of
temperatures may have implications for growth agrck life-history characteristics, which in turrvéahe
potential to provide the basis of fisheries-induegdlution. This suggests that the inclusion oéhdvioural
aspect in population management could be of hitgvaace.
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1 Introduction

Intra-population variation in behaviour has beemdestrated for a wide range of taxonomical groups.
Behavioural differences among individuals in a dapon that exceeds the variation expressed by
individuals over time or in different contexts, antich cannot be explained by differences in agedegr or
discrete morphological group, is increasingly refdrto as animal personality or behavioural speeaabdn
(Dall et al. 2012). Hence, much of the inter-indival variation in animal behaviour that has tradiilly
been treated as noise around an optimal populatean is now attributed to animal personalities or
behavioural phenotypes (Conrad et al. 2011). Bechakaviour fundamentally is expected to be flexibl
rather than constant, this phenomenon has puzeiedtists for many years (Bergmuller & Taborsky @1
The observed differences may arise in multiple wdifferences in genotype, epigenetic effects (MeGo
et al. 2008), adaptive phenotypic plasticity in comation with spatial heterogeneity (Angers eal10),
and learning (Werner et al. 1981) may cause indadidifferences in behaviour. Why this behavioural
variability is maintained within populations islsgioorly understood as, phenotypic traits showdee
towards an optimal mean (Dall et al. 2012). Thereawever general consensus that processes camgprisi
density dependence and fluctuating selection pressare likely to be involved. Differential behawian
ecological relevant traits is nevertheless likelyzaive evolutionary and management implications, as
outlined by Wolf and Weissing (2012): First of dlecause differences in behaviour types are expéate
result in differences in individual life-history atacteristics as traits such as boldness, agger=ss,
activity or dispersal are directly related to mbtyaand fecundity which are key determinants triiss.
Also, different behavioural types will often occugferent habitats, hence causing differential@syre to
resource densities, competitors and predators.ldsity; behavioural types within a population méfget
population density and productivity because diffiees in activity patterns, habitat use and foraging
strategies can be expected to increase carryirgctgmue to more efficient use of resources (V&olf
Weissing 2012). Intra-population differences iniwdlial behaviour is in terms of management is ppsh
especially relevant for harvested species suchaay riish populations, because behaviour is to atgre
extent a determining factor to an individual’s sdility to harvest mortality (Uusi-Heikkila et. 2008).

During the past decade, developments in biotelgnethnology and analytical tools have provided an
increasing amount of information about the preseriabstinct behavioural types within natural fish
populations connected to habitat use, (e.g., Hasch&g-Peyer & Layman 2010, Kobler et al. 2009),
foraging tactics, (e.g., Biro & Ridgway 2008), despal (Fraser et al. 2001) and movement pattergs (e
Babcock et al. (2012), Olsen et al. (2012)). Faeld laboratory research on fish has shown that such
different behavioural types within a population eany with respect to reproductive success andigairv
(Conrad et al. 2011). It is well established thstéry-induced evolution in life-history traits agdd to
growth rate and maturation is important for hargdgiopulations, but the role of behaviour has wetktless
attention (Uusi-Heikkila et al. 2008). This is d#sphe fact that certain aspects of behaviour sisch
movement patterns (Olsen et al 2012) and boldrgg®ssiveness (Biro & Post 2008) have been
demonstrated to increase susceptibility to fislgagr. Several studies of fish behaviour show tbhdriess,
activity levels and exploratory tendencies alsat&ncovary (e.g., (Conrad et al. 2011)) in what is
commonly referred to as behavioural syndromes €8dl. 2004). Such behavioural syndromes have been
further connected to life-history trade-offs wherd individuals are generally more productive, With

the cost of higher mortality rates (Stamps (208 and Stamps (2008), Wolf et al. (2007)). Accogtly,
fast growing individuals/genotypes are typicallyrmactive, bolder in the face of risk, and moreraggive
than slow-growing individuals. Fish displaying tedsehavioural traits are therefore expected to have



increased encounter rate to fishing gear, be iksly lto detect and avoid them, and aggressivetgyoel
gears and lures (Biro & Post 2008). A negative asirgelection on fish body size can therefore be an
indirect effect of a behaviourally induced increasbarvest vulnerability (Uusi-Heikkila et al. 28)0 This
suggests that the inclusion of a behavioural dinoens the management of fish populations is ohhig
relevance.

This study applies acoustic telemetry to exploretivbr consistent differences in cégbdus morhup
behaviour can be correlated to tev@riori defined groups based on the type of gear thantheiduals
were caught with prior to tagging. The aim of tWeup partitioning is to investigate whether or not
different types of gear are biased with respethédehavioural types they capture. Previous ditous
studies of cod have demonstrated repeatabilityafadardized measure of among-individual differepaes
individual movement patterns such as vertical pasiénd horizontal movements (Olsen et al. (20G2o
(1995)) in addition to considerable within-indivadwariation connected to vertical migration patterThe
latter has been connected to the species oppditufgisding strategy, and is according to Neal.g2806)
probably a characteristic of cod behaviour itSéértical migrations are generally explained as
thermoregulatory-, antipredator- and foraging-&hcy strategies. Trade-offs are likely to exigiheen the
three and may hence result in different manifestatiof movement patterns with potential equal ¢ffea
fitness. In this study, | explore whether distinos in behaviour connected to horizontal and vartic
movement patterns as well as temperature use,ecatebtified between individuals caught with twpeg
of gear that are expected to be very differentlmttypes of behaviour they are more selective tdsva
Accordingly, one active and searching gear thatefisonly in the upper water stratum and one paggEae
that fish only at the seafloor was chosen. The &g a floating stick bait, specifically a 13 cragala ®
Original Floating Lure also called a “wobbler”, thanitates the movements of an injured fish. Fighmnth
wobbler was only performed in the tidal zone andagtime, and vulnerability to capture by this gear
depends on a fish’s willingness to be exposed all®lv waters during light hours and on its decision
attack the lure. The latter gear is a fyke net,\@odks by leading passing fish along a bottom hat tirects
into a department preventing escape. Vulneraliitthis gear mainly depends on movement in the dsathe
zone and at any time during the day, as these eaeployed for days at time. Hence, | assumedgeeat
type one would be more selective to bolder behagidypes compared to gear type two. A working
hypothesis is thus that individuals caught by weblihereby referred to as group W) should display a
higher degree of boldness interpreted as greatempancy at exposed depths during daytime, contoary
individuals caught by fyke nets (group F) whichingared to group W, are expected to show a more risk
aversive behaviour reflected in greater occupancgeper waters during daytime. A possible scensrio
that the latter individuals have movement pattenose dominated by vertical migrations between tuoalf
rich, but predator-exposed shallow waters durirgstéife hours of darkness and the deep, but safersva
during daytime, contrary to group W that is expddteshow greater horizontal movements and search
behaviour in the food rich littoral zone irrespeetdf daylight similar to a bold behavioural typgdrome.
Because temperature can vary strongly along thecakaxis in stratified water bodies, movementsvaen
and within such temperature strata will affecteéiperienced temperatures and hence the bio-enesgsdti
individual fish. Hence, water stratification mag@lbe a contributing factor to movement behaviour i
stratified water masses.

In order to test for consistent behavioural differes between the two gear groups, several behaviour
elements will be defined based on positional andrenmental data sampled by acoustic telemetry.



Measures of repeatability are also performed ieféort to quantify the magnitude of intra-populatio
variation observed in the specified behaviouraingets. Repeatability is a premise for individual
behavioural specialization, and hence assertingxiisnt is therefore of interest in this contex@éc8use
personality structure often is more complex thamsgsiency in a single behavioural component, a
multivariate analysis with the different behavidwelements as responses will be performed in daler
explore how the defined behavioural componentasseciated, and whether or not such association
patterns differ between the groups.

The aims of the study can be summarized as follows:

To test for consistent differences in movementgoagt and temperature use betweendvpoiori

defined groups based on whether or not individuese initially caught by one of two very different
types of gear with respect to the behaviour theyeapected to be more selective towards, and

to measure the extent of behavioural repeatabiléythe proportion of behavioural variance in
movement patterns that is attributable to consistéferences between individuals, and

to search for consistent associations among melliphavioural elements to test whether behavioural
types can be distinguished objectively, and

to compare such potential personality types ttieelefined groups in an objective evaluation oirthe
explanatory power.



2 Materials and methods

2.1 Study system

The inner Oslo fjord is a semi sheltered systerh witnean annual surface temperature of 7.5 dé@ree
(Baalsrud & Magnusson 2002). The boundary betwkernnner Oslo fjord and the outer Oslo fjord
comprises a 1 km wide and 16 m deep sill locatetierDrgbak strait. The width of the inner fjorahgas
from 3 to 7 km and the maximum depth is 164 meibid). Multiple rivers and streams empty into the
system, the largest of which are Lysakerelva, Adegesand Sandvikselva. The main study site, theuBeer
basin (Figure 1 B), has a mean depth of 30 metetsasolume of 103 mill. fan Several islands and islets
are located here. The river Sandvikselva emptigstire basin and considerably influences the bssin’
abiotic conditions. The freshwater supply in theeinfjord is small with a yearly median of 27/m(lbid),
but variations in surface water salinity are norniéle local river discharge yields an estuarinespart of
low-salinity surface water out of the fjord, gerterg a deeper countercurrent of water with higlaingy
from the outer fjord. The depth at which the thectimz is found varies, and temperatures belowttinssh-
old show little seasonal variation at 6-9 degréegFigure 5). The near permanent temperature fatedton
is responsible for naturally low oxygen contenthia deepwater layer. A determining factor for thggical
and chemical properties of this layer is the neaual event of deepwater exchange caused by strong
northern winds which produces a countercurrentefpdvater masses from the outer Oslo fjord. Insyear
when this water renewal fails, distinct events eimpermanent occurrences of high hydrogen sulfide
contents may occur. The marine environment ofnher Oslo fjord can be characterized as a dynamic
system as the combination of freshwater inputedfit water transport mechanisms and a complex
bathymetry, results in small, but substantial sppaind temporal variations in salinity, temperatamel
oxygen levels. This property yields a high temparad spatial environmental heterogeneity that plesia
broad set of habitat opportunities for non-sedsia.
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Figure 1. A) Study area with B ) stationary acausticeivers (black), positions in array of statiersCTD
profiling and manual tracking (black cross), aratienary receivers included in triangulation praced(red).




2.2 Study species

The coastal cod is a generalist groundfish predhtdroccurs at depths from 500 meters and upet@eltp
zone. Spawning happens in the inner sections addjoften related to partly isolated sites, esplgdia

fljord basins (Johansen et al. 2009). This behav#helieved to create and conserve genetic diftexton
found among populations (Jorde et al. 2007). Bagpeth extensive release and recapture experiments, a
sequence of studies have shown that the Norwegiastal cod consist of several non-migratory popariat
subdivided into semi isolated local populatione(Seth et al. 1999). Some of these populationsrdiif
size and maturity at age, maturity at fork lendth)(and survival (Olsen et al. 2004). The size a¥&0
maturity has been estimated to 35 cm for cod innher Oslo Fjord (Ibid). The diet of cod variegtlwage,
juveniles in the size range 30-40 cm from the Skafjecoast feed mainly on polychaetes in spring and
small fish (mainly gobiids) and crustaceans (dedamd isopods) during winter (Hop et al. 1992jn#&or
part of the diet in all age classes consists ofateal groups such as crustaceans, and a smallafpar
pelagic fish (Gjgseeter et al. 1996). The maximumragorded in the Norwegian Skagerrak populatisns i
12 years, but less than 2 % of those reaching armfigne year survive to an age of six years oremor
because of the high mortality rate of coastal pafpahs due to harvesting (lbid).

Several studies have applied telemetry to invesgitiee behaviour of coastal cod, such as movement
patterns, home range sizes and habitat prefereAo@gous studies has revealed that the coastdi@ed
strong site fidelity(e.g., Bergstad et al. (20@3peland (2010) and Knutsen et al. (2003)), lowratign
rates, and a general pattern of diurnal verticatenzents (DVM) connected to sunrise and sunset (e.g.
Espeland (2010)). Tracking experiments on wild ofidn show a “chaotic” diel vertical movement patte
with significant variations among and within indivials (e.g., Godo (1995)). According to Neat e{2006)
this variation may be a “characteristic behaviouitself, and may be connected to the cod’s pregato
feeding strategy and opportunistic diet”. Recéndigs on coastal cod from the inner part of Osluofj
demonstrate similar DVM patterns and strong sdeliiy (llestad et al. (2012), Ski (2013)).

2.3 Fish capture, handling and surgery

A total of 23 cod in the size range 42.5 to 65 amedn 51.1 £ 9.3, SD) were captured in the study foen
March 2012 to October 2012, i.e. in a size rangere/all individuals were likely to have reached umigy.
The cod were captured by fyke nets or casting fiaomd with a Rapala 13 cm original floating lure eTiyke
net is a cylindrically shaped fish trap placedhat $eafloor that works by leading passing fish g@lamottom
net that directs into a department preventing escalpe floating lure is designed to be retrievedieeper
than approximately 2 meters below the surfacerdieoto decrease stress imposed on capturedtiish, t
maximum residence time of fyke nets in the wates Wept below 5 days, and a minimum of 2 days tall
reasonable catches. In both procedures, the fish rgkeased into dark containers with seawater afte
capture and the water was renewed on regular asystish showing signs of fatigue or bleeding was
released without tagging due to raised risk of aliyt Fish were anaesthetized with clove oil ouA§ ®

at 5 ml/l in a separate container equipped witlignump. Upon immobilization, the fish were plaseith
abdomen facing upwards in a V-shaped cradle thatoegered with wet towels. An incision approximgtel
1 cm wide was made in the peritoneal cavity betvwtberanal-, and pectoral fin and implanted with an
acoustic transmitter (Figure 2 B). During surgehg gills were irrigated with alternate doses afegpu
seawater and diluted anesthetic to ensure theviishventilated but remained unconscious (Parsoals et
2003). The wound was sealed by 1-3 RESOLON®, D8MUSP stitches. All cod were length measured



and tagged with external floy-tags. After the scafjprocedure, the fish were placed in new contaiaad
monitored until normal functionality was regainédl. fish where then released close to the poinndafal
capture. The implantation protocol was approvethieyNational Animal Research Authority
(Forsgksdyrutvalget Licence number 11/180321).

Figure 2. A) Anesthesia of cod, and B) Implantatié acoustic transmitter.

2.4 Tracking procedure

Fish sensor data was gathered using mobile tradigrigpat (and by walking on surface ice in Januang
logging by stationary receivers. The tracking wadgrmed once a month with the exception of August,
from June 2012 to January 2013. In this procedbeepresence or non-presence of fish was recomded o
gridded array of 50 fixed stations with an averdgance of 500 meters between stations (Figurg Tlds
has been shown to be an optimal distance with cespe@letection probability and performance of the
handheld receiver in a similar environment (llesttadl. 2012). The tags used were VEMCO coded
transmitters (V9TP — characteristics: 9x47 mm,d5.453 dB output power) sending one code burst with
random delays between 90 and 180 seconds at 6&&élrency (Figure 3 B). Each code burst contains a
unique digital ID code, temperature or depth dathand held receiver (VEMCO VR100) (Figure 3 A) lwit
two types of hydrophones was deployed during thbilmaracking; an omnidirectional hydrophone to
detect the presence of fish within the receivegeammnd a directional hydrophone to locate thetjposwith
the strongest signal. The ID number, depth anéfoperature code, and signal strength in dB were
displayed on a screen. The fish location was lodnetthe VEMCO100 receiver-GPS and a hand held GPS
device for cross validation.

Figure 3. A) VEMCO VR100 receiver with omnidireati hydrophone and B) acoustic

transmitter.



Five stationary underwater omnidirectioVR2WW receiver loggers weraountecin May (hereby
referred to as week nr Q)ithin the study areeFigure 1 B). These wemdtached to st-surface buoys
anchored at the bottom, aB34m below the water line. The stationary receidatect and store the |
number, depth and ambient temperature of detected tagsn flash memory devices. These cwere
transferred to ording lap top computers via Bluetooth connection invélmbe 201z and February 2013.
From November and onwards, five additional recaiwveere placed in a triangulation arrajthe
Bjgrnerennatrait for continuous monitoring of sensor data fisid shor-term center of activity after tf
method described i8impfendorfer et al. (20(). This area was chosen because manual trackingteletie
majority ofindividuals here, and is hence referre as the core study simwards. The receivers we
positioned so that the signal reception range \agitypoverlapping to allow for detections of a degignal
by multiple receiverOnly five of the originall mounted ten receivers were retrieved during thessoaf
the study (Figure 1 B)n order to test the performance of the triangatatrray and the manual track
procedure, a detection rantgst was performed. The manual hydrophones wetedtéy deploying twi
transmitters on a fixed location 2 m below the wétee and tracked with increasing distance andlted in
a detection range of 850 meters. This vhowever, under optimal conditions with no signastoloctions
such as islets and shallows in the transmissiamyaat, and can therefore normally not be expectede
study area due to the bathymetric and topograriaivon here. The stationary recers were tested by
deploying the transmitters at 20 different posii@m a 2 km vertical line through the triangulataoray anc
gave a maximundetection range of 850 met, however at this distancéne probability of detecting
signal was significantly reduce#igure4 B). A logistic linear function was fitted to the rantest data il
order to estimate the probability of detection &srection of the distancbetveen hydrophone ar
transmitter.
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Figure 4. A) VEMCO VR2Wstationary hydrophot, B) VR2W probability of detecting a sigr
(dashed lines: 95% confidence limiestimated by range t((Dzadey In prep)

In the course of the study, all fistxcept on individual from group Rvere detected by stationary receiv
and/or by manual tracking. A total of 336 144 detexs were recorded by the stationary receiver:
average 16 006 detections were made per individu2497( SD, range: 80183) Three of the 5 receivers



that were retrieved accounted for 95 % of all di#bes, and these were the ones located the fartinéise
south of the study area (Figure 1 B). Six individuaere recorded by the stationary receivers incatgime
interval only (1 — 2 weeks) and were hence excluded further analysis of VR2W data, leaving 70 P6la
69 % of the originally tagged fish in the two greupheir absence could be explained by permanent
emigration, harvest mortality (though no recaptuae been reported) or tag failure. The remainirigatied
transmitters showed variation in depth recordiings €xceeded the tidal range, and all fish includdte
analysis were accordingly assumed to be alive.tDumissing or sparse data in the time period befwe
triangulation array was deployed (Table 1), altisteal analysis based on VR2W data were perforored
data after week number 24 of the study period (Ntwr). The length distribution of the fish in the

remaining dataset ranged between 55.5 and 62.0ngan(58.84 £2.7) for group W, and 42.5 and 57.5 cm
(mean 46.2 £6.35) for group F.

Table 1. Summary of detections by stationary loggBtationary receivers were deployed May 2012 and
retrieved February 2013.

Fyke net Wobbler
Month Observed ind. No. of detections Fishw.tags Observed ind. No. of detections Fish w. tags
5 1 7 5 3 186 5
6 2 21 5 3 321 5
7 2 33 5 2 86 5
8 2 90 5 3 65 5
9 1 25 5 1 8 5
10 2 72 5 0 0 8
11 7 13822 10 10 36820 13
12 7 29806 10 9 64625 13
1 5 35506 10 10 67062 13
2 6 38954 10 8 48635 13

Table 2. Summary of detections by manual trackingio tracking was performed this month

Fyke net Wobbler

Month Observed ind. No. of detections Fishw.tags Observed ind. No. of detections Fish w. tags

5 * * 5 * * 5
6 2 17 5 4 9 5
7 1 6 5 0 0 5

8 * * 5 * * 5
9 0 0 5 2 6 5
10 2 2 5 11 51 13
11 2 6 10 9 30 13
12 7 29 10 9 42 13
1 5 29 10 9 65 13

2 * * 10 * * 13



2.5 Environmental data

At each station in the gridded array (Figure 1@dfiles of water temperature, salinity, depth, amgigen
saturation were taken using a SAIV 864 conductitéityperature-depth logger with an oxygen sensor. A
total of 316 CTD profiles were sampled from Jun&2@ January 2013. Temperature variation above 20
meters depth was substantial during this periodrandged from -3 degree °C in February to 20 dettem
July. At 20 meters depth and below, the temperaemained constant at 6 to 9 degrees. By Novenaber,
isothermal condition was reached and by Decembisrhad been replaced by an inverse stratification.
Onwards, the thermocline depth varied from 6 toriders (mean 11.7 £ 3.1, SD). The spatial variation
surface temperature was considerable with temperditferences ranging from 2.2 to 4.8 degrees betw
samples taken the same day. From November to Jaribammean temperature recorded above 10 meters
depth in the core study area dropped from 8.4 @sge4.2 degrees.
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Figure 5. Temperature profiles sampled in the study area from June 2012 to January 2013.

2.6 Triangulation

Because a signal reception at a given stationasjiver only provides information on whether or ant
individual is present within the detection rangayas necessary to use a method that provided a mor
precise location estimate for the individual datew. Due to the near linear relationship betwéen t
distance between a receiver and transmitter, andumber of detections obtained (Figure 4 B), atioa
estimate can be calculated by weighing the meaeofespective receiver’s coordinates by the nuraber
detections obtained from a unique tag in a spettfirae period as described in Simpfendorfer et2402).
The precision of these location estimates incraatfethe number of receivers of which a signalesedted
by within the given time slot, and will only yiefabsitions inside the boundary of the minimal polygo
surrounding the outermost hydrophones. Rather phawiding point estimates, these estimates areibett
described as short time centers of activity (CA)d). Because the transmitters were programmed to
transmit on average one signal within three minutegy minutes were chosen as the time slot ifctvh
these CA’s were estimated. This period is alsoiwighsmall enough timeframe to expect the individisa



not to perform any extensive movements. A toté&d@97 CA’s were obtained in this manner, excluding
positions derived from only one receiver. Detatsithat included depth sensor data were usedcalatd
mean depth within the same time slot, providingtaltof 17701 three dimensional CA positions (IF&g6).
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Figure 6. Triangulated position, or short term eexbf activity, combined with
mean depth (m) calculated in the same 30 minutesvas.

2.7 Behavioural components
To compare the behaviour of the two groups, se\mdvioural variables were defined based on thewse
and positional data.

2.7.1 Vertical movement

Vertical position was defined as the individual mel@pth recorded by the stationary receivers dwigg h
period. To examine dial patterns in vertical movataemean depth was also calculated for nighttinte a
daytime separately. The night and day periods wetreeved from the sunset computer available from
Mindspring Qttp://www.mindspring.com/~cavu/sunset.hfnfThe maximum vertical distance measured
(max. depth — min. depth) during a 24 h period led a metric for individual daily depth-range. ildual
temperature use was likewise determined as the amaarent temperature recorded during day and night,
respectively.

The vertical position of the fish does not provid®rmation on where in the water column relatigelie
bottom it is located, and consequently, what tyfeaditat it experiences (i.e. pelagic zone vs. eleal
zone). The individual vertical distance from thafsmr was therefore estimated by performing arrlaye
of the CA coordinates and associated mean deptihdiegs with a geo-referenced raster map providig
times 15 m depth data of the study area. The &gihdvalue of the given CA was hence subtracteu tiee
estimated seafloor depth at the same positiondweige an estimate of fish vertical distance from th
seafloor. Accordingly, the relative vertical positiwith respect to local depth was calculated gis diepth



divided by local depth, giving a ratio from 0 tovihere 1 represented maximum depth with respetiteto

seafloor. Because the CA coordinates are derivedipas with a potential significant degree of eysome
estimates of distance to seafloor were negativgahile values were hence re-coded to 0.5 (0.5 meter
above seafloor) and the associated RVP estimatesracoded to 0.99.

The vertical position of a fish will in large patso determine the nature of the physical envirarir{iee.
temperature, oxygen, salinity, hydrostatic presdighbt) it experiences. Vertical gradients in fiteysical
properties are also a determining factor in terfrth@® composition of food resource at a given deptie
thermocline represents the water layer where tleeafstemperature change with respect to depthits a
greatest, and will often correspond to the positibthe steepest gradient of other chemical compisne
such as salinity and oxygen. When a fish is locatetlis depth it can access a broad range ofclaoil
abiotic factors over a small vertical distance @asal. 2013). Cubic smooth spline curves whezeetore
fitted to the weekly pooled fish sensor data (miedividual depth and temperature per 30 minutesyder
to determine the depth of the thermocline centéhiwia given week. The fish sensor data were agdeeg
to mean temperature per 1 meter depth to reducgeand facilitate curve fitting. The center poaita
thermocline can be identified as the point on edtbrder polynomial where the curvature changesigs,
or, the point of inflection. This is determined $lving the root of the second derivative of thbicicurve
(Figure 7). Comparisons with CTD data within theek&where CTD profiles where available (October,
November, December, January) showed that the sdasocorresponded well to the more objective CTD
measurements. The individual mean vertical distémee the predicted thermocline depth could thewefo
be estimated. In addition, the binomial variablasdd on whether the mean distance to the center of
thermocline depth was positive (above the thermedliepth) or negative (below the thermocline depts
determined, providing another behavioural variable.
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Figure 7. Predicted depth of thermocline centerifbatal line) derived from the point of
inflection on a cubic curve (red) fitted to thehfisensor data (black points). Example from week 31
(December).

2.7.2 Horizontal movement
A home range is defined as the area an animalrsaseluring its daily activities (Burt 1943). Indétbn to
providing knowledge about animal habitat requiretngmlso provides information about individual



horizontal distribution patterns. To obtain a netf individual area use, monthly horizontal adfhareas
were estimated using the manually tracked poirdtion data, combined with point locations deriviexhf
the triangulation of stationary receiver detectioftsese areas were estimated using a minimum convex
polygon (MCP) estimator (Mohr 1947) in the r packadehabitatHRR Core Team 2012). The estimator
was applied without the removal of extreme poiatprevent the exclusion of the numerically limited
tracked positions. Due to the low temporal resolutf these positions, the activity areas givelmho
estimate of individual average distribution. Be@atlee monthly manually tracking was only performed
once at each station (50 in total), it seldom patedimore than one location estimate per detectbd Tio
describe potential seasonal changes in individaakzbntal distribution, activity areas were estiathfor
two consecutive time intervals; the summer topalliod (June 2012 to October 2012), and the falitaer
period (November 2012 to February 2013). Thesep@rads were separated by the occurrence of
isothermal conditions in the beginning of Novemlagrd the inverse temperature stratification from
November and onwards. In addition, activity areasenalso estimated using all locations obtainethdur
the entire study period to get a metric of the mmaxn area traversed by each individual fish durire t
study period. Two-dimensional kernel densities weyeapplied so as to prevent the more temporally
intense sampled CA positions to bias the resulatdg/the triangulation area.

2.7.3 Volumetric space use

Besides providing information about horizontal digitions and habitat utilization, MCP based atyivi
areas do not offer insight into the nature of thevements within this space. This horizontal repntsén
is therefore especially limiting for organisms fehich the vertical axis is an important dimensidnheir
habitat. Instead, the use of three dimensionaléteran produce detailed representations of voluenet
space use when geographic and depth data areldeal@rnel density estimation is a non-parametric
probabilistic estimation procedure where a smogthimction is used to produce a probability or digns
surface (Katajisto & Moilanen 2006). This methoaften applied to telemetric data in habitat usaysis
as it provides habitat utilization probabilitiesrn locational observations. Kernel density appr@tions
can be extended to estimate probability surfacéisree spatial dimensions. Accordingly, volumespace
use was estimated on the triangulated positioreaedage depth data (R Core Team 2012)(Figure &g us
two probability estimates; a relative estimatehaf $pace an individual occupies 95 and 50 % ofinie.
Some recordings were made on one receiver onlgjrogthe triangulated position to equal the locatio
coordinates of the receiver position. Thus, onbnigulated positions that included recordings ftera or
more receivers were utilized in this proceduresTgrovided a metric of the three dimensional sleaquk
volume of the space utilized by individual fish kit the triangulation array and can outline thatiehship
between vertical and horizontal movement pattdmthis study, only the volume of the estimatedhleér
densities was calculated. These individual volumee estimated for every month where CA’s were
available, in addition to total individual volumesger these four months. When using kernel density
estimations, the amount of smoothing applied isigl relevance as it determines the complexityhef t
resulting area or volume estimate. Thus, a lowlleffemoothing reveals small-scale details of thtad
structure, whereas a higher level reveals the gésbape of the distribution (Seaman & Powell 1996)
Here, a plug-in smoothing factor selector was &gpéis suggested by Simpfendorfer et al. (20125 Thi
smoothing factor matrix was further multiplied byIBid) to reduce the amount of smoothing and hence
better accommodate the level of precision of tlamgulated data points.



2.8 Data analysis

Behavioural differences between the groups wheaenied by fitting linear models to each behavioural
variable separately, and testing the statistigadiBcance of group assignment as predictor vagiaBhch
behavioural variable was initially modelled as adiion of group category, week nr, and length. THtker
term was included to correct for size bias in the groups combined with a potential effect of aléing in
the behaviour responses. Week number was treatetbasor to allow for different temporal trajedes
between the groups, starting at zero in the calemdak of the deployment of the first receivergiag at
39 in the week when the receivers were retrievedaBse of an imbalance of observations among erseiv
data from all VR2W loggers were pooled. To allowdorrelations of multiple observations per indivads
in the VR2W data, the inclusion of random effectswapplied. Mixed models can easily account for
complex data structures within levels of aggregeaéind effectively deal with unbalanced data seds Qe
Pol & Wright 2009). By including random effects oren investigate how much of the total variatiothi@
dependent variable is explained by the fixed ptedicariables while accounting for multiple measuoeats
and between-subject variation in the response.dtinexed models is in this case were also an optiooh
because it allowed for partitioning of variance gaments into variation generated within and betwiben
levels of a random factor (Dingemanse & Dochterm2®h3). When this random factor is subject ID, it
allows for the estimation of behavioural repeatghitvhich is the fraction of the total random \ation
explained by differences between individuals,the.among-individual variation. Because the data al
included the longitudinal effect of time, a randetructure was chosenpriori with fish ID nested under the
nominal factor week, so that estimates of variasmaponents could be performed within and between th
time units. When measuring repeatability usingdimmixed models, it is important to note that bgluling
fixed effects and additional random factors, thearace component estimates will change, and the
appropriate term in such cases are adjusted rdpltata(Nakagawa & Schielzeth 2010). Adjustment
repeatabilities implicitly assume that the repeiitshs constant for all values of the covariasé&d can be
interpreted as the repeatabilities given that ¢wellof the confounding factor or covariate is knofibid).

In this case, the additional predictors are assediaith individual data points, and so they wealht to
reduce residual variance, hence the repeatabditsnate will generally increase (lbid).These adidst
repeatabilities represents the proportion of “plgmic” variance not accounted for by fixed effects
explained by differences between individuals (Dmgese & Dochtermann 2013). Inclusion of between-
individual fixed effects therefore results in theaulation of average within-class repeatabilitythis case,
the average repeatability within a group when fifeceof length is adjusted for.

The behavioural traits were estimated as the iddali mean daily value, and the datasets were bedanc
terms of week. However, the number of days of alzgEms within a week could vary between the
individuals. For relative depth use, a logit tramsfation was applied to secure model predictiorizeto
confined within the 0 and 1 interval. All covariatend interaction terms were included in the fudidel,
and the optimal model structure (in terms of fiedi@cts) was chosen by comparing AIC values for elod
fitted with ML estimation. P-values were calculatedeach term in the optimal model by performing a
Log-Likelihood ratio test as suggested by ZuurO0@0 The chosen model was then refitted with REMIL f
better estimation of random effect and model vaie(lbid). If two models obtained did not diffey more
than 2 AIC units, the most parsimonious model wiadireerms were significant according the Log-
Likelihood test was chosen. For the binomial vddads relative vertical position with respect to
thermocline depth, a generalized linear mixed madtl a logistic link function was fitted, and the
significance of predictors was evaluated jf-test. To test for differences between day anttrigthe



respective behavioural traits, an additional notrpnedictor of day and night assignment for eadia gaint
was added to the most supported models. The résidiithe optimal models were examined for the
presence of violation of independence.

For an objective test of the presence of distiettdvioural types, irrespective afpriory grouping,
multivariate finite glm-mixture models (mvglmm) veefitted (Leisch 2004). In order to take data
dependency into account, ID was included as a ramépeated-measures effect. Based on findings tihem
univariate analyses, fish body length and montrewseluded as fixed predictors. Mean depth, redativ
depth, temperature and daily depth range werededun the response matrix. The models were fitsdg
an Expectation-Maximization algorithm implementadhe FlexMix package in R (Leisch 2004). The
models assign observations to k clusters that bster-specific gims fitted to all response valesb
included in the y-matrixife., the response matrix). If distinct clusters cdugdidentified within the
behavioural responses, this was interpreted abavimural ‘type’. Here, weekly mean values for each
variable were utilized, separated into night- aagtiine values. The optimal number of clusters was
assessed using both Akaike’s Information Critef&IC) and Bayesian Information Criterion (BIC). By
constructing gear-group association vs clustegassent contingency tables over-)@filstatistics could be
estimated for testing whether the a priory geaugrnadividuals are randomly distributed among the
objectively fitted glm-mixture clusters.



3 Results
3.1 VR2W data — Movement patterns and temperature use

3.1.1 Vertical position

Between November 2012 and February 2013, the redardgean depth position occupied by group W and F
was -12.7 (£ 6.8 m, SD) and -11.2 (+ 5.8 m, SD)argin daytime and -13.0 (= 6.2 m, SD) and -10.9.6t
m, SD) meters during the night (Figure 8 A). Thestrgupported model for mean daily vertical positias
an additive model with gear and body length asiptexs (Linear mixed effects model results Table 3,
Modell). The second best model included week andtaraction between week and gear, but incredsed t
AIC by 4 units and the term was not significant@ding to the Likelihood-ratio test. Gear type lzad
significant effect on vertical position (p <0.00Q1ratio=46.12) and group W were predicted to zdila
vertical position 10.5 meters deeper than fishroug F of equal size (Figure 9). Fish with largedy

length occupied shallower waters compared to smigdle (p<0.0001, L.ratio= 45.34). When the nominal
factor part-of-day (with respect to day and nigid)s added to the most supported model, it conditlera
improved the fit and reduced the AIC score by 2Bsuifhere was a significant interaction betweametiof-
day and group (p<0.0001, L.ratio= 18.48) and betwewre of day and fish length (p<0.0001, L.ratio=
65.43) (Table 3). Larger fish were predicted toupgcdeeper waters at night compared to smaller fish
(Table 3, Model 1.1).
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Figure 8.A) Distribution of weekly mean daily vieel positions for the two gear groups from Noveni®@l?2 to February
2013. B) Boxplot of the pooled mean vertical positi during day and night of individual cod from asber 2012 to
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Figure 9. Predicted mean vertical position withoassged confidence intervals (Model 1.1, Tablea3, function of
part-of-day, gear and fish length.

The average among-individual difference (repeatgpbR) in vertical position within a week was
substantial, accounting for 78 % of the total randa@riation, whereas the average within-individual
variation within a week constituted only 6 %, sugigey a consistency among-individual difference in
vertical position over time (Table 3). The restlué random variation was attributable to differenicemean
vertical position among weeks.

3.1.2 Vertical distance to seafloor

From November 2012 to February 2013, the averagea&kdistance from the local seafloor depth wéas 7
and 8.2 meters (£ 6.3 and +6.8 m, SD) for group™ F, respectively (Figure 10 A). At night, this
distance was 7.4 meters (+ 5.6 m, SD) for groupnd/&1 meters (£ 5.8 m, SD) for group F. In Febyuar
the mean vertical distance to the seafloor depttagtime decreased for both groups and was redocgd
meters (x 3.7m, SD) for group W and 6.7 metergfoup F (+ 5.3, SD) (Figure 10 A). The nominal effe
of week was not included in the most supported madach only contained the additive effects of gea
group and fish body length. There was a strongtipestorrelation between length and vertical distato
seafloor (p<0.0001, L.ratio 65.28) (Table 3, Figite Model 2). Group W were predicted to stay 11.5
meters closer to the seafloor depth than grouprgth adjusted for) (p<0.0001, L.ratio=52.26). Tinedel
with the second lowest AIC value included week andnteraction between week and length, however, th
models only differed by 0.5 units, and the intad@acterm was only weakly significant (p=0.0031,
L.ratio=28.15) hence the simpler model was chogémen the nominal factor time-of-day was added o th
most supported model, it resulted in a decreagd@ivalue by 14 units. Here, the most supported ehod
included an interaction between time-of-day andgjtlenas well as time-of-day and gear (Table 3, Mode
2.1). The among-individual difference in verticédtdnce to seafloor depth was considerable, acowufar
71 % of the total random variation(R, Table 3).
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3.1.3 Relative depth use

The model selected was an additive model with geaup and length as predictors. This model predicte
fish of length 55 cm in group W to utilize a dep#tio of 0.86, whereas fish of the same lengthroug F
were predicted to occur at a depth-ratio of 0.2Z{®001, L.ratio 37.67) (Figure 12 B). The cortiela
between fish length and relative depth was negativihat smaller fish were predicted to utilizeagee
relative depths compared to larger fish (Figurd312p<0.0001, L.ratio=45.36). The second best model
included the additional effect of week as well asrderaction between gear and length. These twaetso
only differed by 0.4 AIC units, but the interactitsrm in the more complex model was not significant
Adding the predictor part-of-day to the most supgpdimodel led to a decrease of 21 AIC units. There
significant interactions between part-of-day andrggoup (p<0.0001, L.ratio= 16.44), as well ag-pé&r
day and length (p<0.0001, L.ratio= 25.15) (Tabl#&8del 3.1). The average among-individual variation
within a week accounted for 73 % of the total randariation.

A B
Fyke net [ ] wobbler [N

S
o
0.0 T B
ey
*g i
o
- | ©
0.2 § ° € <«
ey S o]
= ©
o O
S 047 i i 5 ©
g : g o
% 0.6 o 3 @
2 a
O -
0.8 7 i < T T T T
45 50 55 60
1.0 1 ° - ° i Length, cm

24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39

Nov | Dec | Jan | Feb |

Figure 12. A) Boxplot over mean daily relative depse from November 2012 to February 2013 and r&jipted
relative depth use as a function of gear groupfishdength (Table 3, Model 3).

3.1.4 Vertical migration

The mean daily vertical migration amplitude, or tthepange, for group W was 6.5 meters (£ 4.7, S@) an
for group F, 8.6 meters (+ 4.6, SD) (Figure 13 B)e daily vertical migration amplitude ranged frOm to
24.6 meters for both groups throughout the studipgeModel selection based on AIC values gave no
support for any changes in depth-range over th&syem®r could any clear differences between the two
groups be identified. The most supported modelhet! length only as dependent variable and preticte
smaller individuals to have a larger vertical mtgma amplitude than larger fish (p <0.0001, L.ra5.05)
(Figure 14, Table 3). The second best model incube additive effect of gear in addition to lendiht
increased the AIC by 1.5 units and the term wassigotificant (p= 0.375, L.Ratio= 0.78). The among-



individual variation in depth-range accounted f@r% of the total variation, demonstrating thatwitin-
individual variation in depth-range was greatertfos behavioural element.
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3.1.5 Vertical distance -, and relative position with repect to, -the estimated thermocline depth

The estimated depth of the thermocline centre dasigh 10 meters in the winter half (mean -11.7.% 3
SD). During this period, the fish stayed in closexmmity to the depth where the temperature gradieas
at its steepest (mean wobbler -1.6 m + 7.6 SDe fy&t 0.9 m, £6.16, SD). Beyond week 36 (February
2013), the average daily distance to the thermedigcreased in both groups for the beyond weeleB6dg
(i.e., February 2013; Figure 15 A). The two grougse significantly different, both in the magnituofe
distance from the thermocline (p <0.0001, L.Rati6-03) and in the position relative to (p<0.00F1
45.19) the thermocline depth. The probability ofugaying depths below the thermocline center invami
week for fish of similar length was 90 % higher §goup W than for group F (Figure 15 A), which on
average (length and week adjusted for) stayed X@rmghallower than the former with respect to the
thermocline depth (Figure 15 B). There was a pasiissociation between body size and distance to
thermocline where larger fish tended to be loc&either above the thermocline depth compared tdlsma
individuals (p <0.0001, Log.lik 41.7). Likewise gtiprobability of staying above the thermocline @éaged
with body length of the fish (p <0.000# = 42.86) (Figure 16 A). The model with the secomadst AIC
value (0.4 units more than the most supported madsd included an interaction between gear gragp a
length, however this term was not significant (822, L.ratio=1.7). Adding time-of-day as predictor
reduced the AIC by 18 units. The most supportedehatth this additional predictor included an
interaction between time-of-day of and length al§ asetime-of-day and gear (Table 3, Model 6.1).
Likewise, adding part-of-day to the model 5 rediiitea decrease of 24 AIC units, here the mostcipg
model included the additional effect of time, amdraeraction between part-of-day and group (p=60,0
v*=15.84) (Table 3, Model 5.1).
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3.1.6 Temperature use

The mean ambient temperature from November 20E2bouary 2013 for group F and W were 5.1 and 5.9
°C respectively (z 2.6 and 2.5, SD) during daytigenight, the mean temperature was 4.7 and 6f0rC
group Fand W (x 2.6 and 2.5, SD) (Figure 17 A)efBhwas a significant difference in temperature use
between the two groups (p <0.0001, L.ratio = 26.84Ffording to the most supported model, group W
consistently experienced a higher ambient temperathich deviated from group F by + 3 °C, week and
length adjusted for (Figure 17 B). There was a tieg@orrelation between temperature use and fh(p
<0.001, L.ratio = 16.67) (Table 3, Model 7).
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Figure 18. Predicted temperature use for fish augiW and F of size 55 cm (Table 3, Model 7).

When the predictor time-of-day was added to thetmagported model with respect to temperatureitise,
resulted in a decrease of 148 AIC units. The magpasrted model including the predictor time-of-deagd
significant interactions between time-of-day anctkvé <0.0001, L.ratio= 62.37), time-of-day andgém

(p <.0001, L.ratio=99.98, Figure 19), as welliagetof-day and group (p <0.0001, L.ratio= 28.5Zalfle

3, Model 7.1, Figure 19). The among-individual @age in temperature use accounted for 62% of tak to
random variation.
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Figure 19. Predicted temperatures as a functidisiolength, week, and part-of-day (Table 3, Modd))

3.1.7 Volumetric space use

The mean monthly individual 95 % kernel volumesjiace use was 46 and 19 fa group W and F
respectively (£ 23.5 and + 9.9, SD) (Figure 20 Al &) from November 2012 to Februry 2013. The most
supported model included length only as prediqe©(0001, L.ratio=10.95) (Figure 21 B, Table 3)isTh
model was only 0.8 AIC units lower than the secbast model which also included the additional efééc



group, however this term was not significant (p7Q.2, L.ratio= 1.21). The repeatability of this traias
low, as among-individual variation only accounted T4 % of the total random variation.
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Table 3. Linear mixed effects model results fonvaniate analyses of VR2Ww-data. The factor levetdtie various parameter estimates are
provided in square brackets in the “Term” columaKi{ke net; W=Wobbler; DT=Daytime; NT=Night time)o€fficients for the predictor week
are not given, but these week-effect models adiraggpt to week 25, see figures.

Model B- L.ratich Random  Random
Response No.fish Term parameter SE p-value y~  effect variance Residuals R?
1 Vertical
position 10 Intercept[F] -40.9 4.15 week 1.67 4.57 0.78
Group[W] -10 1.37 <.0001 46.12 week/ID 22.63
Length 0.64 0.08 <.0001 45.34
1.1 Vertical
position Intercept[F,DT] -45.77  4.17 week 1.66 4.31 0.79
Group[W] -10.77 1.37 week/ID 22.56
Length 0.74 0.08
Time[NT] 9.39 1.06
Group:Time[W,NT] 1.52 0.35 <.0001 18.48
Length:Time[NT] -0.18 0.02 <.0001 65.43
2 Distance to
seafloor 10 Intercept[F] -30.47 3.52 week 0.66 5.85 0.71
Length 0.82 0.07 <.0001 65.28 week/ID 15.81
Group[W] -10.98 1.17 <.0001 52.26
2.1 Distance to
seafloor Intercept[F,DT] -33.95 4.3 week 0.64 5.74
Group[W] -11.83 1.37 week/ID 15.82
Time[NT] 6.79 1.54
Group:Time[W,NT] 1.67 0.51 <.0001 19.25
Length:Time[NT] -0.14 0.03 0.0011 10.71
3 Relative depth
use Intercept[F] 11.2 143 week 0.15 1.02 0.69
Group[W] 3.09 0.47 <.0001 37.67 week/ID 2.66
Length -0.22 0.03 <.0001 45.36
3.1 Relative depth
use Intercept[F,DT] 12.54 1.46 week 0.15 1
Group[W] 3.44 0.48 week/ID 2.66
Length -0.25 0.03
Time[NT] -2.67 0.51
Group:Time[W,NT] -0.69 0.17 <.0001 16.44
Length:Time[NT] 0.05 0.01 <.0001 25.16
4 Depth-range 10 Intercept[F] 18.06 2.08 week 0 9.21 0.57
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0.11 0.011 <.0001
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0.06 0.016 <.0001

28.54
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62.37

ID 0.06
10.95
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3.2 VR100 data- Horizontal movements

During the course of the study, no detections weade more than 3 km outside the core
study site, reflecting a high degree of statioyasitthe individuals included in the home
range estimation. From June 2012 to February 2B&3nean individual activity areas for
group F and W were 24.6 and 53.9 ha (+10.8 and@3%%D) (Figure 24 D), respectively.
One individual (ID 22, Figure 23) in group W hadestimated activity area of 250.7 ha
which accounted for the largest activity area obeser This fish had moved approximately
2.5 km north of its previous detected locationhia tore study site, when it was relocated in
January. When this observation was removed, the metavity area for group W decreased
to 34.3 ha (= 23.8) (Figure 24 D). Similarly, indlual nr 6 (Figure 23) in the same group
had moved approximately 2 km north from its presgipoint of detection in November when
it was relocated in December. Both fish had mowearéas that were covered by ice at the
time of the relocation. For both groups the mealividual activity areas increased from the
summer/fall to fall/winter period (Figure 25 B).

Figure 23. Individual locations detected by trialagjon and manual tracking.
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to February and C) June to February. D) Boxplot avdividual activity areas with positional data
from June to February, ID no 22 removed.

There was a weak, but significant, correlation lesmvactivity area and length (Figure 25 A),
and fish length explained 17 % of the observedatiam in individual activity areas, (log
linear model, gngi=0.0028).
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3.3 Multivariate behaviour types

For both daytime and night analyses, the most stggdexmix model (mvglmm) had five
glm mixture clusters. The daytime model had antaddiength and month prediction
structure for the four behavioural components idetliin the response matrix, whereas the
prediction structure in the night model comprisadrderaction between length and month.
The most supported model was more than 50 AIC lmisr than the second-best model.
Similar results were obtained when using BIC as@hsedlection metric.

Individual assignments to the five daytime flexnsiysters produced significant among-gear-
group distributionsx2:64.21, df=4, p<0.0001). In particular, clustendluded group F
individual assignments only and cluster 5 onlyuned group W, whereas the other gim
clusters did not separate the two gear types teeatent (Table 4). The cluster 4 and 5 model
predictions are presented in Figure 26.

The individual assignments to the five night-tifexmix-clusters produced significantly
different between-gear-group distributiOIX§=(65.16, df=4, p<0.0001). Here, clusters 2 and 5
included group W individual assignments only, wlasreluster 1 (in particular) and cluster 3
had predominantly group F individual assignmentb(& 5). The cluster 1 and cluster 5 glm
predictions are presented in Figure 27



Table 4. Group-specific individual cluster assigmingontingency table for the most
supported daytime flexmix model. Expected (Exp) banof individuals (over four months)
are provided together with observed (Obs) numbandi¥iduals with the corresponding

grandy?® statistics.

Cluster
Group 1 2 3 4 5
Fyke net Exp 23.6 18.6 20.7 13.9 7.2
Obs 15 19 17 33 0
Wobbler Exp 324 25.4 28.3 19.1 9.8
Obs 41 25 32 0 17

¥? = 64.21, df = 4, p<0.0001
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Figure 26. Daytime predictions of month-specifiedéh effects from the most supported flexmix
model mgimm. Cluster 4 (solid lines) and clustéd&shed lines) predictions are plotted only, as
these two clusters completly separates the twogreaps (Table 4).



Table 5. Group-specific individual cluster assigmingontingency table for the most
supported night-time flexmix model. Expected (Erpjnber of individuals (over four
months) are provided together with observed (Obs)ber of individuals with the

corresponding gran}(j2 statistics.

Cluster

Gear 1 2 3 4 5

Fyke net Exp 31.9 10.8 9.1 16.2 14.1

Obs 51 0 13 18 0
Wobbler Exp 45.1 15.2 12.9 22.8 19.9
Obs 26 26 9 21 34

¥? = 65.16, df = 4, p<0.0001
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Figure 27. Night-time predictions of month-specléagth effects from the most supported flexmix
model mvglmm. Cluster 1 (solid lines) and clustédashed lines) predictions are plotted only, as
cluster 1 mostly loads fyke net cod and clustenly tbads wobbler cod (Table 5).



4 Discussion

4.1 Are they really different?

This study has demonstrated significant differencdsehaviour between fyke-net-caught
and wobbler-caught cod. This result is coherentterunivariate analyses of separate
behavioural components and the multivariate analgssessing the presence of distinct
behavioural clusters. The multivariate analysepsttpd the presence of distinct mixtures of
behavioural types, where 5 significantly differehisters distinguished by the length-specific
behaviours were identified. The gear groups wherenandomly distributed between these
mixtures and were completely separated in fouheirt. Analyses of the separate behavioural
components revealed that the average among-indivdifierences within each group were
consistent, which further supports the presendeebévioural specialization. The group-
specific differences in behaviour demonstrate gfear type does not capture a random
sample from the population but are biased witheesfm behavioural types. Differences
were identified in vertical distribution, temperegwse, and distance and position relative to
the thermocline center. There was also a trends$iderably larger horizontal and
volumetric activity areas in group W, but this wem statistically supported. Contrary to the
working hypothesis, individuals in group W consiglg utilized greater depths, associated
with higher temperatures, throughout the Novembérebruary period. Although the two
groups were different in terms of their respectag and night-time behaviours, the
difference was nevertheless so small the biologelalvance can be considered negligible
(Figure 9 and Figure 19). Assuming residency irlshawvaters during daylight can be
considered a bold behaviour, the results gave diocation of any group specific differences
in this respect. Concerning the fact that all fiddre captured in late spring or early fall, it is
possible that the behaviour expressed at the tfrnapiure is not representative with respect
to their behaviour during the altered conditionsvinter. If temperature rather than risk was
a main driver for vertical distribution and horizahmovement patterns, then the inversed
stratification present in the November to Febryzesiod is likely to cause a different
behaviour compared to summer stratification. Theredl temperature conditions will also
likely contribute to changes in the quality, quantand distribution of food resources.
Because of the limited knowledge about the intdrsid extrinsic factors that the behaviours
respond to, characterizing the observed behavidaliffatences further than a description of
the observable symptoms is challenging. Field abdratory studies of Atlantic cod do
support that the species may adopt a vertical memeycle that optimize the balance
between energy expenditure and energy gain ancehreagimize growth (e.g., Espeland et
al. (2010), Claireaux et al. (1995), Clark and @Grg991)). This balance is again a function
of metabolic,- and food intake rates, the formeicllilepends on temperature. Because of
the strong correlation between depth and temperatustratified water bodies, it is difficult
to separate the unique effect of these two factm$ish depth in this context could either be
a result of temperature choice or food resourcdabibty, and isolating the relative
contribution of each would require a controlled essmental setting. The fact that individuals
in one group were predicted to have a higher prtibabf being located below the centre of
the thermocline and hence at depths of which teatpess were increasing, may however
indicate that temperature selection is at plagsipective of the ultimate causations, the result



of the behavioural differences is that the geaugsowere unequally distributed in two
different temperature conditions. Because tempegasuthe key factor for metabolism and
energy expenditure in poikilotherms like cod, il inevitably be of ecological relevance
due to its effect on growth and accordingly lifetbry characteristics (e.g. Roff et al. (2006)).
Age-determining structures, or other biologicaledaxcept body length, were not collected in
this study and so comparison of growth trajectoaied reproductive states could not be
compared. Although it is out of the scope of 8tigdy, linking the behavioural

differentiation to variations in life-history chataristics in order to explore the potential
presence of alternative life-history strategies Mtdae of high relevance here, specifically in
the context of fisheries-induced evolution.

4.2 Potential mechanisms underlining the behavioural dierences

The behavioural difference observed may have airsenultiple ways. The different
behaviours can be adaptive and maintained in thalpton by means of frequency-
dependent selection driven by fluctuating environtakconditions (sensu e.g, Wolf and
McNamara (2012)); Residing in warmer temperaturayg far example be a profitable
behaviour when food resources are sufficient sbgir@avth and subsequently fecundity can
be maximized, while a more conservative behavidingher occupancy in colder
temperatures resulting in lower metabolic ratedccbe an adaption to less favourable
environmental and limited food resources. Anotressibility is that the behaviours results
from different life-history strategies within tharae environmental context: One strategy
might be to invest more in present growth and feldymesulting in a preference for higher
temperatures that increases the scope for acteuis, food intake rates and hence growth
potential. Such a strategy would potentially inéwdraised risk of mortality because it
would involve an increased predator exposure cabgduigher levels of foraging activity.
The other strategy might then invest more in savand future reproduction, and result in
behaviours that reduce exposure to predators, rermsding temperatures that increases
food demand, resulting in a “slower” but “saferfasegy. Different behavioural types are
increasingly linked to different life-history stegfies (Reale et al. (2010), Biro and Stamps
(2008)), hence it is suggested that consistenvidhgial differences in behaviour within a
population could be maintained by life- historydieaoffs , integrated within a pace-of-life
syndrome (Reale et al. (2010), Careau and Garl20itR] ) and the fast-slow life-history
continuum (Gaillard et al. 1989 in Real 2010) a& within population level. Another
possibility is adaptive phenotypic plasticity inngbination to spatial variability; Phenotypic
plasticity can be adaptive if environmental flu¢ctaas are predictable and expected within a
generation. Within a heterogeneous environmenngiyeic plasticity could result in the
expression of different behavioural phenotypestduesidency in different sets of habitats
(e.g Herczeg and Valimaki (2011)). Another optionalves the stochastic influence of
epigenetic effects, or molecular modifications thiéer the expressions of genes during early
stages of ontogeny. An increasing body of evidesuggports that such changes in gene
expression can cause long-term changes in neuogiidal mechanisms and behaviour (e.g.
Jones et al. (2010)). For example, it can be aged that increased growth in early
ontogeny might affect metabolism later in life withnsequent behavioural implications such
as foraging activity and abiotic preferences (Foase Cabral 2007). This scenario can result



in inter-cohort behavioural differentiation if r@ag-environment is variable over time, or
intra-cohort differences if rearing-environmenv&iable in space. Another potential
mechanism also involves differential regulatiorgehe expression; maternal effects occur
when the maternal environment affects offspringegegulation. Such transgenerational
plasticity have been demonstrated to cause intBvigiual behavioural variation (e.g., Keiser
and Mondor (2013), Graff and Mansuy (2008)), sofetach have been connected to
offspring anti-predator behaviour in fish (Rochekt2012). Behavioural differences can also
arise due to state dependence and not be stalddifetime but be affected by factors such
as social status or condition (Dall et al. 2012pmpetitive exclusion may for example
generate behavioural differences as a result dinetiral compensation due to exclusion of
competitively inferior individuals into suboptimiabitat, i.e. ‘doing the best out of a bad
situation’. Learning can also be a contributorte tlevelopment of behavioural types.
Hatchery-reared fish often show reduced antipreglagsponses compared to wild fish
(Patten 1977). A similar scenario can be envisagdéae wild when habitat variability causes
differential exposure to different stimuli, for erple; development in different microhabitat
can cause differential exposure to prey items diedtathe development of search images
due to individual differences in prey encounters.

There are many candidate mechanisms which can causeopulation differentiation, only
some of them listed here, many of which can acbimcert or antagonistically. Delineating
these sources of variation or their interactiongiigtes controlled experiments such as
relevant common-garden experiments. This wouldnias help to distinguish genetically-
determined variation from other effects.

4.3 Management implications

The presence of intra-population variation in egalally relevant behaviours is likely to
have ecological and management implications. laaaged population is characterized by
high levels of heterogeneity it suggests that thieaf management should be revised
because the targeting of broad generalities may laasubset of the population and in turn
ecologically relevant diversity. For harvested papians, the differential susceptibility to
fishing gear between behavioural variations, asatestnated in this study, have the potential
to selectively diminish or remove a subgroup ofgbpulation with the potential for fisheries
induced evolution assuming the behaviours are gatigtcontrolled. This might in turn

have cascading effects due to selection on coeetladits (Biro & Post 2008). Although the
empirical evidence is limited, it is suggested th&ta-population behavioural variability may
increase population stability through improvedlresce to environmental fluctuations
(Bolnick et al. 2003), similar to the portfolio efft withessed with population diversity on the
species level (i.e., Schindler et al. (2010)). Adaagly; populations that contain a diversity
of behavioural types may be more likely to sunageconditions change because some
behavioural types will thrive in new environmentahditions, while others will not (Conrad
et al. 2011). Similarly, differentiation in behaurs connected to activity patterns, habitat use
and resource use can be expected to enhance tiimgarapacity and productivity of a
population (Wolf & Weissing 2012). This suggestatthehavioural diversity in ecological
relevant traits can be subject to protection bpws right, in a ‘phenotype



management’approach (Conrad et al. 2011). Anotimeemkion is that using population
“averages” in ecological modelling will have a ntgaimpact on the predictive power in
terms of population dynamics and responses to @mbigenic and non-anthropogenic

changes in the environment. In terms of surveibgmograms, not accounting for individual-
level variability may lead to problems with lackrepresentativeness. The potential impact

of individual-level behavioural diversity on hart@sduced selection, population

productivity and resilience hence suggests a nedétermine the presence, nature and extent
of inter-individual behavioural variation for an imoved population and species

management. In addition to providing a more integeaapproach, this will also lead to a
better theoretical foundation for understandingdizreamics of populations.

4.4 Study limitations

In addition to the effect of group, body length (asasured at the time of capture) had a
significant effect on each of the behavioural eleteéncluded in the statistical analyses
(Table 3). Smaller fish utilized greater depthgheir temperatures, were more associated to
the seafloor depth, had a higher probability ofusdog below the thermocline, and
displayed larger vertical migration distances. Siependence was also identified in the
horizontal (Figure 25 A) and three-dimensional nroeat metrics. Allometric and size-
scaling relationships are important factors imaalibehaviour (Dial et al. 2008), for
example, respiration rates and energy expenditigpends on body size in fish (Clarke &
Johnston 1999), and risk of predation is more puoced for smaller size classes. There is a
strong correlation between size and age withingigpulations, and hence behavioural
differences that arise as a consequence of diffesebhetween age groups do not conform to
the concept of intra-population behavioural diffezes. If the size differences of the fish in
this study were due to differences in age, thearernl note of caution here is the size bias in
the two groups used in the analyses (mean grou@.X8/cn + 2.7 and group F 46.2 cm +
6.35). Consequently, the confounding effect of bleahggth may not have been completely
distinguished from the effect of group assignméithough random effects in mixed models
can account for between-subject variation in thgeddent variable, they do not
automatically account for possible among-subjedttian in the independent variables (van
de Pol & Wright 2009). Nevertheless the unanimassiit of several models and two
different statistical approaches strongly sugdest the size-independent differences were
highly realistic. It should also be added that semahan 46 cm individuals do get caught on
floating wobblers, but due to under-communicatiod a bit of bad luck (small individuals
tended to get off the hook prior to landing!) | eddup not having tagged any smaller fish in
group W. A final note of caution is the small saepize of this study. While this does affect
the generality of the result in terms of whethenot the observed behaviours can be
considered as “typical” for individuals capturedthg respective gear types, it does not
reflect on the validity that the group-specificfdiences documented for this particular
sample of cod.

4.5 Conclusions
This study has demonstrated that consistent irgpHgation differences in coastal cod
behaviour exist in the Inner Oslo fjord. Specifigathe individuals differed in temperature



use and how they were distributed in the waterrooluThese differences were related to the
gear type that the individuals were captured bgrgo tagging, which demonstrates that
different capture techniques do not necessarilypdanmnandomly in a population but rather
are biased in terms of behavioural types. The idiffeal temperature use is likely to affect
individual life-history characteristics due to thiéect of temperature on ectotherm
metabolism and growth. Differential susceptibilityharvest gear types induced by among-
individual behavioural variation may have implicais for fisheries-induced evolution if the
behaviours are genetically determined. Becausa-pupulation variation in ecologically
relevant behavioural traits may affect populatiesilience and carrying capacity, the
inclusion of a behavioural aspect in population aggament may be of high relevance
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Figure A 1. Boxplot of weekly distribution of dailpean ambient temperature (°C)use of cod in inséw ford from June 2012 to February
2013.
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Figure A 1. Boxplot of weekly distribution of daityean vertical position (m) of cod in inner Oslorfl from June 2012 to February 2013.






