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Abstract

Foraging mode provides important insights intodpace use of animals, their
functional role within ecosystems, and may be @luor understanding the processes
that mediate diversity in nature. | directly obsahthe foraging mode of wild Arctic
charr, brown trout and Atlantic salmon in theisfiyear of life, over a range of
habitats, and among ten natural Icelandic stre&mgeral novel findings emerged
from this study. First, although Icelandic streamm®nids typically sit-and-wait to
ambush drifting prey from short distances, Arctiaic were more mobile during prey
search and prior to attacking prey than Atlantlmea, whereas, brown trout showed
an intermediate pattern. Second, in all three ggeandividuals that were mobile
while searching for prey were also likelier to belbite when initiating forages.
However, the three species clearly differ in the Weeir search movements relate to
foraging, as Arctic charr was the only species whmore mobile individuals traveled
longer distances when pursuing prey. Third, forggmode varied among species as
generally expected by their habitat use, the leaxdiile species, Atlantic salmon,
were found in the fastest water flows, whereasiéwtarr and brown trout use
slower-running waters and were most mobile andmmégliate in behaviour,
respectively. These findings offer a promising habaral basis for future work to
explicitly identify the mechanisms that influencabitat use, diversity and

distribution of Icelandic salmonids in the wild.



Samantekt

Faeduheettir veita mikilveega innsyn i pad hvernigrdga umhverfi sitt, hlutverk
peirra i viokomandi vistkerfi, og auka skilning @ifm pattum er yta undir
fiolbreytileika lifvera. Gerdar voru beinar athugad faeduhattum villtrar bleikju,
urrida og lax & peirra fyrsta sumri i fidlbreytiley busveedum i tiu am & islandi.
Helstu nidurstédur pessarar rannsoknar voru eféirfai: | fyrst lagi, po
laxfiskategundirnar prjar syni allar pad atferlisifa-og-bida eftir brad og radast a
hana af stuttu feeri, pa er bleikja hreyfanlegrifebuleit og feedunam heldur en lax,
og urridinn liggur par & milli. [ 68ru lagi, hjalim premur tegundunum voru peir
einstaklingar sem syndu mikinn hreyfanleika vid tded, einnig hreyfanlegri vid
upphaf atlogu ad brad. Tengsl faeduleitar og faedsnardist pd vera olikt & milli
tegunda, par sem bleikja var eina tegundin parssmband fannst & milli
hreyfanleika vi® faeduleit og vegalengdar sem figkedudust vid faedunam. | pridja
lagi virdast feeduhaettir tegundanna priggja veemnirsemi vid pad sem buast matti
vid ut fra busveedanotkun peirra. Bleikja hélt sigghasta vatninu og hreyfdi sig
mest, & medal lax var i mesta straumnum og hreyganinnst. Pessar nidurstoour
mynda atferlislegan grunn ad frekari rannsoknureiénfpattum er mota busvaedaval,

fiélbreytileika og utbreidslu islenskra laxfiskadvnatturulegar adstsedur.



Acknowledgements

Thanks to my advisor Stefan O. Steingrimsson fadayce through all aspects of this
study and for general help during my stay in Icdltirat exceeded a typical advisory
role. My committee members, Sigurdur Snorrasonidi Skulason also deserve
thanks for encouragement and discussion duringtadjles of my research. Skuli
Skulason was also instrumental in turning my dasirgtudy in Iceland into a reality.
Field and lab assistance were provided by Gudmu8d@unnarsson, whereas Bjarni
Jonsson and Eik Elfarsdottir at the Institute addbfwater Fisheries provided helpful
information on the study streams. Thanks to evesyairthe department of
Aquaculture and Fish Biology at Holar Universityllége, especially my lab mates
for friendship and helpful interaction. FinallythHank my family and Cheryl Dargavel
whose immeasurable support and encouragement maddnate experience more
enjoyable. This research was financially suppobted RANNIS grant awarded to
S.0. Steingrimsson, Holar University College andAdantic Salmon Federation

OLIN Fellowship to T.D. Tunney.

Vi



Table of Contents

D= Tod o = 11 (0] o H P TTPRPPRP iii
Y 013 = Lo PP P PP PPPPPPPPPPPPPRPPR )Y
SAMANTEKL. ...t e e e e e e ———————— e e e e %
F o LoV F=To (o =T g =T o | £ Vi
LISt Of TADIES ... e e e e e e e e e e e e e e e as IX
IS o ) T [ SRS X
Chapter One - General INtrodUCHION ..........commmmmiiiiiee e e 11

Chapter Two - Foraging mode variation within a duwf three stream-dwelling

SAIMONIA fISNES....ci s 15
aTigoTe [UTol 1 o] o PR R PPPPPPRPT 15
IMELNOAS ... e e e e e 18

Observation of foraging MoOde .........ccooi i icceeeeviiccr e 19
Habitat MeasuremMent ...........cuvvvviiiiieee e 21
D= 1= B g oL £ P 22
RESUIES ... et 23
Univariate approach ...........cceeiiii i 23
Bivariate approach ...........coeiiiii e —————— 25
Habitat and foraging MOE..............uuuuuimmmmmmr e eee e 27
DISCUSSION ...ttt ettt mmmne et e e e e e e e e e e e et e e ennr e e e e e e nnrn e e e e s 28
Behavioural components of foraging mode...........cccceeeeieeiiiiieeeeieeeeeeeeeiiiiees 28
The correlated behaviours of foraging MoOde .....ceeeveceeiiieeiie i, 31
Foraging mode, habitat and population differences............cccccceeeiiiiiieeennnnn. 34

Chapter Three - General Discussion and ConcluSIONS.........ccccoveeeeeeeeieeieveeeeinnnnns 37

TADIES 2.1 — 2.4 .. 40

vii



Figures 2.1

References

2.0 e

viii



List of Tables

Table 2.1. Habitat characteristics of three spezig®ung-of-the-year salmonids

observed in ten ICEIANAIC SIEAMS.. ... ... et enarnas 40

Table 2.2. Univariate summaries of foraging behawvadf young-of-the-year

salmonids in [CEIANAIC SIrEAMS .......eee e 41

Table 2.3. Statistical comparison of the proportbbenthic, mid-water and surface
foraging made by three salmonids in ten Icelanttgasns based on Kruskal

Wallis Analysis of Variance 0N ranks. ........cccceoooiieiiiiiiiiiiiiiiiine e eeeen 42

Table 2.4. Spearman Rank correlations between oturing search and foraging

for young-of-the-year salmonids in 10 Icelandi@8ms...............cccovvviiiieieiiiinnnnnn. 43



List of Figures

Figure 2.1. Conceptualized view of potential vaiftigbin the mobility of stream-

dwelling salmonids as they search for and attael.pr............cooovvviiiiiiiiiiiinnnenn. 36
Figure 2.2. Map showing the ten study streams rtheon Iceland. ................cccccee 37

Figure 2.3. Frequency distributions of search migkiibr young-of-the-year Arctic

charr, brown trout and Atlantic salmon in Icelansticams. ..........cooveveeveeeeieniennen. 38

Figure 2.4. Frequency distributions of mobile fonggattempts for young-of-the-year

Arctic charr, brown trout and Atlantic salmon irelandic streams.. ..........c........... 39

Figure 2.5. Frequency distributions for the mearspiti distance of young-of-the-year

Arctic charr, brown trout and Atlantic salmon irelandic streams.. ..........c........... 40

Figure 2.6. The proportion of benthic, mid-waterd surface forages for young-of-

the-year Arctic charr, brown trout and Atlanticreah in Icelandic streams.. ........ 41

Figure 2.7. The association between search molititymobile foraging attempts for
individual young-of-the-year Arctic charr, browmait and Atlantic salmon in

[oT=1 E= Ua Lo Lo 1 =T= g 1 ST TP 42

Figure 2.8. The association between search molaittypursuit distance for
individual young-of-the-year Arctic charr, browmait and Atlantic salmon in

[oT=] F= Ua Lo Lo 1 =T g A ST TR 43

Figure 2.9. Search mobility (a) and foraging attesyippm a moving start (b) plotted
against water flow for ten populations young-of-tlear salmonids from three

species in IcelandiC StreaMS. . ........ciiiiieeec e 44



Chapter One - General Introduction

Animals adopt varying behavioural tactics, callechfjing modes, when searching for
and attacking prey (McLaughlin 1989, Helfman 199@rien et al. 1990, Helfman
1994, Hart 1997, Perry and Pianka 1997, Perry 138&ne individuals remain still
as they “sit-and-wait” and then ambush prey th&rewithin striking distance.
Alternatively, “widely foraging” animals may travelore expansively, searching out
and attacking prey while on the move (Pianka 186&y and Pianka 1981).
Potentially, foraging mode can provide an importarit between individual
behaviour and processes that organize life acheskhdscape (Koehl 1989 , Lima
and Zollner 1996, Sutherland 1996, Scharf and Qvadb6). For instance,
movement tactics may provide insights into adaptatirelated to use of novel
ecological conditions considered important whemehiineages diversify (Vitt and
Pianka 2005). Equally, foraging mode constrainty timait where and what animals
eat, and may thus influence patterns of habitabuseanimal distribution (Huey and
Pianka 1981, Robinson and Holmes 1982, Wellboal. €996, Nakano et al. 1999).
Furthermore, the relationships between foragingeratt other behavioural,
morphological (McBrayer 2004), physiological (Nagfyal. 1984, Secor and Nagy
1994, Belliure et al. 1996) and life history chaeaistics (Eckhardt 1979, Huey and
Pianka 1981, McLaughlin 1989, Webb et al. 2003)ladsome researchers to claim
that it is among the most important characterisiican animal’s natural history
(Eckhardt 1979).Surprisingly though, few researchers take theainstep to establish
variation in animal foraging mode in the wild. Tafare, the links between foraging
mode and the diversity of ecosystems remain largeén to discovery.

Several studies demonstrate that the way salnfimhes search for and

capture prey can vary among species (Nakano £988), populations (Biro and
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Ridgway 1995) and individuals (Grant and Noakes71®8cLaughlin et al. 1992).
Stream salmonids typically sit-and-wait and thert dat to intercept invertebrate
prey carried by water currents (Kalleberg 1958, Wéavski and Thorpe 1979), while
salmonids in still waters, such as lakes, typicidhage more widely as some
individuals cruise almost continually (Biro and Bvday 1995). Furthermore, some
salmonids appear to adopt one mode of movementgab®thers appear flexible as
individuals switch modes to track resource avalitgand habitat variation through
space and time (Fausch et al. 1997, Nakano e988)1Interestingly, even
individuals occupying relatively homogenous hahiay adopt strikingly different
levels of mobility if they feed on different resgertypes (McLaughlin et al. 1992,
McLaughlin 1994). Today, new insights into foragmgde should be useful, as
researchers increasingly attempt to link behavioyrerformance and distribution of
salmonids in the wild (Nislow et al. 1998).

Despite a considerable knowledge base, therdiin@any good reasons to
study salmonid foraging mode. First, and perhapsribst simple of these is that very
little is known about how many otherwise well sealsalmonid species actually
forage in the wild. Here, basic descriptive studies establish foraging mode
patterns may provide information that can be adbpieground broader ecological
and evolutionary studies in nature. Second, masliet of salmonid foraging mode
focus on single species, and as a result, a ladkedt interspecific comparisons begs
that more studies address the question of howepecmpare in their foraging
tactics. This knowledge is of broad interest inensthnding both the interactions
among competing species, as well as among predatdreheir prey. Third, although
different components of foraging mode, such as hgliuring prey search and

attack, can exhibit similar patterns (McLaughlirakt1992, Biro and Ridgway 1995),
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studies rarely examine if or how these variablescarrelated. This is unfortunate,
because further investigation of the coordinatddnezof behavioural components of
foraging mode may lead to a more complete undetstgrof their consequences for
animals (Cooper 2007). Fourth, it is necessargeatify factors that influence
foraging mode and other reasons for movement. &reds made from behaviour and
habitat variability details may help explain whyhder habitat use and diversity
patterns occur. Together, it seems inevitableftiréerin situ studies will continue
to uncover novel elements of salmonid foraging mode

Here | examine the foraging mode of three salmspgties in several
Icelandic streams. In general, Icelandic strearas@nple in taxanomic diversity and
contain only 6 freshwater fish species (GudbergssmhAntonsson 1996, Albert et
al. 2006). Because half of the species are salmdAidttic charrSalvelinus alpinus,
brown troutSalmo trutta, and Atlantic salmo®almo salar), it is likely that this group
of fish play a major role in the ecology of theseam environments. Yet, although
species are few, diverse habitats provide fish withide range of conditions that can
potentially be exploited in different ways. As atample, both the biotic and abiotic
characteristics of these rivers differ drasticallyong and within watersheds
depending on the age and permeability of the bédrofiuence of hot and cold water
springs, glacial melt-water, and run-off from theuntainous landscape (Gardarsson
1979, Gudjonsson 1990). Few species and divergtatsbre believed to play an
important role in the evolution and ecology of &adic freshwater fish (Gudjonsson
1990, Skulason et al. 1992, Skulason and Smith)1%@% example, limited
interspecific competition and open niches are ketleo promote the extreme
intraspecific variation observed in salmonids ieldnd’s freshwater lakes by the

process of resources polymorphism (Skulason @082, Skulason and Smith 1995).
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Similarly, in terms of ecology, there is clear eande of habitat segregation and
geographical distribution differences among Icelastream salmonids (Gudjonsson
1990). Hence, Arctic charr are observed in sloweswter pools or near the stream
bank of low productive streams, whereas brown tamat Atlantic salmon are found
in the more productive streams, in intermediatefaster water flows, respectively
(Gudjonsson 1990, see also: Heggenes and SalB@i) 2To date, however, very
little is known of the behavioural ecology of lcethc stream fish. In summary,
foraging mode observations may provide new insigtitshow this guild of fishes
differs in their means of exploiting resources #malr use of Icelandic stream
habitats.

In this thesis, | take the first steps in unrawnelithe behavioural ecology of
Iceland’s wild stream salmonids by examining tfieraging mode. My general
guestion is simple: How do young-of-the-year Arctarr, brown trout and Atlantic
salmon seek out and capture prey in Icelandicsis@alro address this question, |
observed individual fish over two summers in altofdl0 streams and monitored
their movement patterns. In doing so, | make trst @irect comparison of the
foraging mode of Arctic charr, brown trout, andakitic salmon. That these species
may adopt some similar foraging tactics is expebieskd on their stream existence,
but a comparison of foraging mode may provide saew insights into how these

species use stream habitats differently.
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Chapter Two - Foraging mode variation within a guild of three

stream-dwelling salmonid fishes

Introduction

Foraging mode can be defined as a set of coordirmkavioural traits that reflect the
variability in how animals seek out and captureyfisckhardt 1979, Helfman 1990).
Most often, foraging mode is examined along a stadgrmobile continuum (Janetos
1982, Pianka 2000) and animals are classified daupto the two extremes as “sit-
and-wait” or “widely foraging” predators (Pianka6® Huey and Pianka 1981). In
general, whether an animal adopts a sedentary bilerforaging mode is believed to
be tied to the costs and benefits of moving whemnguspecific habitats and resources
(Helfman 1990). Consequently, because foraging nsbdeld influence an animal’s
growth and fitness in a particular habitat, it ns@yve as a mechanistic link between
individual behaviour and broad-scale patterns eédity in nature (Tilman 1987,
Sutherland 1996, Wellborn et al. 1996, Schmitz 20B@r instance, foraging mode
may form a behavioural basis for understanding kiowlar species coexist via
habitat segregation and resource partitioning (id®66, Nakano et al. 1999).
Juvenile stream-dwelling salmonid fishes exhibdag intra- and interspecific
variability in foraging mode. Many studies indic#it@t stream salmonids search for
prey from a stationary (i.e., sit-and-wait) positioear the streambed (Kalleberg
1958), from which they pursue and capture drifimgertebrates via short bouts of
burst swimming (Grant and Noakes 1987; Fausch 1@&tkowski and Thorpe
1979). Alternatively, some salmonids may forageeneidely as they actively travel

to locate prey, which they pursue while on the mdneen relatively longer distances
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(Grant and Noakes 1987, McLaughlin et al. 1992¢ Bind Ridgway 1995). In
addition, mobility may be linked to resource usmdbile individuals consume more
prey from the stream bottom or the waters surfhaa sedentary individuals (Grant
and Noakes 1987, McLaughlin 1994, Katano 1996, Nalat al. 1999). Hence,
salmonids obtain prey using different sets of behawvthat vary between sedentary
and more mobile foraging modes.

Based on the typical two mode paradigm (i.e.asd-wait vs. widely
foraging), salmonids may adopt mobility that carviseialized on a coordinate plane
bound by two axes ranging from no movement to @rishovement, where the axes
reflect search mobility and mobility while initiaty foraging attempts, respectively
(Figure 2.1ab). In this scenario, a sit-and-wattitareflects limited movement in both
the search and attack components of behaviour @bevelely foraging fish exhibit
the opposite extremes. Such a two-dimensionaldveonk of foraging mode has
been proposed for mobile animals (Cooper 2005, R@if not yet formally so for
salmonid fishes. According to this framework, sahidaactics could, at least
hypothetically, vary beyond a two mode descript@mclude individuals that may
either be mobile between pursuits, but only atf@ely from a sedentary position
(e.g., traveling among multiple ambush sites),earsh from a stationary position for
long periods only to move for short periods prmiritiating a foraging attempt
(Figure 2.1cd). Therefore, examining the coordorabf two or more behaviours may
provide new insights into salmonid foraging mode.

Explicit species comparisons of foraging modeus&ful for understanding
how salmonid species share habitats and resourcstseams (Nakano et al. 1999).
To date, however, salmonid foraging mode studipe&fly focus on a single species.

As a result, although several studies reveal sikntraspecific variation in foraging
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mode (Grant and Noakes 1987, McLaughlin et al. 188® and Ridgway 1995),
they may not be ideal for comparing species becaisethodological discrepancies.
Moreover, even if methods are consistent, singésig|s sometimes categorize
foraging mode qualitatively and lack the necesslatgil to compare similar species
(McLaughlin 1989, see: Biro and Ridgway 1995, faraspecific comparison study).
Hence, comparative studies are more reliable falueing how similar species differ
in their exploitation of stream habitats (Biro ddigway 1995, Fausch et al. 1997,
Nakano et al. 1999).

Only three native salmonids, Arctic cha®ealfvelinus alpinus L), brown trout
(Salmo trutta L) and Atlantic salmonSalmo salar L) exist and overlap in the
relatively species-poor streams that carve Icekmadlcanic landscape (Gudbergsson
and Antonsson 1996). Icelandic streams, howevést afwide range of fish habitats
as they vary drastically among and within watersh#spending on the age and
permeability of the bedrock, influence of hot alttlovater springs, glacial melt-
water, and run-off from the mountainous landsc&erdarsson 1979, Gudjonsson
1990). General observations suggest that Arcticrébaften found in slow-running
sections of relatively cold and unproductive waterswn trout at intermediate
conditions, and Atlantic salmon is most abundariagt waters in warmer and more
productive rivers (see also: Gudbergsson and Astim$996, see also: Heggenes and
Saltveit 2007). Because stream-salmonids tenddptaadsedentary foraging mode in
swift water flows and be more mobile in slow watérss reasonable to expect
Icelandic stream-salmonids to vary in foraging mde far, the behaviour of stream
fishes in Iceland remains largely unexplored irurgtsituations (but see:

Sigurjonsdottir and Gunnarsson 1989, for a lakdygtu
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In this thesis, | examine how the foraging modgming-of-the-year (YOY)
Arctic charr, brown trout, and Atlantic salmon caangs in stream environments.
First, | describe and compare the foraging modd®three species by summarizing
the following four aspects of their foraging belwuwi (1) mobile searching, (2)
mobile foraging attempts, (3) pursuit distance, @)dhe tendency to make foraging
attempts toward benthic, mid-water or surface psgcond, | evaluate whether
salmonids coordinate their behaviour along a sedgmhobile continuum bound by
the two extremes sitting-and-waiting and widelyafging for prey. To test this
hypothesis | use bivariate data to determine whetbarch and pursuit behaviours
covary for individuals in each species. Specificdllpredict that salmonids that tend
to be sedentary while they search (i) make fewexding attempts while moving, (ii)
have relatively shorter pursuit distances, anji€ait less prey from the benthos than
more mobile searching individuals. Finally, | blyeéxamine how the foraging mode
of the three salmonid species and the differemtyspopulations relate to water flow,
a key aspect of their habitat. Based on water flosferences, | expect Arctic charr to
exhibit the greatest mobility while searching fadgursuing prey, brown trout to be
intermediate, and Atlantic salmon to be least neol&imilarly, for each species, |
expect populations that are found in slower runniaders to exhibit greater mobility

during search and prior to attacking prey.

Methods

General information

Wild populations of young-of-the-year (YOY) Arctoharr, brown trout and Atlantic

salmon were studied in ten streams in Iceland batweine and September of 2005
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and 2006 (Figure 2.2). | surveyed fast and slowergaat different depths in variable
habitats within each stream in attempt to obseshedver a range of conditions
(Table 2.1, see methods for habitat measuremeluw/od directly observed 153
individuals (61 Arctic charr, 42 brown trout, and Atlantic salmon) via snorkelling
and stream bank observations. | visually estimédddlength (i.e. body size) with the
aid of a ruler placed in stream or a nearby olijeatt was later measured, as a
reference for scale. Following each observati@itdmpted to capture the focal fish
and if successful, | anaesthetized it with phenthameol and measured the fork length
with callipers to the nearest 0.01mm. My visuaireates of fork length were accurate
to an absolute mean difference of < 2 mm for akéhspecies. Finally, | marked the
foraging site with a flag, measured its habitatdess (see below) and released the

fish back to its exact location of capture.

Observation of foraging mode

| made a single 10-20 minute observation of indiaidish between 9:00 and 20:00.
To observe fish, | (1) snorkelled, where | lay matess underwater downstream from
the focal fish and recorded observations on plastiar sheets, or (2) sat behind a
blind on the stream bank, and recorded behaviour digital voice recorder or a
video camera. Prior to an underwater observatigradiually moved upstream until a
foraging YOY salmonid was spotted. | then held aifpan 1-2 m downstream from
the focal fish, so that behaviours could be recdrdighout disturbing the fish or its
environment. For stream bank observations, | vigisalanned the water from the
bank. Once a foraging YOY salmonid was spotted upea blind to prevent the fish

from being disturbed by any sudden movement. Befaah observation, | waited for
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at least 5 minutes to allow focal fish to resunmarthatural foraging behaviour. The
same set of behaviours was recorded independevhiether | observed fish from the
stream bank or while snorkelling. Also, for fisltoeded on video, | made
observations in the lab from a single play of ed@deo recording using the same
observation methods as in the field. My choice lideyvation technique depended on
stream conditions, such as stream depth and vigjlahd the location of foraging

fish.

| used a procedure similar to McLaughlin et a@92, 1994) and Biro and
Ridgway (1995) to measure the time spent on diffefi@aging behaviours. Time
was monitored with a digital watch timer which et a single pulse alarm at five
second intervals. In general, | alternated thd tdiaervation time between five
second intervals where | monitored behaviour ams$eguent intervals where |
recorded my observations. The behaviour of eathfdiseach five second interval
was classified into three categories: pursuit, @ggjon and search. Salmonids swim
rapidly toward a point location often accompanigdpening and closing their mouth
to make foraging attempts. If a focal fish maderading attempt during a five
second interval it was classified as a pursuitidésrwhere focal fish chased or fled
from another fish were considered periods of aggoesand intervals without

foraging attempts or aggression were classifieseasch.

In this study | measure four behaviours associatdtthe foraging mode: (1)
the proportion of time spent moving while searchimgprey, (2) the proportion of
foraging attempts initiated from a moving star), (Be distance traveled during
pursuit of prey, and (4) the location where forggattempts were directed (benthos,
mid-water or surface). | identified specific bel@awis during observation by the

following criteria. (i) Fish that moved greater thane body length during a search
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period were considered mobile for that intervaljlevfish that moved one body
length or less were considered immobile. | choselmdy length as my definition of
mobility to account for slight movements that magy be related to fish holding a
position in flowing water. (ii) An interval of puug where a fish moved greater than
one body length prior to a foraging attempt wassatgred a mobile forage, while
intervals where attempts were fish moved one bedgth or less before attacking
prey were considered sedentary prey pursuits Ruisuit distance was recorded as
the total number of body lengths travelled durirfgsecond interval classified as
pursuit. (iv) If during a foraging attempt the mowf a fish made contact with the
streambed or surface of the water, the foragirergit was classified as benthic or

surface, respectively. All other foraging attemptse classified as mid-water.

For analyses, | calculated the proportion of nebéarching for each focal
fish as the number of 5 second search intervalsevaéish moved greater than one
body length divide by the total number of 5 seceedrch intervals. The proportion of
mobile foraging attempts and benthic, mid-water sundace foraging were similarly
calculated for individuals as the number of timedserved each type of foraging
attempt divided by the total number of foragingatpts. Finally, | calculated mean
pursuit distance for individual fish based on tloeylengths traveled in each 5

second pursuit interval averaged over all pursuérivals recorded for that individual.

Habitat measurement

Immediately following observation, | measured wdkew, water depth, substrate
size, and water temperature at the exact locafieach fish. The average water flow

rate was measured at 60% of the water depth (meh&am the water surface)
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(Davis and Barmuta 1989) using a Marsh-McBirney-falaste ™ Model 2000CM
current velocity meter. | determined water flowdweraging three consecutive flow
measurements recorded to the nearest 0.00%; mtere each measurement
represents the average flow over a 15 second titeeval. | measured water
temperature with a digital thermometer to 0.1 °@ waater depth with a meter stick to
the nearest millimetre. | then estimated subssa&ie by placing of a square piece 30
x 30 cm of clear plastic divided into four sectimrsthe streambed centred on the
foraging location. The dominant substrate sizeaicheof the four sections was
estimated based on the modified Wentworth scategrdin size categories (1 = clay
and silt = <0.0625 mm, 2 = sand = 0.0625-2 mmg8avel = 2-16mm, 4 = pebble =
16-64 mm, 5 = cobble = 64-256 mm, 6 = bolder = >&86, 7 = bedrock) (see:

DeGraaf and Bain 1986).

Data Analysis

To examine foraging mode, | first summarized bebwanal traits and reported mean,
median, and range for each trait. Second, | exadrtime distribution these traits with
simple histograms of untransformed data. Thirésted for differences among
species for single behavioural traits with ANOVAKnuskal-Wallis on ranks. If
necessary, | used arcsine square-root transformatigroportion data in attempt to
obtain a normal distribution for parametric statetanalysis. Fourth, | used Kruskal-
Wallis test to examine differences among benthid-water and surface forages both
within and among species.

Associations between behavioural traits wererdeteed with simple Pearson

product moment correlations. When required, | dfarmed variables or used
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Spearman rank correlations (Sokal and Rohlf 19%#st tested for correlations at
the species level and if a predicted pattern oed,drthen examine these patterns
within each species at the stream-level. Analybowariance ANCOVA was used to
compare the slope of the relationships betweerespanding traits among species.
For figures, bivariate plots of behavioural datspthy transformed behavioural
variables but axes were back-transformed for im&tgbion purposes.

| report univariate summaries of four untransfodrhebitat variables. | used
ANOVA to determine whether differences exist amepgcies in water flow, water
temperature, and water depth. When necessarydlloge-transformation to achieve
a normal distribution for continuous habitat valesb Kruskal-Wallis analysis of
variance on ranks was used to test for differentesbstrate size categories among
species which did not meet ANOVA assumptions afearsformation. | used Systat

11, Sigma Stat 9.0 and Sigma Plot 9.0 for statikaoalysis.

Results

Univariate approach

YOY Arctic charr (fork length, mean = 44.1mm, rarng83.4 - 58.0mm), brown trout
(fork length = 38.0mm, range = 30.3 - 45.8mm) anidmtic salmon (fork length =
37.1mm, range = 29.8 - 46.0mm) in ten Icelandieastrs exhibit important intra- and
interspecific variability in key components of theraging mode. First, the three
species differed significantly in the mobility theyhibit during search for prey
(ANOVA, F;,153=14.269, df = 2, p < 0.001; Table 2.2; Figure) 2A3ctic charr was
the most mobile species during prey search (mearfs), and significantly more so

than brown trout (Tukey HSD, p < 0.001) and Atlargalmon (Tukey HSD, p <
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0.001) which had the lowest search mobility valtithe three species (mean = 12%).
A post hoc test did not reveal significant diffecea in the search mobility of brown
trout and Atlantic salmon (Tukey HSD, p = 0.999¢eEk though very mobile
individuals were found within each species (Arcirarr, max = 84%; brown trout,
max = 56%; Atlantic salmon, max = 77%), many fistrevsedentary as 28% of
Arctic charr, 59% of brown trout and 64% of Atlansalmon spent less than 10% of
their time moving while searching for food. Asesult, the search time mobile was
positively skewed with more values distributed todvéhe sedentary end of the
movement scale in all three species, but more sbriwn trout and Atlantic salmon
than for Arctic charr (Figure 2.3).

Second, salmonid species also differed in th@pensity to attack prey while
moving (Kruskal Wallis, H 153= 18.855, p < 0.001; Table 2.2; Figure 2.4). Mebil
foraging attempts were higher in Arctic charr congplato Atlantic salmon (Dunn’s Q
=4.143, p < 0.05). Brown trout, however, had imediate values for the proportion
of mobile forages, which were not significantlyfdrent from those found for Arctic
charr or Atlantic salmon (Dunn’s Q =, p > 0.05)r latl three species, the frequency
distribution for the proportion of mobile foragimgas positively skewed toward low
values as most fish ambushed prey from a statignasition (Figure 1.4). Although
there are clear differences among species, aliepeghibit a wide range in time
spent moving prior to making foraging attempts (€ah2; Figures 2.4). For
example, although Arctic charr were the most mobileaverage, one particular
brown trout had the highest individual proportidmmbile forages.

Third, pursuit distance differed among the thrteely species (Kruskal Wallis,
H 2153= 13.840, p < 0.001; Figure 2.5). Brown trout kaghificantly longer pursuit

distances than Atlantic salmon (Dunn’s Q = 3.71%,(p05) whereas Arctic charr
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were intermediate to Atlantic salmon (Dunn’s Q 63D, p > 0.05) and brown trout
(Dunn’s Q =2.323, p > 0.05). Pursuit distance apgaormally distributed within
all three species based on histograms, but wastatictically so in brown trout
(Arctic charr, K-S p = 0.192; brown trout K-S p 909; Atlantic salmon, K-S p =
0.214).

Fourth, typical of what might be expected of stnesalmonids, all three
species foraged predominantly from the midwatetr doly occasionally attacked
benthic prey and rarely fed on prey on the watertase (Figure 2.6; Table 2.3). Yet
the proportion of benthic (Kruskal Wallis; k3= 15.183, df = 2, p < 0.001), midwater
(Kruskal Wallis H, 153= 15.712, df = 2, p = <0.001) and surface (Krudikallis
H,153=11.769, df = 2, p = 0.003) feeding differed slighbut significantly, among
species. More specifically, Atlantic salmon hadghbr proportion of benthic feeding
than Arctic charr (Dunn’s, Q = 3.263, p < 0.05),endms brown trout did not differ
from Atlantic salmon (Dunn’s, Q = 0.704, p > 0.0&) Arctic charr (Dunn’s, Q =
2.370, p > 0.05). Similarly, Arctic charr had glmer proportion of midwater foraging
attempts compared to brown trout (Dunn’s, Q = 3,%74 0.05) and Atlantic salmon
(Dunn’s, Q = 3.075, p < 0.05) which did not diff@unn’s, Q = 0.618 , p > 0.05).
Post hoc analysis did not identify specific spedi#f&rences in the proportion of

surface foraging.

Bivariate approach

As predicted, YOY salmonids that were mobile dusegrch for prey tended to be
more mobile prior to prey attacks (Figure 2.7). p&sa very low number of

individuals from each stream, the above trend ussmoderately supported at the
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stream level (Table 2.3). More specifically, theretation between mobility during
search and attack was always positive, and sigmifig so in three of four Arctic
charr streams, one of three brown trout streamswoaf three Atlantic salmon
streams (Table 2.3).

Although mobility during search and prior to prayrsuit were positively
correlated within each species, the strength (Ei@ur) and slope of this relationship
differed among the three species (ANCOVA,15;= 3.963, p = 0.021). Of the three
species, Arctic charr clearly exhibited the stratgessociation among the two above
aspects of foraging mode, ranging from being exé¢reittand-wait predators that
rarely move while searching and always ambush poelyeing highly mobile while
searching and attacking most prey from a moving §&gure 2.7a). In contrast,
brown trout showed a relatively weak relationshapdeen search and pursuit
mobility, which was highly influenced by one indival that exhibited an unusually
high proportion of mobile foraging attempts. Brotsout also differed from the other
species, as four individuals that showed no movénvaile searching for prey
exhibited considerable mobility just prior to akang prey (Figure 2.7b). In Atlantic
salmon, the association between search and foragifgjity appears to have a
shallower slope than for Arctic charr. Hence, aliio several individuals exhibited
considerable mobility during search, they raretgcked prey from a moving start
(Figure 2.7).

The prediction that pursuit distance should inseeaith search mobility was
only statistically supported in Arctic charr (Figu2.8). Similarly, stream level
associations were not significant for any speci#g®agh all correlation coefficients
were positive (Spearman rank correlation; p > @04l cases). Finally, there was no

indication that the proportion of benthic foragiwgs higher in individuals that were
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more mobile during search, neither within specmspopulations (Spearman rank

correlation; p > 0.05 in all cases).

Habitat and foraging mode

The YOY salmonids in this study, were monitored aange of stream conditions
(see Table 2.1). As expected, the three species f@end at different average water
flow rates (ANOVA, b, 153= 32.3, p < 0.001); Arctic charr used the slowaeting
waters, and brown trout and Atlantic salmon weretbin intermediate and the
fastest flows, respectively. More specifically, pbsc analyses revealed that both
Arctic charr and brown trout were observed at digantly lower flow rates than
Atlantic salmon (Tukey test, p < 0.001 in both &swhereas Arctic charr and brown
trout did not differ statistically (Tukey test, p0=962) in this respect. Similarly, as
expected, | observed among-species differencesiartemperatures (ANOVA,
F,.153= 38.829, p < 0.001; Table 2.1), as Arctic chagrawbserved in colder waters
than brown trout and Atlantic salmon (Tukey test, .001 in both cases). Finally,
no significant evidence of species differences detscted in the use of water depth
(ANOVA, F,153=0.888, p = 0.413) or grain size of the substfidtaskal Wallis, H
2153= 5.695, p = 0.058).

| predicted that species and populations inhapgiower waters should be
more mobile than those in faster waters. In agre¢mvgh my prediction, Arctic
charr use slower waters and are more mobile dseagch and prior to foraging than
Atlantic salmon, whereas brown trout tend to benmiediate (see results above). A
similar trend is observed across populations, whesignificant overall decrease in
mobile foraging attempts was detected with incréagater flow (Spearmanr = -

0.733, n =10, p = 0.010) (Figure 2.9b). The samed, but not significant, was
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detected between mobile search and water flow (8@ear = -0.523, n =10, p =
0.129) (Figure 2.9a). Also, for all three specles populations found at the slowest
water flow typically had the lowest proportion obhile search and mobile foraging
attempts. Finally, Arctic charr appear to exhibgraater among-population
variability in mobility and water flow use than bvo trout, and particularly, Atlantic

salmon (Figure 2.9).

Discussion

Behavioural components of foraging mode

This first comparison of the foraging mode of WI@Y Arctic charr, brown trout

and Atlantic salmon in streams reveals that althaalbthree species tend to be
sedentary and attack prey drifting in the wateuowul, there are important differences
in several aspects of their foraging mode. Forimsg, Arctic charr are clearly more
mobile as they search for food (27% of search tithah both brown trout (13%) and
Atlantic salmon (12%). These findings were expecbetause search mobility is
thought to decrease with water flow (Grant and Nsak988), and Arctic charr and
Atlantic salmon typically inhabit the slowest ardtest waters, respectively
(Gudbergsson and Antonsson 1996, Heggenes anci®aldd7). Because
methodology varies considerably among studies adamocomparison of search
mobility needs to be taken with some reservationweler, the low search mobility
observed in brown trout and Atlantic salmon in #tisdy is consistent with sedentary
trends in young brown trout (14%) (Bachman 1984) larook charr $alvelinus
fontinalis) (<20%) monitored over a range of water flow ireams (Grant and

Noakes 1988). Arctic charr, however, appear tolightyy more mobile than most
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stream-dwelling salmonids but less mobile than brdwarr observed in still water
pools in streams (44%) (McLaughlin et al. 1992)] anlake habitats (50%) (Biro and
Ridgway 1995). Together these findings build argjroase for the idea that
salmonids become less mobile as water flow inceasmss habitats, from lakes to
streams, and from slow to fast-running stream h#bit

Classifying foraging mode by search mobility caslbmewhat arbitrary, but
one study classifies brook charr as stayers (sitvaait) if they are mobile <10% of
the time, as movers (widely foraging) if they spgnéater than 50% of their time
mobile and the remainder were considered interniediad adopted both behaviours
(Grant and Noakes 1988). Based on these indivichitakia, many Arctic chatrr,
brown trout and Atlantic salmon would be considesedentary (28%, 60%, 64%)
and only few (16%, 4%, 2%) would be considered heolfior a broader comparison
among cold-blooded animals, lizard species consdisit-and-wait foragers often
spend on average 10-15 % or less of their time ngowihile they search for prey
(Butler 2005, Cooper 2005). Hence, if | use thgeatizard literature as a guideline
then Arctic charr can be classified as “widely fyrey” species, whereas brown trout
and Atlantic salmon likely fall within the sit-angait category.

Monitoring mobility just prior to attempts at capng prey is useful to
compare variability among sit-and-wait and widelyalging predators, but is rare in
the general foraging mode literature (Cooper 200)finding that Arctic charr
(85%), brown trout (91%) and Atlantic salmon (97i##)iate most foraging attempts
while still, supports the general view that salnasniypically ambush prey in flowing
waters (Kalleberg 1958, Wankowski and Thorpe 19&8Hitionally, these values are
higher than respective values for search mobility thus provide a clearer idea of

how these species actually attack prey in stre&mslar to search mobility, species
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patterns in mobility prior to attack are consisterth expectations based on water
flow as Arctic charr are more mobile than Atlargaimon while brown trout are
intermediate. Alternatively to my findings for sera-dwelling salmonids, golden
shiner Notemigonus crysoleucas) larvae in still waters characteristically paudales
they actively search for food but rarely attackypgrem this sedentary position (1-
10%) (Browman and O'Brien 1992). From this contria$$ clear that recording
mobility prior to attack in addition to search midiis useful to differentiate
between animals that pause while they activelyckelnt only attack prey as they
move, from those that are mobile while searchingsbap prior to ambushing prey.
Although variability in mobility prior to prey attk is a recognized as an important
aspect of the different foraging modes salmoniagpadiGrant and Noakes 1988), |
am unaware of any other salmonid study that extjylimonitors this behaviour.

In this study, Atlantic salmon had the shortesspit distances (1.62 body
lengths) while the two species found in slower wakectic charr and brown trout,
pursued prey from slightly longer distances (1.86 2.20 body lengths,
respectively). Furthermore, brook charr in stilltergpools in streams (McLaughlin et
al. 1992) and in lakes (Biro and Ridgway 1995) heven greater pursuit distances
(mean body lengths = 2.94 and 3.28, respectivib) the salmonids observed in this
study. These differences are in harmony with tlea ithat pursuit distance should be
less in fast-flowing water where salmonids waitdafting prey. Alternatively,
variation in pursuit distance in juvenile salmonids been attributed to water column
use, visibility against background habitat and priegracteristics (McLaughlin 1994).
Because a predator’s success is also related forelyts ability to escape, detection
mechanisms and mobility of common prey types calgd be a factor (Dangles et al.

2006).
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My finding that the three salmonid species inadeoelic rivers tend to attack
prey located in the mid-water is in harmony witke\pous studies on brown trout and
Atlantic salmon in flowing waters (Bachman 1984slNw et al. 1998). This study,
however, is the first to show that stream-dwellikrgtic charr feed primarily on prey
drifting in the water column. Interestingly, thedk study species vary slightly in
their propensity for attacking benthic or driftipgey. Most notably, Atlantic salmon
(21%) and brown trout (20%) attacked more preyhenstreambed than Arctic charr
(11%). These findings are surprising because Aottarr use slow waters where
access to drifting invertebrates may be limitedigEl1970) and because they
regularly forage on benthic prey in lakes (Malmgjetsal. 1992, Klemetsen et al.
2003) and in captivity (Jorgensen and Jobling 198Mjally, the high proportion of
benthic foraging among Atlantic salmon may be sanmpg considering their use of
fast waters where drifting prey should be abundégtfindings, however, fall within
a wide range of benthic foraging in previous stadieAtlantic salmon (Keeley and
Grant 1995), < 1% to 39% (Nislow et al. 1998). @oé&ential contributor to benthic
foraging is that Atlantic salmon have large pedtbrs that allow them to hold an
ambush position closer to the streambed, and thosore proximity to benthic prey,

than is typical for other salmonids (Arnold etE91, Hojesjo et al. 2005).

The correlated behaviours of foraging mode

This study indicates that the three salmonid sgdaoiécelandic rivers are similar, but
show notable discrepancy, in the way search mghdiassociated with actual
feeding behaviour, i.e. the mobility they exhilisj prior to attacking prey and the
distance of prey pursuits. Importantly, that molsgarch and mobile foraging

attempts increase accordingly among individuaksllithree species, agrees with the
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idea that salmonid foraging modes reflect a sebofdinated behaviours (Eckhardt
1979, McLaughlin 1989, McLaughlin et al. 1992). Haxer, some subtle species
differences do emerge when | examine the resulisarcontext of the conceptual
foraging mode framework presented earlier (Figutg. Similar to what might be
expected from previous studies on mobile animat&igrdt 1979, McLaughlin 1989,
McLaughlin et al. 1992, Cooper 2007), individuace charr continuously varied
between being extreme sit-and-wait predators draly move while searching and
always ambush prey (see scenario in Figure 2.1a¢itgg highly mobile both while
searching and attacking prey (Figure 2.1b). In camspn, however, although search
and pursuit mobility are also correlated for brawout and Atlantic salmon, the slope
and consistency of this relationship clearly défamong species. Most brown trout,
for example, behave as sit-and-wait foragers apnd/dimited mobility both during
search and prior to prey attack (Figure 2.1a) aedivariate relationship is highly
influenced by one very mobile individual (FigurdR). In addition, a few brown trout
differed from both Atlantic salmon and Arctic chas they did not move during
search, but made several mobile foraging attenkjpgsi(e 2.1d). Similar to the
behaviour of brown trout, most Atlantic salmonasnid-wait for prey both during
search and prior to foraging. In contrast to Arctiarr and brown trout, however, the
few salmon that exhibit high mobility during seastiow a limited increase in
mobility prior to pursuit (see Figure 2.1c; althbugp extreme individuals were
observed). These findings agree with SteingrimsswhGrant (in press) which
suggested that YOY Atlantic salmon are multipletcaplace foragers that attack
prey primarily from a sit-and-wait position, butnche very mobile as they frequently

switch among ambush sites. This foraging moderatere may be more common
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among mobile animals than previously thought, sisralar tactic was recently
proposed for wolf spiders foraging in agricultuiialds (Samu et al. 2003).

Although, the relationship among search and ptrsumot implicit in the
foraging mode argument, so far, two studies of brdwarr report pursuit distances
were longer for more mobile searching individudLaughlin et al. 1992, Biro and
Ridgway 1995). In this study, Arctic charr that arere mobile during search,
traveled further during pursuit, whereas such aation was not detected for Atlantic
salmon or brown trout. Thus, it is clear that speenay vary in the way pursuit
distance relates to mobility and further work isessary to determine why only some
species increase their pursuit distance as theglswa a more mobile foraging mode.
Alternative to Arctic charr and brook charr, in@aparison of bird species, passive
searchers that initiated pursuits from a perchtsitsapture immobile prey from
surfaces (sit-and-wait) were found to have largeck radii than more mobile
searchers that captured airborne prey (Eckhard?)196 conclude, | would argue
that the role of pursuit distance as part of a dimated set of behaviours needs
further examination in animals, especially in toatext of how foraging mode is
influenced by food and habitat features.

Search mobility and benthic foraging were not elatied in any species in this
study. In theory, salmonids should move when feggdim sedentary benthos to
increase their prey encounters (Grant and Noak®&8)liPnearby prey organisms are
depleted by consumption (Wooster and Sih 1995, BatilGreenberg 1996). To date,
empirical studies have shown an indirect link betweearch mobility and benthic
feeding as both behaviours are negatively assacvaith water flow (Grant and
Noakes 1987, Katano 1996). However, these studiesal attempt to correlate

individual search mobility with benthic foragingehice, a detailed study where
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individual foraging mode is linked to habitat fer@si and the characteristics of
benthic prey may be necessary. Interestingly, nigliiay not covary with the
proportion of benthic foraging if increased molyiliso allows fish to encounter
more mid-water or surface prey in slow or still erat(Grant and Noakes 1987,
McLaughlin 1994).

My findings suggest that in some cases foragindem@mmponents covary in a
similar way at the species and the population ldnetis study, the tendency for
mobile searcher to be more mobile prior to attagkirey is not solely due to an
additive effect of many different populations, Ioudy also exist within the
populations themselves. This finding is importamtdnderstanding foraging mode in
a general sense, as the question of how a contimfivariation at the species level

comes about is still widely debated (Perry 1999).

Foraging mode, habitat and population differences

This study is the first to systematically compdmre foraging mode of several
salmonid species across an environmental gradiesiteams. As predicted, Arctic
charr, brown trout and Atlantic salmon adoptedrttost mobile, intermediate, and the
least mobile foraging mode as they were found éenslbwest to fastest water flow,
respectively (Heggberget 1984, Gudbergsson andnsstm 1996, Heggenes and
Saltveit 2007). This trend, where mobility incremss water flow decreases was also
detected across the ten study populations, at\d@est mobility is measured just prior
to prey attack. However, due to the observatioatine of this study, a further
examination of my data needs to examine the pailesffiects of other ecological
factors than water flow, such as body size, watemperature and prey availability.

For example, it is reasonable to expect that pray be important, given that the
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number of drifting prey increases with water flagiiott 1970, Wankowski and
Thorpe 1979, Grant and Noakes 1987) and prey deaustecs can influence the
foraging mode (Katano 1996, Fausch et al. 1997)dsstdbution and abundance of
salmonids in streams (Cada et al. 1987, Poff angniH1998). In addition, water
temperature may also affect mobility as metabadimdnds related to swimming may
increase with water temperature (Webb 1978). Furibee, water temperature can
limit the distribution of salmonids among watershi€dausch et al. 1994), and seems
to be important on a stream level in Iceland whgtee charr tend to reside in the
coldest waters (Gudjonsson 1990).

Although not conclusive, the population differesodserved for the three
species are of considerable interest. Most notagobater differences were found in
the mobility and water flow use among the four Archarr populations, than for
Atlantic salmon that consistently exhibited low mibyin relatively fast waters.
Greater variability in the foraging mode of Arctbarr, both at the individual and
population level, agrees with evolutionary studlest consider Arctic charr highly
variable in behaviour (Skulason et al. 1993), molpgy (Skulason et al. 1989,
Snorrason et al. 1994), and life history (Skulasbal. 1996), showing significant
divergence within populations. These studies empbdbke importance of the
interaction of foraging and habitat, and providbstantial evidence that Arctic charr
variation is driven by a diverse feeding ecologkui@son et al. 1992, Skulason and
Smith 1995). In the least, | suspect that varigbih Arctic charr behaviour may
allow them to exploit a wider range of habitats pamed to a less variable species
such as Atlantic salmon. In this context, an anisratbility to adopt sedentary and
mobile foraging tactics may improve its performafgee fithess) when using a broad

range of habitats and resources than those mdreted (Helfman 1990, Helfman

35



and Winkelman 1991). Because foraging mode isaéltai habitat it is reasonable to
assume that behavioural differences among thesesals and their populations
should influence their growth and fitness in slavd daster flowing waters. Together,
| believe that my findings form a useful basis lboilding a mechanistic
understanding of the links between individual bebavand broad-scale patterns of
diversity and the distribution of Arctic charr, o trout and Atlantic salmon in

Icelandic freshwaters, as well as in other fresbwsystems .
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Chapter Three - General Discussion and Conclusions

My findings make new contributions to stream salidarsearch by providing the
first comparison of Arctic charr, brown trout antlaktic salmon foraging behaviour.
In particular, knowledge about Arctic charr in simes is scarce (Klemetsen et al.
2003). In agreement with earlier ideas of streaimaaid behaviour (Kalleberg 1958,
Wankowski and Thorpe 1979, Bachman 1984), thesdespwvere relatively
sedentary searchers and ambushed prey via shests lmirswimming. However, like
studies of birds (Eckhardt 1979, Robinson and Held®82), lizards (Huey and
Pianka 1981, Butler 2005), and fish (Fausch €130.7) my study reveals that species
vary in foraging mode. In comparison, Arctic chagre more mobile during prey
search and prior to attacking prey than Atlantloss, whereas brown trout were
intermediate. Thus, emphasizing that detailed sgemdomparisons are necessary to
understand salmonid foraging in streams. Coopdd'{Ruggested that quantifying
movements as animals attack prey should be usefalaging mode studies. My data
support his claim and clearly add to literatureshgwing that mobility of stream-
salmonids may be more restricted immediately befflanaging bouts than during
search. | also put forward a new visual framewdiilgire 2.1) for how individual
behavioural components related to search and fagagay covary, and thus
contribute to a more complete view of foraging mddehis context, empirical data
suggest that even though more mobile searchingithdils were also likelier to make
mobile foraging attempts in all species, the slape consistency of this relationship
varies among species. Furthermore, as individnaleased their search mobility,
only Arctic charr showed an increase in the distartcaveled during prey pursuits.
Individual behavioural studies provide a new framk for studying animals

in Icelandic freshwaters streams. Previously, laabise and distribution of salmonids
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in Icelandic streams is reported to vary where iarcharr inhabit slower waters of
cold low productive streams, whereas brown trogt Athantic salmon reside in more
productive waters at intermediate and high watax$l respectively (Gudjonsson
1990, Gudbergsson and Antonsson 1996). Using avlmelial approach, | examined
if the foraging mode differences reported aboveaweharmony with the prediction
that mobility should decrease with increased wider (Grant and Noakes 1988). |
found that Arctic charr, brown trout and Atlantedmon overlap in some habits but
clearly exhibit different foraging behaviour, whighries according to water flow use.
As predicted, Arctic charr and brown trout use slowaters and were the most
mobile and intermediate in behaviour respectivetyereas Atlantic salmon were
found in the fastest waters, and were least moldileapproach compliments earlier
studies as a means to form predictions about hdwiduals should perform under
different habitat conditions (Fausch et al. 199i&]d\v et al. 1998, Nakano et al.
1999). Consequently, under the theory of natudakcten the performance of
individuals should influence why some species magupy one habitat and not
another (Sutherland 1996) and thus ultimately aennoechanistic understanding of
salmonid distributions can be developed. Hencendinidual-based framework may
improve understanding of why demographic pattexist,ewhy exceptions may arise,
and how salmonids might respond to novel conditisnsh as human induced
changes. On the whole, a behavioural approachvaloé to understanding the
habitat use and the distribution of salmonids &ldnd, as it shifts focus from
describing patterns of where salmonids are fouralrtwre biological understanding
that links salmonid characteristics to stream lalmonditions.

Overall my research argues for the use of indiaicbased comparisons of

foraging mode in attempts to establish diversitypagsimilar predator species.
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Beyond a comprehensive examination of foraging mmtdmtifying key
environmental factors that influence individual mitypshould also provide helpful
insights into space use. In addition to water flemod and social interactions can be
important determinants of foraging behaviour ieatn habitats (McLaughlin 1994,
Nakano 1995, Fausch et al. 1997, Nislow et al. 1998bsequently, the
consequences of foraging mode for growth and f#meselation to habitat
characteristics should also be investigated. Mgifigs advocate that distinguishing
foraging mode among similar species may requirailéet descriptions beyond the
two extremes of a sedentary-mobile continuum (#sn&982, Pianka 2000). Once
armed with these details researchers may make Ipegtéictions about the role of
movement tactics in the ability of salmonids tdizei variable conditions in
freshwater environments. For example, the knowledgebrown trout seem to
remain sedentary even in slow waters may mearthibae habitats are only exploited
where food is abundant (Helfman 1990). In concluskxy definition species are
expected to differ, but establishing how animalrabteristics vary is an important
first step to understanding their ecology. In dostext, my investigation fills some
important knowledge gaps in the behaviour of thbhsse species. Future work may
build on the descriptive basis of my observatian®tm a more mechanistic
understanding about the processes that influerechdhitat use, diversity and

distribution of these salmonids in the wild.
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Tables2.1-2.4

Table 2.1Habitat characteristics of three species of yoofthe-year salmonids observed in
10 Icelandic streams.

Water Flow Water Depth ~ Water Temperature

Species (cm.s‘l) (cm) (°C) Substrate Size
Arctic

charr 9.3(0.1-39.9) 37.7(8.5-86.5) 11.8 (48.7) 3.7(1-6)
Brown

trout 9.9(0.0-51.3) 21.5 (8 - 60.5) 16.2 (111®:7) 4.3 (3-5)
Atlantic

salmon 26.6 (2.3 - 65.7) 36.5 (10 - 88) 15.1 (:28.4) 44(1-7)

Note: Data were pooled for 4 Arctic charr streams 1), 3 brown trout streams (n = 42),
and 3 Atlantic salmon streams (n = 50). Mean andedin parenthesis) are reported.

Substrate size values reflect categories assigsiad a modified Wentworth scale 1 = clay
and silt = <0.0625 mm, 2 = sand = 0.0625-2 mm,g8avel = 2-16mm, 4 = pebble = 16-64
mm, 5 = cobble = 64-256 mm, 6 = bolder = >256 mm,bédrock (see: Degraaf and Bain

1986).
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Table 2.2Univariate summaries of foraging behaviour of yguuf-theyear salmonids |

Icelandic streams

Foraging Behaviour Species MearMedian Range

Proportion of Mobile Searching

Arctic charr 0.27 0.24 0-0.84

brown trout 0.13 0.08 0-0.56

Atlantic salmon 0.12 0.08 0-0.77
Proportion of Mobile Forages

Arctic charr 0.15 0.07 0-0.69

brown trout 0.09 0.04 0-0.93

Atlantic salmon  0.03 0.00 0-0.27

Pursuit Distance (body lengths)

Arctic charr 1.86 1.82 0.09 - 5.00

brown trout 2.20 2.15 0.78 - 4.57

Atlantic salmon  1.62 1.53 0.40 - 3.09
Proportion of Benthic Forages

Arctic charr 0.11 0.05 0-0.63

brown trout 0.20 0.13 0-0.80

Atlantic salmon 0.21 0.13 0-0.79

Note: Species summaries include 61 Arctic charyiivn trout and 50 Atlantic salmon
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Table 2.3Statistical comparison of the proportion of beatimid-water and surface
foraging made by three salmonids in ten IcelanttEasns based on Kruskal Wallis

Analysis of Variance on ranks.

Kruskal Wallis Statistic

Species (H) Pairwise Comparison Dunn's Q P-value

Arctic

charr 129.96 <0.001
Benthic-surface 4.706 <0.05
mid-water-benthic 5.105 <0.05
midwater-surface 9.811 <0.05

brown

trout 99.024 <0.001
Benthic-surface 4,706 <0.05
mid-water-benthic 5.105 <0.05
midwater-surface 9.811 <0.05

Atlantic

salmon 91.123 <0.001
Benthic-surface 2.522 <0.05
mid-water-benthic 6.658 <0.05
midwater-surface 9.179 <0.05

Note: Based of df = 2 for Arctic charr = 61, brown treufi2, Atlantic salmon =50
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Table 2.4Spearman Rank correlations between mobile seayemd

mobile foraging attempts for young-of-the-year saids in 10 Icelandic

streams

Species Stream N  Coefficient P-value

Arctic charr Myllulaekur 18 0.484 0.041
Nordura 13 0.916 <0.001
Grafara 15 0.367 0.171
Branastadara 15 0.840 <0.001

Brown trout Huseyjarkvisl 16 0.722 <0.001
pvera 11 0.083 0.797
Fremri-Laxa 15 0.058 0.832

Atlantic salmon Laxa & Asum 19 0.478 0.0374
Tunga 15 0.338 0.209
Myrarkvisl 16 0.713 <0.001
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Proportion of Mobile Foraging

Figures 2.1 - 2.9

(a) (c)

Proportion of Mobile Searching

Figure 2.1. Conceptualized view of the potential variabilitythe mobility of stream-
dwelling salmonids as they search for and pursag. grhe extreme foraging modes,
sit-and-wait and widely foraging are depicted iraadl b), respectively. Hypothetical
situations where individuals c) move between puassaut only attack prey from
ambush sites and d) never move except prior talatig prey are proposed. Small
circles, dotted lines, solid and dashed arrowsasgnt intercepted prey items,
movement during search, and attacks on prey frgtateonary position and a moving
start, respectively. Both axes represent a hypietdeinge from no movement to
constant movement.
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Figure 2.2. Map of the ten study streams in northern Icelding rivers ¢) are labeled with
numbers for Arctic charr: 1. Brinastadara, 2. Gafa. Mylluleekur, 4. Nordurd; brown

trout: 5. Huseyjarkvisl, 6. bvera, 7. Fremri-Laaagd Atlantic salmon: 8. Laxa & Asum, 9.
Myrarkvisl, 10. Tunga. Bottom right corner contaimmap of Iceland with the study area

outlined.
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Figure 2.3. The search mobility of three species of younghafyear salmonids in Icelandic
streams. The frequency distributions show untransfd data for (a) 61 Arctic charr
(Salvelinus alpinus) from 4 streams, (b) 43 brown tro@a(mo trutta) from 3 streams and (c)
50 Atlantic salmon%almo salar) from 3 streams. Search mobility was estimatee@das

the proportion of 5-second search intervals wheoeal fish moved more than 1 body
length)
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Figure 2.4. The mobile foraging attempts of three speciesooing-of-the-year
salmonids in Icelandic streams. Frequency distioingtshow untransformed data for
(a) 61 Arctic charrSalvelinus alpinus) from 4 streams, (b) 43 brown trosa(mo
trutta) from 3 streams and (c) 50 Atlantic salm@&al{no salar) from 3 streams.
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Figure 2.5.The mean pursuit distance of three species of yadthe-year
salmonids in Icelandic streams. Frequency distioingtshow untransformed data for
(a) 61 Arctic charrSalvelinus alpinus) from 4 streams, (b) 43 brown tro@a(mo
trutta) from 3 streams and (c) 50 Atlantic salm@&al(no salar) from 3 streams.
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Figure 2.6.The benthic, mid-water, and surface forages fagelspecies of young-of-
the-year salmonids in Icelandic streams. Box gotswv the median value (line), the
25% and 75% quartile (box), 95 % quartile (line)l amdividual extreme values
(stars) for (a) 61 Arctic char&élvelinus alpinus) from 4 streams, (b) 43 brown trout
(Salmo trutta) from 3 streams and (c) 50 Atlantic salm&alfno salar) from 3
streams.
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Figure 2.7.The association between search mobility and mdbikging attempts for
young-of-the-year salmonids in Icelandic streamesitt®rplots show (a) 61 Arctic
charr from 4 streams (Pearson’s r = 0.80, P < 0,@0)143 brown trout from 3
streams (Pearson’s r = 0.51, P < 0.001 and (c)tB@tic salmon from 3 streams
(Pearson’s r =0.62, P < 0.001). Axes values wack-transformed from arcsine
square root transformations of proportion data.
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Figure 2.8.The association between search mobility and pudsstdnce for young-of-the-
year salmonids in Icelandic streams. Scatterplutsvga) 61 Arctic charr (Pearson’s r =
0.37, P <0.01), (b) 43 brown trout (Pearson’9r38, P = 0.61, (c) 50 Atlantic salmon
(Pearson’s r = 0.23, P = 0.1). X axis was backstfoamed from arcsine square root
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