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Abstract
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Results indicated associations with conspecifics, substrate, water velocity and depth
changed with spatial scale and direction relative to water flow. Associations were most
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PREFACE

f man on nature depends the
relaions between rganems nd o
distributi studied relative to distributions of envi features,

ir environment. To achieve such an understanding,

Fr h study, infe de on th hat underlie the observed

distributions and the most important of these are expressed and linked together in a habitat
‘model. Habitat models simplify, summarise and describe this understanding, and as such

are valuable d

In this preface [ will explain why it is important to study distributions and processes at
multiple scales, and will show how this relates to habitat modelling. To begin, I will use:
two examples: one illustrating scale dependency of associations and one illustrating scale
dependency of processes. From these examples, I will introduce the main topics
addressed in the thesis.

Scale dependency of associations: an example

‘The concepts involved in multi-scale habitat mcdellmg are more readily conveyed by using

hypothetical PPy fike to understand
camping behaviour of people n order to dmgl\ the best possible campground. To achieve
suchan ng, we could study ibution of tents relative to

features that are thought to be . and we could then summarise:
this ing in " r i tents relative to

these environmental features.

‘We start the project by making maps of the distribution of tents and those environmental
features thought to be important in camping behaviour, &g the availabilty of water, the



ty of firewood. The maps can be drawn at different

flatness of the terrain, and the availat

resolutions or spatial scales,

Depending on the resolution of the maps we use, our results will vary. At a small spatial
scale (1x1 m), tents are negatively associated with the avalabilty of water and wood and
positively with the flatness of the terrain, because campers do ot put their tents in trees or
inlakes but do put them on level ground. At larger spatial scales (1000x1000 m),
however, tents are positively associated with the availability of water and wood, as water
'g, and wood is used for cooking

is used for activities such as fishing, swimming or sail
and campfires. Because small-scale flat places may often be found within larger areas that
are generally steeply sloping, such as mountains, the flatness of the terrain may not be a
‘good predictor at larger spatial scales. Negative associations with flatness may even be
found at these large spatial scales when mountainous areas are the ones preferred for

recreational activities such as climbing or hiking.

ively i i Using this model,

ns may ised

These rel
we then may try to i with respect to ility pin
‘However, depending on the scale of this model, our conclusions with respect to suitability

willdifer: a small-scale model may predict that desert plains are suitable for camping as

‘wood and water are hardly present and the terrainis quite level; a large-scale model may
predict that mangrove swamps are suitable for camping as trees and water are abundant.
Obviously, neither one of these conclusions is ight, despite the fact that both models do
v  vai although compete, descrponof hove smeons chaoses e o plce 8

campsite. ing behaviour operates at multiple scales, whereas the

models operate only at the scale appropriate to the original resolution.

Thi e fati t small scales may
from ‘This implies that ison of results from studies
that differ i be done without ing of how scale



affects results, and that results from studies done using inconsistent measurement scales

cannot be interpreted.

Seale dependency of processes: an example

istributic i result of four pr ‘mortality, movement,
is helpful
to have some idea of which of these processes are important and which are not. Research

reproduction and growth. If one aims to describe the distribution of organisms i

could then be directed at the more important processes, unimportant processes could be
ignored and, from this, a simpler model could be made without sacrificing model
efficiency. However, the reative importance of different processes varies with scale. This
may be best explained using another example

Suppose that we are interested in the distribution of mice. To begin, we visualise the
continent as a huge checkerboard with mice scattered randomly across it. When the cells
that compose the checkerboard are small (say 11 m), changes in the number of mice over
short periods of time (say 1 hour) in each cell are mainly influenced by the way in which
mice run about, ie. the distribution of mice at small space/time scales (1 m, 1 hour) is
dominated by movement. By contrast, when cells are large (say 100x100 km) and times
are long (say 1 year), this very same distribution is dominated by mortalty, instead of
movement, as the chance an individual mouse willlive and die within a single cell s larger

than the chance it will move to a different cell.

“This example shows that small-scale processes may not be that relevant to describing
distributions at larger scales: A model describing movement of mice at small space/time
scales may not adequately describe this very same distribution at larger space/time scales,
because the distribution of mice at these larger scales is driven by reproduction and

mortality rather than movement. In addition, different variables may be differentially



important in their contribution to movement and reproduction/mortality. In other words,

what is seen at larger scales may not be simply the summation of small-scale processes.

Scaling analyses

These two examples illustrate that, depending on the scale we use t0 study a system, our
results and understanding of the system in terms of distributions, associations and

Ti tents and envi features, the
s made based on these
g

‘models that summarised these associations, and the recommendat

models were all scale-dependent (example 1); different processes were perceived as
important in determining the distribution of mice, depending on the scales used to study

them (example 2).

Because observationl results vary with scal, it is important to consider expliitly the
‘measurement scales one chooses in a study. Multi-scale analyses that explicitly evaluate
distributions, ions and a range of scal id in determining
which scales are most relevant in a particular problem. - Consider the camping model: by
studying the associations between tents and the availabilty of water and wood over a

range of ify the several scales at which campi P
and then, with that knowledge, make the best model to answer the question “How far is

one willing to travel from a tent site to gather wood or water? " Without multi-scale

analyses, the choice of a part scale ing Id easily

become purely personal and subjective.

Multi-scale analyses could also help to understand how the structure and orientation of

- iability of an area for camping,
iLe is it better for a campground to have a few large lakes or a lot of smaller ponds, and
distribution of smaller and the suitability of a terrain for

camping? In addition, multi-scale approaches may act as a framework to incorporate



results obtained at different scales and to evaluate the validity of extrapolating small-scale
possible to

‘models in order to address problems operating at much larger scales, i.e.
make inferences on the suitability for camping of very large areas, based on observations
on the distribution of tents and environmental features within such areas (scale-up)?

in salmonid

Selmanids arepobaby kmong the e i i pece i he word, Hibla ol
that describe
‘widely used in impact analyses and instream improvement projects. Despite the

considerable research effort that has gone into these models, associations of salmonids and
their habitats and the processes that govern salmonid distributions have hardly been

tive multi-scale approaches.

studied using explict quar

‘The choice of measurement scale is often based on the biological intuition of the

researherconstrned b ogsis. Fr example, prdous workbasshown thatslsorics

select positi based on their i ility of positions
. . i I ey of osiions
aely determi physcalhabitat i P
cumee o pams. As ichte e witina s ot uymedunhmumhyaf
ranging fror ith each

profitable position that ts rank in the social hierarchy will llow. Teritoriality, small-scale

positions and space which, if in short supply, are assumed to ugulnu popum.m density.
‘Thus, the physical habi

Based on this, use of available habiat by salmorids is often described at smal spatial sales
using so-called micro-habitat modelling approaches (habitats described at scales <Im?). But

the intuitive wish to work at this the resolution

i



funding available for the study. The resultis that measurement scales vary both among and
‘within habitat modelling studies.

The fact that measurement scales vary constitutes a problem when interpreting, comparing
and applying results from various studies. In particular, the scale-up from habitat model to
management problem has hardly been evaluated quantit

ly: What is the relevance of a
‘model that describes the distribution of fish over small-scale h

itats to the density of fish

ina much larger area, i.e. he l- [

Multi-scale that eval l id distributic associations between
semondsand thelr babis, and the prosesses tht govem salmond istuions. Cial
t At what scal iated with their habitats? Do mult-scale
i £ scales as determined by other studies? What processes

predominate at what spatio-temporal scales? Such studies could act as a framework to

incorporate ideas from studies operating at different scales.

‘This thesis makes a start at multi-scale analysis of salmonid distributions. Processes

portant to salmon distributi tudied over a P A scales to

determine which processes predominate at whi

space-time scales, as in the mouse:
distribution example, and to explore the problems associated with scale-up (Chapter 2).

distributions and associ salmon and their h

itats were
studied over a fscales, as in i i

important to habitat modelling (Chapter 3). Because use of habitats by salmonids is
generally considered a result of competition for preferred habitats, special attention was

given to effects of this process on the distribution of salmon (Chapters 3, 4).



Chapter 1: Habitat selection behaviours in habitat modelling and
fish-habitat management

L. Habitat models in resource management

importance. Habitat

and habitats, and h. important part
widely used fora i ial species and habitats (cf. Duel et .
1996).
such habi i 1
levels; 2) “better” habi i higher densiy or freq
demlyunbe used as an indicator of habitat qulllzy, (3) habitat selection is important to
ie. y habitat selection
i small
level, ie.
p

predict or describe distributions at large space-time scales
Itiswell fat i ic habitats vary with scale (cf.

Wins 1973, Mors 1987A-C, Pt 199, Sy 1995, Pola and oo 1996)an hat he
chneider 1994). Because of
ths, i is needed to identiy important i vasisbles, and scales.




d

Nevertheless, most habitat i ies use a single o f
an implicit use of scaling, despite an awareness of the importance of scale (cf. Frissell et al.
1986, Minshall 1988, Imhof et al. 1996, Lewis et al. 1996, Allan et al. 1997). The
measurement scale chosen is often not the result of a quantitative multi scale approach,
but is based on the biological intuition ined with logistical
constraints; the scale-up from observation to problem is intuitive, seldomly made explicit,
and rarely quantified.

In this thesis i i 1

Based on iques, L

. The ideas [ present, he

focuses
management of salmon populations alone.

1.2. Habi fisheries and
are widely applied to riverine fish populations where they find use in
st itat investigations and in lution of conflicts arising from water allocation

and hydropower development (Fausch et al. 1988, Reiser et al. 1989, Armour and Taylor
1991). Habitat models are basically dose-response relations, with “habitat” as dose and
“habitatuse” as response. ical form of ivari

or weigh

(Orth and Maughan 1982, Fausch et

al. 1988). Vari i in fish habit 1) drainage
descriptors, such as total stream length, stream order and stream gradient, or chemical




descriptors, such as discharge, stream width, mean water velocity and stream depth, or

broad: fiffles and ) and (3) fish micro-
i such as water depth, ity, cover and icro-scal
etal. 1988) ing to biological habit uch a
food availabilty, i food availability

and drift concentrations affect ish distributions (Jenkins et al. 1970, Griffith 1974, Gibson and
Galbraith 1975, Wankowski 1981, Fausch 1984, Hughes and Dill 1990, Hughes 1992,

1992B). Thi variables
¥ T
(Gore and Nestler 1988). Habi © by
i . 1988). Deci systems that rely on habitat
models, i i Bovee 1982,
1986, Milhous et al. i ing biot i those used

to estimate other uses of available water (Gore and Nestler 1988).

. meso- or it depending on
the spatial resolution or “scale” of iables. it describe the
distibution of ndividual fish over smallscale habitt features. Meso- and macro-habi

e a5 fonction of medi . The
. meso-and i i defined. Tnthis paper [

will refer to mi i it dler than 1 m’, to
i 1m0 1000 m? e,

. d i idth of the river, and

habitat features larger than 1000 m? (large reach, trbutary, or river scales).

hirvell and Morantz (1983),
DeGraaf and Bain (1986), Raleigh et al. (1986), Morantz et al. (1987), Lambert and Hanson
(1989), Heggenes (1990), Heggenes and Saltveit (1990), Heggenes (1991), Haris etal. (1992)
and Nehring and Anderson (1993). These models are generally derived from direct




fish, oft ir 1986).
The ;pnm scales of these observations are in the nnge 10%to 1 m’, depending on the
Thetenponlsales

fish. At ill vary.

Examples of salmonid meso- and macro-habitat models can be found in Binns and Eiserman
(1979), Raleigh (1982), Bowlby and Roff (1986), Lanka et a. (1987), Kozel and Hubert
(1989A), Bozek and Hubert (1992), Amiro (1993), Gibson et al. - (199) e Sreon and
Gibson (1993). ity and habtat

in river sections, This i ion is obtained by removal- or mark- using

electrofishing equipment, barrier-nets or seines. The spatial scales of abservations that underlie

these models lly in the f10%t0 10" m?. The temporal I sec

to more than several weeks, dependir i it and
i i i i, or

whaterdencs wee monicrd cver a peradof e, 54 i ecaphe stinais

At these spatial

d mortality. Some studi
‘meso-macro-habitat approaches (cf. Bozek and Rahel 1991)

decades, and
developed since the 1970’ (Fausch et al. 1988),

between fish and their habitats for a lot longer. In particular, the PHABSIM Vcomporert ofthe

Instream al oy 02)8

approach, is requently
1987). Current research efforts focus on the development of local models for different river
systems or regions (e.. DeGraaf and Bain 1986, Scruton and Gibson 1993), or on an



Kozel and Hubert 19898,
Hggns Sk 1990, Bk nd Rabel 1552, [nadiion efcs re made o e
‘more detail and realism.

dels, the

dynami in habit habitat

ne, ism and drift feeding, and
the determination of micro-habitat requirements of stream insects, an important source of food
for fish (cf. Leclerc et al. 1996).

iticised (cf Orth and Maughan 1982, Van
Home 1983, Mathur et a. 1985, Bleed 1987, Orth 1987, Fausch et al. 1988, Gore and Nestler
1988, Barinaga 1996). In short, few eforts have been made to test the predictive q:pnutym‘

‘models with N 0del
parameters. on few data.

" n_— "
overlooked. are poor. it be limited by
b, bt by oer P it with e
w0 iology
Effects of y impact on habi fish may

be recogrised, which
to game animals or other species that are of interest to the. ho genralpuic, bt nore ot

species. Temporal variations in habitat and habit Habitat
derived fror i i intime. Most habitat
ions on habitat i
in winter, at ight, dunnglugh flow or flood conditions, or at pl
From this, i criical I Fish density may not be:
 good indicator of i i

oftenignored.



Tn spite of ings, il widely
their i and for lack of
betteralternatives (Gore and Nestler 1988)

13. Development of effective habitat models

realism, precision and generalism (Levins 1966).
From this, the ulimate habitat model would be based on functional relations between fish and
habitat (realism), explain a large portion of the observed variance and give repeatable results

(precision), and intime
(generalism). Levi thatat
i i . (1988) arevi ge
number of habi ise habi iy periods
i that preci

models oftenlack generality. In addition, it is important to note that a model is  simplification

of ealiy, i.e. simplicity is a model its weakness. C

favoured over simpler

account i from this, are assumed
i i implec do. However, model ity may
il be posi iated with model realism or precision. Whe
to models, eg. to i ism or precision,

i iated i i In addition, i
complexity of the model i merely
supporting ion. In general, anii i ity will put a

" " - A

space or time,i.e.
simple models may be more robust (cf. Fausch et al. 1988).



Therefore, it is important to identi ly

field work by prioritsing generalism, realism and precision: models aimed at studying

fundamental distributi
used
gencrality. h P
of model ity on model generalism and precision. Habitat models
ibi impo i Variables
lor model generality, wi model
complexiy, i first. A theoretical clearly lnks
ies of disr i i Because of this, that
allow for (1) a priortisation of distributi ind (2) a prioriisation of variables to be:
included in habitat models. il sections (1.4
and 15).



1.4, Prioritisation of distribution processes

with

behaviours or density information on smal
groups of fish, i ‘which

generally arise at t ¥ decades and rivers or

Tmhof et al. 1996, Richards et al. 1996). This scale-up can be quantified as the range of the

can be graphically depicted in 2 s
called “scope-diagram” i . (1997). Thi isil i
Figure 1.1 for ic micro- and i i ing a iver of S0 km
length with an average width of 10 m. The lengths of the arrows connecting data resolution

and problem range indicate the degree of scale-up or “scope’
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Figure 1.1. Scope-diagram llustrting scale-up in habitat modelling, The arrows

de-up fror
off
and i indi initive
scale-up. P inference.
y ing ical micro-habitat

‘modelling approach), the arrow connecting “observation'” and “transect” indicates the degree

I indivi i 001 m? to indivi (30 min;
20m’). ing “transect” and “all transects™ indii
from indivi st in, 50°20 m?).

dy, nor itic j Rather,




transects are positioned over the length of the river, and transects are visited over a period of

Al therefore, ta larger sps
and an “average” habi lon ing thisi
to visit all 50 transects). This scale-up is represented by the arrow connecting “al transects”
and “survey”. i ived from asi ty 3
i i winter and spri ing. Therefore, an assumed
) e & Vot R s 3

. orob

‘summer habit umed to be limiting Thi ed

“survey” and “problem”. “Intuitive’ in this context contrasts with the other scale-up

routines (core — visit —» survey) which are verifiable using statistical inference.

one for meso-habitat models. In the example of Figure 1.1, fish densites

Asimilar scale-u
are assessed ing i sections of ‘with bz
pr A s i
od h, ing “section” and “survey” indi
scale-up from i ividualriver seci ? per section;

25%500=12500 m? total; one month period). The arrow connecting “survey” and “problem”,

‘most management

problems.
From Figure 1.1 i ic is often
considerable, as the total area surveyed and i i
P X A—— n
‘watershed; de . In addition, i i t

especiallyin the context of micro-habitat modelling.

The relative importance of processes is known to vary with spatio-temporal scales (Horne



and Schneider 1994). Because of ths, small-scale behavioural processes that are
important to habitat selection may not necessarily be relevant at the larger scales of our
problems and small-scale fish-habitat associ described in mi habi

odel may ot necssarly b impotnt 0 argr sl distbuions. £, sl scle

ibing differences in fish densities

habitat selection models will

among tributaries when these differences are driven by demographic processes instead of
habitat selection behaviours. Therefore, the scale-up from observation to problem will

have to be validated. This vali
spite of the fact that problems associated with scale-up have been recognised (cf. Imhof et

on process is largely ignored in fish habitat modelling, in

al. 1996). The reason for this is that the collection of data needed for a quantitative
evaluation of scale-up i Iabour intensive, as large geographical areas will have to be
sampled over long periods of time. Another reason may be a lack of knowledge of
‘mathematical techniques that can be used for quantitative evaluations of scale-up. These
problems will be further discussed in Chapter 2.

LS. Prioritisation of variables in habitat models

Fish are associated with their environment over  range of spatial and temporal scales.

“This s because they react to their environment at  range of scales, because processes that
affect fish distributions operate over a range of scales and because of the propagation of
effcts rom on et anter. An example of betaviour pertng a o then s

single spatial scale is the selection by salmonids for specific l

with relatively low snout velocities in areas of high current conditions (larger scale) where
drift s concentrated (Chapman and Bjornin 1969, Everest and Chapman 1972, Wankowski
and Thorpe 1979, Fausch and White 1981). An example of the propagation of effects

across scales are the effects of flood events and ice scour (small temporal / large spat

scale events) on riverine fish pop (. Erman et
al. 1988, Fauschand Bramle 199, Pessons . 1952). Abhughfash fods ey

; the long-




term effect of i intained, that fish
favoured

vulnerable ife history
1. 1992), i temestrial envi i

Another
‘example of the propagation of effects across scales is the process of expansion and
contraction, where large-scale distributions are influenced by small-scale habitat selection
processes (MacCall 1990, Swain 1993, Marshall and Frank 1995).

Because organisms are associated with their environment at a range of spatial and

temporal scales, a f and

abundance of fish can only be achieved by studying factors affecting fish distributions at a
range of scales, rather than one or even a few selected scales. From this, multi scale
habitat nay tive in describir iations of fish with their habitats
than single scale approaches. “Effective” i this context refers to models with good
descriptive or predictive capacities, based on a selected and small number of variables and
scales.

An example of this in the sps s selection by salmonids for specific holding

positions with relati velocities in areas of hig A

with high water
velocities at small spatial scales, but a positive association at larger spatial scales. As there

is no single “right” scale to describe this beh a multi scal be more

appropriate for describing such behaviours.

Ifsalmon
ced soawni f i .

p
substrates in smaler patches only may not be suitable for spawning. Further, the relationship

. iher N i



scales of i i iver width), largely

icopt quick iver bank, ie.
jstcs. However, i the scale of y
le of redd:-selection-behavi to wrongful predicti itat g
‘which may affect i i decisions.
salmonids. If| at the scale of hours, mortalty may not be:

affected. However, if high temperatures occur at the scale of days, no fish may survive.

Currently, the majority of habitat modelling approaches tends to operate at a single or few
selected scales. Because of this, other important scales may have been overlooked. In
addition, by stadying fish distributions and assaciations of fish with their habitats over a
asituation

range of scales, rather than a single or few selected scales, one may ave
I hosen primarily from an fc i ion of

fish behaviours and life-history (cf. Kotliar and Wiens 1990).

Habitat modelling may greatly benefit from a more explicit use of scale within the context
multi ‘This would involve of how

patchiness of fish di habitats varies how associati

fish with their habitats vary with scale. This would help identify important processes that

affect fish distributions and the scales at which they operate. The identification of scales at

which fish distributions are most extreme, i.e., scales at which patchiness is most different
from random and variability is largest, and the identification of scales of maximum
association between fish and their habitats, may help to identify measurement scales that

are most efficient to habitat models

Multi scale approaches allow for an assessment of how the spatial and temporal

heterogeneity



‘and habi Turner 1989). Fish habitat habitat

organisms (cf. Rieman and Mclntyre 1995). Examples include effects of habitat fragmentation
1996), patchiness of resource distributions and dispersion of orgarisms
ity bunds h 1976)
and Parker and Stuart (1976) (Marginal Value Theorem), the Fiabitat Templet, proposed by
Southwood (1977), Grime's (1974, 1979) classification of plant life histories, the distinction

(cf. Oehler and Litvait

between rand K fanka 1970), and
(MacArthur and Wilson 1967).

Wiens 1976), it i i ity may
those which do not. | i i

habitats at multiple (hierarchical) scales (e.g. Frissel et al. 1986, Hawkins et al. 1993, Imhof et
n . N i

However,
i i is d where
scales and i fish L Muli irical
" d scales, and
e i scabe Thist vach il be frtherdiscussed in

Chapter 2 and Chapter 3



L6. Density as indicator of habitat quality

o/, ave discussethe stuy of disrbution patterns a 8 means o ideny underling

processes. However, the relation b pattern and t and

distribution processes may vary with distribution pattern and density; processes induce

patterns and patterns determine processes:

bown that . P ——

predation risk, i it i physi

3 pography and current 1984, Hughes and Dill
1990, Hughes 1992A, 19928, Grand 1997, Grand and Dill 1997). As such, the area witin a
st ray b regardd s irrhy of poventalpskions, rangng fom accssble o e,

social hierarchy will
allow (Fausch 1984, Hughes 1992A). Temitorialit, small-scale spacing behaviour or pre-
" - i a0 e

regulate population density (Bohlin 1977, Grant and Kramer 1990). From this, the physical

gar
1992B).
s

‘Fretwell (1972).

el i koo
scoee 1o resurces e g by ol beaviuns. When g d dlm\bumdu.l
despotic, the most desi first, 12
progressively i i i in per individual may differ
and habi nge with densy. Fromthis,habi ary with populat
density.



‘The ideal-free dis (Fretwell and Lucas ith this ideal-despotic.

ry ir it all individuals
are equal and “fre” to move among patches without constrsints or restrictions. When
ir ‘equal in all habitats, and the
fraction of: i
(cf. input matching; Parker 1974). istrit free ‘habitats and the
and all habit ied at it
not vary with population density.

When distrbutions change with density, habitat models are expected to change with
density as well. As a consequence, managerial actions may vary with population level.

However, a quantitative evaluation of how important density-dependent effects are

relative to density-independent effects in shaping fish distributions has not been done.
Because of thi, it is not known if or how much habitat models change with density. This
will be further addressed in Chapter 4.

L7, Conclusions, research questions and thesis outline

i From this,
fish iated with
their envi i  scales,

i fish with

habitats over a range of scales. Scaling analyses and theory can act as a framework that allows




rather i As fish distributi imately the result of individual

ions, an i behaviou
sh habit ons in thi 1) how do fish

perceive and react to their environment; (2) i habitat use erdemy indicative of habitat

quality; (3) to what extent

by other processes; and
relevant to management problems?

13 amd 4 i e Atlantic
defined i

options (different habitats) based on some preference. A habitat in this context s a space:
‘where an organism lives, with "space” referring not only to area or volume but also to the.
resources that may be obained and the conditions within this area or volume.

Tmostly aimed at achieving an understanding of “how” salmon pec it et e
than “what” they ing for, and of i
habitat models. Habitat s described largely in terms of substrate, water depth and water

velocity, as these are the variables most often included in habitat models of riverine fish
species (Orth and Maughan 1982, Fausch et a. 1988, Heggenes 1990). My fieldwork
(Chapters 3-4) concentrated on spatial analyses operating at small to intermediary scales
(<100 m?), because these are important to habitat selection and habitat mod

and

because of logistics.

Inthis thesis, [
fish-habitat pmmm (Capter2), Nes Lpesened new scaling method atcanbe et in
hapter 3.1), 2 from

k (Chapter 3.2), and
Chapter 3.1 and Chapter 3.2to a feld-based study (Chapter 3.3). Chapter 3 s largely focused
on effects of habitat selection on distrbution patters. By contrast, in chapter 3.2 and chapter




4 Tshowed
by studying density-dependent habitat use, using a combination of an experimental (Chapter
3.2,4.1) and observational (Chapter 4.2) approach. In the last chapter (Chapter 5) T

summarised the various studies and di ing and fish-habitat
‘management. i lity, 1 organised i study
projects s, the di

overlap.

‘The objectives of this thesis were (1) to illustrate how a variety of newly developed
scaling-techniques can be used in habitat modelling and behavioural studies; (2) to

" d

address problems at scales relevant to fish-habitat management; (3) to identify scales

importan to habi juvenile Atlantic salmon; (4) to formali habitat

| fours that operate at multi i li i scale habitat
selection models; (5) to study density-dependent habitat sel
explicit multi scale approaches with single scale approaches in regard to their ability to

; and (6) to compare

identify how fish select their habitats and in their ability to describe and predict fish
distributions.

1 hypothesised that (1) multi scale approaches are better for understanding and describing
fish distributions because habitat selection behaviours themselves operate at multiple
scales; (2) habitat use changes with density due to small-scale spacing behaviour or
teritorialiy of individual fish; (3) multi scale habitat models perform better than single

especially le habitat selection behavic
to density-predictions at larger spatial scales, i.¢. observed and predicted distributions will

be more similar when using multi-scale habitat models; II-scale behavioural

processes or small-scale fish-habitat associations wil be imited for explaining larger scale

distributions or addressing large-scale habitat management problems.



Chapter 2: Mortality versus spatial dynamics at multiple scales:
scaled-rate plots for salmonids and implications for habitat modelling

2.1. Scale-up in ecological studies

Understanding how organisms interact with their natural environment i crucial to the
management of natural populations. To obtain this understanding, man uses surveys, field

and i study the distri £ relative to
factors. i s known t0 vary with
1 scales (Home and Schneider 1994). C ity hat are

important at the smaller scales of experiments or most field observations may not

necessarily be important a the larger scales of ecological problems. Developing the abilty
to determine which processes predominate at any space and time scale would greatly
improve the efficiency of research and confidence inits generaliy. In turn, this should

feally lead to more effective environmental management.

‘Horne and Schneider (1994) recently proposed a technique to evaluate the relative
importance of processes in a !cl.le~=xpllml manner. This method can also be an aid in

scaling-up fre i ing) to add i problems at

regional or global scales (Schneider et al. 1997). This techaique compares demographic,
‘growth and kinematic rates via dimensionless ratios, which are subsequently used to

of five

processes i given scale. Thi

steps: (1) state the quantity of interest; (2) writ ation equation i ing the

sources of variability in the quantity'; (3) form dimensionless ratios from the terms of the

equation; (4) obtain values from the literature and calculate these dimensionless ratios for
“benchmark” spatio-temporal scales; (5) create a graph with “temporal scale” and

. - et < doathy 6



spatiahscle” a5 Y and X acs espctively, and draw contour lines separating
l scales inator of rates prevail. As this

technique uses information from a limited number of spatio-temporal scales (benchmark

scales) with interpolation, [ will further refer to this technique as the “benchmark”
approach.

Step 1 requi be defined using quantities such as biomass or count data.

‘The conservation equation (step 2) ensures closure of the first moment (average) of the
quantity of interest. Forming all possible ratios (step 3) re-normalises the terms in the
equation, Le. the rate of change in the numerator is measured relative to the rate of change

of the denominator.

“The advantages of this approach are that al important processes are included and that
ratios are readily obtained for lterature values of component rates. A disadvantage is that
interpolation between benchmarks is diffcult because benchmarks are few in number
Because of this, rate-diagrams may be rough, approximate, and dependent o intition.

In this chapter I extended the technique by using intensive computation rather than
hand-drawn lines between benchmarks, in an individual-based Lagrangian approach with
randomisation (Chapter 2.2). T lustrated this technique using several theoretical
xamples fist (Chapier 2.3, Next developed rate-dingrams of movement vesus

‘mortality for cutth (Salmo salar)

from published data (Saunders and Gee 1964, Heggenes et al. 1991) (Chapter 2.4). This

combination of examples and real data was necessary because I found that detailed

sgrams are difficult to obtain from benchmark scales alone, partly due to scarcity of
i partly due to difficul iated with interpolation from

benchmark values. By first calculating rate-diagrams from relatively simple
d tand scenarios and ining these with

rate- a..gmm from observed data, | was able to evaluate where information was lacking



and how this affects conclusions. An additional objective was to provide reference

rate-diagrams for future studies.
2.2. Sealed-rate plots: method and calculations

The model simulates movement and mortality of individual organisms. Based on these.
FORTRAN-based simulations, critical scales are identified, i.¢. space-time scales at which
movement (M, year ) equals mortality (D, year™"; M/D = R = 1). Random numbers,
needed for several of the analyses, are generated using the FORTRAN system-supplied
random number generator, upgraded by the shuffle-routine as outlined by Press et al
(1986).

Movement can be modelled along  transect (1D), in 2 plane (2D), or in a volume (3D).
For all three approaches, the main computational flow is similr. In this chapter the

computational flow for the one dimensional transect application is presented.

Determination of critical scales involved a series of calculatio

(1) 10* random locations were chosen along a transect (length = 1000 km) as.
positions of fish

(2) The transect was subdivided into consecutive bins of equal length (L). For th
random location along the transect was chosen as a starting point. Next, I determined
the section or bin in which each individual fish was positioned.

‘To avoid the problem of having sections cut-off by either the start or the end of the
ular or infinite transect. This greatly

transect, [ connected these, leading to a.
facilitated computations and judged not to affect conclusions, given the length of the
transect. This was verified in additional analyses using longer and shorter transects.



(3) Movements and deaths of individuals were modelled for a period of time T (days),
using a random point in the annual cycle s a starting point. After this period of time
(T), I determined the number of organisms that had died (Np), the number that were
alive and stayed within the original section (Ns), and the number that were alive and
moved from the original section (N within period T. From this, I determined
‘whether Ny exceeded No.

(4) These calculations were performed for a range (i) of section lengths (Ls, x=1.i).

(5) Calculations 1-4 were repeated for a range (j) of time periods (T, y=1,), each time
using a different random transect starting location and a different random startng time

in the annual cycle.

(6) Calculations 1-5 were repeated NRR times (Number Repeat Randomisations; see
Table 2.1). From these repetitions, I recorded the total number of cases where Ny
exceeded Np (<NCy) and the total number of cases where Np exceeded Ny (=<NCo)
for all space-time scales (L, T) involved. If NCy exceeded NCo, I concluded that

i ity (R>1),ie. the distributi i nt
rather than mortality. If NCp exceeded NCy, I concluded that mortality dominated
movement (R<1). I determined criical scales (R=1) using a subroutine that compared

NCp and NCy over all spatial scales (Ly, x=1,i) for time scales (Ty, y=1]) separate.
Critical scales were identified from a shift of NCy>NCp at Ly, Ty to NCy<NCp at
LT,

Transect length, number of organisms and repetitions, and space- (L) and time- (T) scales
may vary with scenario. 1 decided on the transect length, number of organisms and
tepetitions as outlined in the text above and in Table 2.1, as results did not change in
additional analyses that used longer transects, higher numbers of organisms and more



repeitions.

In general, I recommend calculating three movement/mortality scenarios: (1) one
describing movement and mortality in the best possible manner, given available
n, ibing a I i it , and (3) one:
i Rate-di these three

inform:

describing a hig!
scenarios can then be compared to indicate the range of plausible outcomes.

2.3, Scaled-rate plots: examples

I calculated critical scales for 5 movement scenarios of fish distributed along the length of
ariver, These scenarios were chosen to represent a range of plausible outcomes, with
movement and mortality ranging from very low to very high, as described in the previous

section.

(1) Territory (TER): Fish were modelled to occupy individual territories. Fish never left their
ithi territories. This was

temitories,

‘within 1 meter
individual teritoiesat each time step of the calculation. “Terrtory” in this context does
ot refe to an areathatis defended and teritories may overiap.

the river
an ampiitude of 100 m and a wavelength of 24 hours.

3; (SM): Individual
siver, according to 4 sine function with an amplitude of 1000 m and a wavelength of one

year.



(4) Total-1 (TSIN): Fish were modelled to display teritorial-, diumal-, and seasonal
movements combined: territories were occupied (1) and positions marking the centre of
individual territori . y

(5) Total-2 (TSQ): Fish were modelled as for TSIN. However, instead of sine waves for
diumal and seasonal movements, square waves were used.

Critical behaviours',

‘mortality modelled at 0.5 year’ (TER-MS0; DM-M50; SM-M50; TSIN-MS0 and TSQ-MS50
respectively) and 0.75 year” (TER-M75; DM-M75; SM-M75; TSIN-M75 and TSQ-M75
respectively; see Table 2.1). In addition, I calculated critical scales for TER-MS0; DM-M50;
SM-M50; TSIN-MS0 and TSQ-MS0, with 5% of the fsh being randomly relocated within 100
m oftheir positions as determined by TER, DM and SM, for every 24 hours (TER-MSO/R;
DM-MSO0/R; SM-MSO/R; TSIN-MSO/R and TSQ-MSOR respetively). 1 will explain later in
Chapter 2.3 why is di level. Esti it

spatio-temporal scales ranging from 3 hours to 2 years and I cm to 100 km.

Table2.1 i ios. Figures 2.1-2.5 displ ‘The linesin these:
i R(ie, R=1), i

i 1964 and Heggenes et al. 1991)
In addition, J. comm) ger

ipported by from a study i
Newfoundland with the exception of the diural movements, which were probably overestimated.



Table 2.1. i ing critical
i mbinati i year"). Movement

| behaviours included: Territoriality (TER-), diurnal movement (DM-), seasonal movement

(SM-) and random behaviours (/R), as explained in the text. For TSQ-*, diumal and seasonal

movement were modelled using square waves. For all other scenarios, diumal and seasonal

ing sine waves. NRR of repeat
randomisations used to estimate critical scales.
#__TER DM SM R Scenario RMR _NRR
T yes o m  no  TERMSO 050 100
2 ws o m om0 TERMIS 075 100
3 s om0 m  yes TERMSOR 50 100
4 w0 yes w om0 DMMSO 050 500
5 w0 ys w0 om0 DMMIS 075 500
6 m  ys m ys DMMSOR 050 500
7 om0 ys no SMMSO 050 100
8 m om0 ys no  SMMIS 075 100
9 om0 ys yes SMMSOR 050 100
10 yes yes s no  TSIN-MSO 050 500
I oy yes  ys om0 TSINMIS 075 500
12 ys yes oy yes TSINMSOR 050 500
13 yes  yes yes o TSQMSO 050 2000
14 yes yes yes no  TSQMIS 075 2000
IS yes  yes yes  ys  TSQMSOR 050 2000




Figure 2.1 shows the rate-diagrams
i  emitor

behaviour (TER). The ‘jagged”
outline of the lines are the result of
the approximation routine used to
determine critcal scales. In general,
movement dominated at small
space-time scales and mortality
dominated at large space-time
scales. Mortality always dominated
over movement at time scales larger
than one year for TER-M50 and
TER-MSOR and at time-scales
larger than 183 days for TER-M75.
“The reason for his s that 50% of

‘spatial scale (m)

. e

Figure 2.1. Critical scales of teritorial fish. Scenarios

one
year for TER-M50 and TER-MSOR
(montality=0.5 year™) and 50%

include TER-MS0 (top, 50% mortality per year),
TER-M?5 (middle, 75% mortaliy per year) and
| TER-MSOR (bottom, 50% mortality per year +
random movements). Territorial behaviours are
modelled ined i (R=movement

183 days for
TER-M7S (mortality=0.75 year").
During longer intervals, more than
50% ofthe fish died and, because of
this, mortaliy always dominated at

(vear") versus mortality (year™))

intervals, domination of
- ) A

5yt

(TER-MS0) and 0.75 year ™ (TER

‘down of the line of critical values from TER-MS0 to TER-MTS. Note that movement may

y

individual



termitoris, especially when i TER-MSOR is
behaviours, with il influence of teritoriaity.



Figure 2.2 shows the rate-diagrams

i

‘R =

Rel

HE

temporal scale (days)
L)

‘movements (DM). The “jagged”
outline o the lines are primarily due
to diurmal movements and only to
small degree due to the
approximation routine used: o fish
moved attime-scales of 1,23,..
day, and movement is maximal at
time-scales of 0.5, 1.5,25... day.
From this, diumal movements

scales. Again,

induced a characteristic regular
pattem with a wavelength of 1
day-scale. The small waveleagth of
this regular pattem, in combination
- — with the resolution of the Y-axis
spatial scale (m) (temporal scale), makes the lines of
itcal values (R=1) appear asa
Figure 2.2. Critical sales of fish displaying diumal | by black band. Thisis further
movements. Scenarios include DM-MS0 (98, 50% | ilugrated n Figure 22 by
morality per year), DM-MTS (middle, 75% morality | expanging portions of the graphs for
per year) and DM-MSOR (botiom, 50% mortalty per | temporal scales of 95to 100 days.
year + random movements). Diumal movements are | i he previous igure, dominance
ing i the text. (R 2
movement (year') versus meortality (year').) restrited to smaler space-time
tat than one

‘year for DM-MS0, DM-M50/R and at time scales longer than 183 days for DM-MT5. The
difference in mortality of 0.5 year ! (DM-M50) and 0.7 year * (DM-MT5), resulted ina



minor shif jor shift down of the l it DM:Ms0to
DM-MTS. i MS0R

by random behavi
space-time scales left of the band of critical values. At larger space-time scales, diumal
o P A . -

i TER-MSOR: i
DM-MSOR one or both of i TER-MSOR and

DDM-MSOR indicated that R>1. The level of dispersion was chosen such that this
overlay-procedure could be illustrated.



Figure 2.3 shows the rate-diagrams
for fish displayi

P L movements (SM). The “jagged”
- outine of the ines are the resuit of
- the approximation routine used.
R Similar to the previous figures,
ai e > ‘movement dominated at smaller
5 scales and mortality a larger ones.
g : The lines of critical values are all
3% shifted to the right compared to
£ e 11 Figure 2.2. This s because the
2, [own Rel seasonality lead to larger-scale.
- movements over the range of
= temporal scales studied. Again,
L. ] oty donirated v ¢
T % % W5 " than one year for

‘spatial scale (m)

Figure 23. Critical scales of fsh displaying seasonal
movements. Scenarios include SM-MS0 (top, 50%
mortaity per year), SM-M?S (middle, 75% mortality
per year) and SM-MS0/R (bottom, 50% mortality per
year + nts)

SM-M50, SM-MSO/R and at time
scales longer than 183 days for
SMEMTS. SM-MSO/R resembled
SM-MS0, as movement of
SM-MSOR is dominated by
seasonal movements, with ltle:

modelled using sine waves, as explained in the text. (R
= movement (year™) versus mortality (year").)




Figure 2.4 shows the rate diagrams
P

behaviours, diurnal- and seasonal
movements combined. As n the
rate-diagram of DM-MSOR, an

impression of these figures can be:

38

temporal scale (days)

obtained by p
mentioned above: TSIN-MS0 can
be obtained by overlaying
TER-MS0, DM-MS0 and SM-MS0;
TSIN-MTS can be obtained by
overlaying TER-M7S, DM-MT5 and
SMM75; TSIN-MSO/R can be
obtained by overlaying TER-MSOR,
DM-MSOR and SM-MSOR. The

dare

Figure 2.4. Cr

movements or seasonal movements,

diumal and 1 ts.

depending on ime scale. E.g.

TSIN-MS0 (top, 50% mortaty per year), TSIN-M75.
(middle, 75% moraliy per year) and TSIN-MSOR
(bottom, 50% mortality per year + random
movements). Diumal

ks M-MSO0 at
time scales ranging from 10 days to
355 days as seasonal movements

predominate. For other space-time

Jes the determined
modelled using sine waves, as explained in the text. (R | by 5 combination of diumal and
@ ity (ear'))

with little

ial movemens

ofthe graphs for temporal scales shorter than 10 days and longer than 355 days.



Figure 2.5 shows the rate diagrams
Shani .

temporal scale (days)

in Figure 2.4, but with seasonal and.
diurnal movements based on square
‘waves, rather than sine waves. This
‘mimics a situation in which seasonal
and diumal shifts are more abrupt
than in Figure 2.4. Shifts occur
during short periods of actvity,
followed by relative inactiviy. From
this, the bands of critical values are
much wider than those of Figure
2.4, For time scales ranging from
100-250 days, the rate diagrams are

random movements). (R = movement (year") versus
mortality (year').)

e determined by seasonal movements.
g T a— For other time-scales, the
spatial scale (m) cate-diagrams are largely determined
by either tertoriality, diumal
Figure 2.5. Criti behaviours,
diumal and seasonal movements using square WAVES. | gepending on space-ime scale, This
TSQ-MS0 (top, lity per | can ing Figures
year), TSQ:MTS (middi, 75% mortality peryear)and | 5 ang 3.1 Acspacestim scles
TSQ-MSOR (bottom, 50% mortality per year + left ofthe lines of critical values of

Figure 2.1, ate-diagrams of Figure
2.5 are determined by territoriality

(TSQ-MS0, TSQ-M?5) and/or random behaviours (TSQ-MSO/R). At larger space-time

scales, diurnal movements prevail

Asexpected, i i i

les, and mortality



pace-t 1-25).

dominated Jes that J ord i than of
peci time scales. The ine of critical values
i igure 2.5),
imple (Figure 2.1), dependi i Compl
special istributi odi ith small wavelengths
i for an easy separati i v
R<1), i is | but in addi clearly
dominated ity clearly ment, scales
exsted i i with small Th in
the f broad bands. i i identified: R>1,
R<L,R=1). inati lead
diagrams, iz i y,
h fes, and that
i boundary

prevails, and scales where mortality prevails.

24, Scaled rate plots: juvenile Atlantic salmon

Mortalit of saimonids from egg to hatching has been reported to generally all within the
lit the end of the first i from 70

range of 1010 25%;
1090%, and in subsequent growing seasons from 25-50% per year (cf. Mils 1989). Few

labl y ith season or time-of-day,
although we do knc it i n, i water
chemistry, etc., which ll subje diumnal and seasonal it 1993).
In pite of i salmorid
published (cf. Northcote 1984, 1992) little quantitative information is available o the

ic i Wedo




(cf. Youngson
etal. 1983, Hutchings 1986), but i itative ion is aval this affects

is rather limited even over longer

peri exceptin

jority of . . oo

are reported to vary from 5-200 meter along the river length, with most home-ranges covering
afew tens of meters (Saunders and Gee 1964, . Heggenes 198, Heggenes ct . 191,

Northcote 1992). competition is low, di
un-colonised bea Borgstrm 1991).
5 " 2

the fact on s collected or presented i y

lividuals. Such
information cannot be interpreted at multple scales. Because of scarcity of movement

(movement over one year, season etc) or for groups of fish, rather than

information, Figures 2.1 t0 2.5 were used to obtain an impression of possible salmonid parr
rate-diagrams. ing i 100.75 year" parr
(cf: Gibson 1993) and assuming that movement will most likely be larger than that of scenario
TER-MS0, but smaller than that of TSQ-MSO/R, salmon parr rate-diagrams may be obained
by overlaying the rate-diagrams of TER-M50, TER-MTS,  TSQMTS, wd TSQ-MSURin
Figure 2.6. From this, a first gu within
the band Re1 of Figure 2.6 (eft i

1.1 (re-scaled for ID).

igure
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s For this study, i period of eight

August) in a smallriver (about 2.
. — iahty pri

683% within 10 m offtheir original position; only 17.9% had
50m. This i y much over the season

or with period i ture. A similar study ‘movement

those of Heggenes et al. (1991) (see below)

Based i Tderiy iz Figure 26, For
this, T ined in Chapter 2.2. Mortalty 50%
and 75% per year. Movement for cutthroat-trout (Heggenes et al. 1991) was modelied by
andomly reposiioning 3 . o

ofthe river, 15.6% within 1-3 m; 15.2% within 3-10 m; 6.8% within 10-20 m; 12.1% within
20-50 m; and 17.9% within 50-400 m. Movement of salmen parr (Saunders and Gee 1964)

ly repositioning 13.3% jithi of original position
along the length ofthe river; 24.0% within 1-3 m; 37.3% within 3-10 m; 21.3% within 10-20
m; 1.3% within 20-50 m; and 2.7% within 50400 m. Movement direction

scenario was used independent of time-period. From this, I estimated critical sales within the
sampling interval and study range of Heggenes et al (1991) (14 days to 8 months). Note that

he implicit displayed the
same movements as those recaptured.

The critcal (1991) and 1964) are
i i T




inferred o
" dons: movement and habi i i in small-scale:
but may be of limited

lmpenln:e to rygmzje distributions where mun.:hiy p(edmmnules However, Figure 2.6

4 than

studies for an understanding of distribution processes.

It could be argued that the individual-based approach produces rate-diagrams that are
more detailed than our understanding of population processes involved. My experience
e

‘with this method so far, however, is that even a combination of rather cartoon-

descriptions of the vari lved t scales most

important to research problems. Figure 2.6 shows tha riial scales differed v the
but at space-ti are much larger

than those of most field observations, and much smaller than those of many environmental

problems we would ik From this, ainty with respect to

not lead to uncertainty with respect to dominance of processes at the scales most relevant
10 research: none of the dots in the scope-diagrams of Figure 2.6 are within the range of
scales where dominance varied with movement scenario.

2.5. Rate-diagrams in habitat modelling
Rate diagrams can be used to identify important research problems and appropriate

sampling scalesand make explic the scais and scope o oservations,surveys,
nd Schneider 1994). Twill il i on the

information presented in Figure 2.6



Information on habit y ids i ined from field

experiments done at scales where movement predominates, whereas management

problems are at scales inates. Because of this,

y pply we would
like to address (c€ Minns et al. 1996), and the scale-up from information to problem will

have to be validated. Rate diagrams can aid in this validation process.

For example, umphl\g could be done using many repetitions but over a small area, or

ing it i its distributed over a wider area. The first
approach will permit a greater confidence in observations at the study area, as the number

of repeat-observations is larger, but the scope of the survey is rel

ly small. By
contrast, the second will permit less confidence in observations a individual sampling
units, but the scope of the study will be considerably larger (cf. Schneider 1994).
Preferably, survey: be designed such that ion of results is
possible to scales where the same processes predominate that are relevant to the

ecological problems we would li i that ir nd
information needed for
such experiment and survey designs. This is illustrated in the Scope-diagrams of Figure
26.

d surveys wil

‘Extrapolation from “observation” and “section” (movement predominates) to scales where
‘mortalty predominates (“survey”) is possible, provided that sampling s done over a

fong ncugh thne pcid o with eclons ot oghoe g ocugh rea. I
sections are located closer together or i period, the
dots in Figure 2.6 that indicate the survey-scales il be positioned within the band of
critical scales (Rx1) or at scales where movement predominates (R>1). That is, processes

f our|
distributions.



From Figure 2.6 and the dots that indicate survey-scales it may seem that most habitat-use.
surveys will allow for an extrapolation to scales where mortality predominates. However,
it will be difficult to
will be difficult to

since sections are often visited consecutively and by a single vi

separate effects of time, time-scale, space and space-scale. That

ascertain whether fish-habitat associations observed at large spatial scales are due to

changes in distribution processes with time or due to processes operating at large spatial

scales. By contrast, a survey i located within a i ofthe.
river and where sections are visited repeatedly over a long enough period would allow for

a scale-up to scales. i i 8. length
section = 5 km; period = 3 months; see anure 2.6, middle, right). This scale-up would
involve an explicit evaluation of how well larger-scale distributions of fish could be
described from small-scale associations. 1am not aware of studies that explicitly address

this question and that operate over a range of scales. However, results from several

indicate larger subject to the ones
that underlie small-scale associations (e.g. Jackson and Harvey 1989, Rabeni and Sowa

1996). In addition, several studies have indicated that there is no significant relationship

between weighted usable area, an index of habitat quality based on small-scale fish, and

habitat observations, and standing stock (large-scale distributions) (cf. Orth and Maughan
1982, Conder and Annear 1987, Shirvell 1989, Bourgeois et al. 1996), although some

studies did find such a r:l.uunsmp (Stalnaker 1979, Orth and Maughan 1982). This may

suggest it toinfer
larger scale fish distributic limited. A careful examination of scale-up in

is important, to identify d questions important to

fish-habitat management



2.6. Rate-diagrams in ecological studies

The individual ique differs f by Home

and Schneider (1994). The benchmark approach uses information on processes at several

le

specific spati I scales. However, infe ay be ay

ata different tin the or location than i i benchmarks, and

combining information at a certain benchmark scale from information derived from various

moments in season i ificul Beu\unnhns, of

change not only d in scale, but also due to

differences in time and location. Consequently, benchmark rate-diagrams may be rough
d approximate. This problem does not apply to the individual-based h

The individun-bsed approac s ouined eds 1 ae-dingrams that re independent of
the ir

y proided are

results do not chang i length, number of
‘organisms, or clumpedness of initial distribution: see Chapter 2.2). The individual-based
approach can be adjusted to incorporate density-dependent processes. However, results
may then vary with distribution and density of organisms.

The individual-based approach leads to rate-diagrams that are also independent of location

or time ofebs:rvllloml&"llm:" and “time-scale” as well as “location” and “space-scale’

" -start and the dynamic
simulations. Often, however, we may be interested in developing rate-diagrams for
specific locations o specific moments-in-time, as when interested in dominance of
processes at a specific location or a specific point in the season. The individual-based
approach can be adjusted to develop such rate-diagrams. This would require that in the
calculations either location s fixed, i.¢. we do not use a randomised transect-start, and

g-time of ined by isation, or that time i fixed and
transect-start is determined by randomisation. This would re-establish the coupling




between space and space-scale and time and time-scale. An example of where such
time-specific or location-specific rate-diagrams are of use is selection for appropriate
messrement scles o quaniig mortalty in pariclar moment i the seson

Another example is ion of the area of a to protecta

variety of organisms. The area of this reserve could be determined such that movement
out of the reserve is small compared to the mortality as experienced within the reserve
(ratio: movement/mortality). Another possibility may be to use the ratio Fnat/Fman,
which would scale the natural mortality of organisms within the reserve (Fnat, day™) to

he h duced i day™) enced by organis were

originally within the reserve, but happened to cross the reserve boundary. Assuming that
Fman should be small (e.g. one tenth) compared to Fnat, critcal scales could be calculated
(scales where Fman = 10* Frat) thus determining the reserve area needed to protect these
organisms over a range of time periods (time-scales). Such rate-diagrams could be
developed for all organisms to be protected with this reserve. By overlaying these, one

could assess which species would be protected and which ones not at a given reserve area

Ecological h efficient by carefully considering at what moments
in time or at what locations observations should be done, e.g. by sampling at locations and
moments that are important to life history or by sampling at locations and moments where

variance s greater or density mgm Parallel to this, ecological research can be made

by hat spatio-temporal scales observations should
be done, e.g. by sampling at scales where variance is greater or at scales where processes
predominate that are important to the problems we would like to address. Rate- and

scope-diagrams make this decision process expl

In this context, I consider rate- and

pe-di I-di 1963, Haury etal.
1978): i ict the importance of | il scales;
Stommel-di depict variablity over spati I scales; scop
for weighting pros and cons of vari designs, givea i icit by

rate- and Stommel-diagrams. By using information from Stommel-, rate-, and



scope-diagrams in combination, I expect effciency of research to improve.
2.7. Conclusions

Scaled rate-diagrams are useful in judging the relevance of spatially and temporally limited
data to larger scal i on based on theoretical but plausible

scenarios uncovered features that are difficult to detect with benchmark methods.

Information on individual movement is important to development of rate-diagrams.



Chapter 3: Multi-scale analyses of habitat use by juvenile Atlantic

salmon

spatial scaling and ion in riverine

3.L1. Introduction

3.LLL Scale in ecological studies

Ecological studies aim at achieving an understanding of the processes that affect the

distribution and abundance of organisms. To achieve such an understanding, distributions

of organisms are studied relative to distributions of environmental features. This generally
i Tt

involves an evaluation of the level
(uniform, random, clumped), and an evaluation of associations of organisms with their
habitats (positive, negative). However, distributions of organisms are the result of

i a range of spati  scales, and patchiness and
associations will vary with measurement scale. Because of this, an understanding of
distribution be best achieved by studying distributions of organisms and

habitats over a range of scales rather than at a single scale.

‘The influence of scale on ecological studies has long been recognised. Recent publications
re-iterate the importance of scale (Addicott et al. 1987, Wiens 1989, Menge and Olson
1990, Holling 1992, Levin 1992, Hore and Schneider 1995). Nevertheless, most

ecological studies i scales and a

scaling: i not the result of

‘approach, but is based on biological intuition of the researcher combined with logistical



constraints.

Single-scal i ise f bination of reasons. The
first reason is that "scale" has numerous meanings in the ecological literature. In this
thesis, T define "scale" s "the resolution within the range of a measured quantity"
(Schneider 1994). A second could be ilar ists with the
‘mathematical tools available to deal with scaling, in spite of several publications on the
subject (Platt and Denman 1975, Ripley 1981, Greig-Smith 1983, Upton and Fingleton
1985, Legendre and Fortin 1989, Schneider 1994, Home and Schneider 1995). A third

reason is that multi e ets collected over a range of

scales. This has confined most empirical multi-scale analyses to studies based on
techni h as echo sounding or ing, which generat e

data (e.g. Weber et al. 1986, Home 1994).

/A number of mathematical tool: ilabl patchi of — "
f fish with habitats at Fscales. Some of these tools can be used to

cover a fixed number of scales; others can be used to examine a wide range of scales

simultaneously. To assess patchiness at a fixed scale, a variety of indices were developed

based on variance to mean ratios, such as Morisita's index (Morisita 1959), Lioyd's index
of mean crowding (Lloyd 1967), or the exponent of Taylor's Power law (Taylor 1961).
Correlation, regression, and fiequency analyses can be used to assess associations of fish
‘with habitats at a fixed scale. These techniques are generally not applied over a range of
scales, although allcan be. Methods that examine patchiness over a range of scales are
pattern analysis (Greig-Smith 1983), correlograms and variograms (Sokal and Oden 1978,
Rossi et al. 1992), variance analysis on hierarchical models (¢.g. Downes et al. 1993),
second-order neighbourhood analysis (Getis and Franklin 1987, Muotka and Penttinen
1994), Moran's-I (Sokal and Oden 1978), and spectral analysis (Platt and Denman 1975)
is explicit i fat hatfeld

1980).



3.112. Scale in habitat models and fish habitat management

Habitat models aim at describing relations between fish and their habitats. These models
are widely used, especially for management of riverine fish populations (Fausch et a.
1988). Scale is known to be important to fish habitat management and fish habitat models
(c.f Frissell et al. 1986, Minshall 1988, Fausch et al. 1994, Lewis et al. 1996, Minns et al.
1996, Allan et al. 1997 ). Recently, several studies have used explicit multi-scale
approaches to study fish populations (e.g. Syms 1995, Poizat and Pont 1996, Richards et
al. 1996). However, these studies operated at a few selected scales only and other
important scales may have been overlooked. [n general, papers on fish habitat and scale
tend to be theoretical, rather than empirical; habitat models are characterised by a rather
informal treatment of scale, with variables measured at a single or a few selected scales.

‘This informal treatment may be due to a lack of mathematical techniques that are suitable
for studying fish in rivers in addition to the reasons outlined in the previous section.
‘Mult-scale analyses at a fixed set of scales only provide information at these scales and no
information is obtained on intermediary scales. Pattern analysi, correlograms and

variograms, spectral analysis and coherence analysis could theoretieally be used to cover a

‘wide range of scales. However, use of these methods is limited in empirical studies

based on variance anal itive to low densities

common (Fasham 1978, Upton and Fingleton 1985), and because of the irregular system
boundaries of riverine habitats: two-dimensional spectral analysis or two dimensional
coherence analysis can only be used for rectangular distribution maps; irregularity of
system boundaries limits the use of lysis the difficulty of positioning
random or nested quadrates.




3.1.13. Transect versus grid-system approaches

Habitat selection studies generally operate from spatial scales far smaller than the river

width (mi i ing) to several t (meso- or
modelling). To cover this range of spatial scales in multi-scale analyses, the measurement
resolution will have to be high. However, at high resolutions, many of the bins or cells
that compose the transect or grid-system wil be empty, i.e. in many of the bins no fish will
be observed. This may prevent interpretation of data at small spatial scales.

“This sensitivity to zero-observations varies among transect and grid system approaches.
Transect and grid systems are characterised by t

length, width, resolution and range.
‘When using a transect approach, it makes sense to use a transect width that is similar to
the length of the bins within the transect at the highest transect resolution, unless this bin
length is larger than the river width. In this case transect width equals river width and bin
length may be larger than transect width. Because of this, when decreasing the spatial

from grid systems, i pi in
a transect approach. For example, halving the transect resolution will double the average
number of observations per bin, but doubling the width of square cells in a grid system
approach will quadruple the number of observations per cell. Because of this, multi-scale
analyses at high spatial resolutions in environments of low densities may be more effective

when using grid-based rather than transect systems,

3.L14. Objectives

I present a new quantitative multi-scale approach, based on a grid-system approach, for
ns of fish with habitats over a wide
range of spatial scales, from far smaller than the river width to several times the river
width. This method is based on frequency analysis with randomisation. The method will
be illustrated using simulated fish distributions as well as field data collected in North

analysing patchiness of fish distributions and associ




Harbour River, Newfoundland, in 1994
3.1.2. Methods

3.1.2.1. Study site

North Harbour River is located on the Avalon Peninsula of Newfoundland, Canada
(47°120" N, 53°3730" W). The river drains a watershed of 73 km’, consisting of boreal

forest and open bog underlain by Precambrian sedimentary rock. The fish communi
North Harbour River is composed of Atlantic salmon, Salmo salar, brook trout,

in

Salvelinus fontinalis, brown trout, Salmo trutta, threespine stickleback, Gasterosteus
‘aculeatus, and American eel, Anguilla rostrata. The river s further described by DeGraaf
and Bain (1986). The study reach was approximately § km upstream from the river mouth
and consisted of a combination of riffle, un and pool habitats. The length of the study

reach was 120 m and age width 9 m. The fish y site is
predominantly juvenile Atlantic salmon. Brook and brown trout were relatively rare
(<10% by number).

3.1.2.2. Habitat mapping

‘The study reach was mapped for substrate, water depth (cm), water velocity (cm sec”)
and cover, llthough in this chapter only the depth data are used. These habitat

evenly distributed ly For this, I established an
XY-grid covering the study section usir ing tapes and T- i
To facili ing of evenly distrl i ions, [ used a 1 m* PVC
frame, divided into 4 (50*50 cm) and 9 (3333 cm) cells with coloured twine. The frame

itioned in the XY-grid, usi ing tapes and the reference T-posts. Next,
i i at th he cells within the frame: substrate




and cover were mapped with a resolution of 9 observations per square meter; depths were
mapped with a resolution of 4 observations per square meter. Water velocities (at 60% of
depth and bottom) were mapped with  resolution of 1 observation per square meter,

without the use of a frame.

3.1.2.3. Fish distribution and habitat

Fish distribution surveys were made on 17 August and 25 August, 1994. One survey took
approximately 6 hours (10.00 h - 16.00 h). The weather conditions, flow conditions and
water temperatures during the surveys were similar. The water temperatures during the
course of both surveys varied from 16 (10.00 h) to 21 °C (16.00 h), which is normal at

this time of year.

Fish were observed by snorkell

an upstream direction in a zigzag pattern to minimise:
disturbance of fish. Observed fish positions were identified by using numbered weights.
Data recorded during snorkelling included: species, age class (0+, 1+, 2+, >2+, estimated
from size), hei . and activity (moving, holdi Al fish
‘observed were recorded. The numbered markers were mapped relative to the XY-grid, to

the nearest 5 cm. Water velocities, snout velocities (cm sec™), depth (cm), cover and

substrate were mapped at locations of markers.

Both the habitat mapping and the fish distribution surveys disch

estimated at 0.25 m’ 5™, as this was the most prevalent discharge in the summer of 1994.



3.1.2.4. Computational procedures

AFORTRAN program was written to address a series of questions.
joned relative to each other? This was addressed by

How are fish pos
‘computing spatial autocorrelations of fish positions. (fsh (o fish)
2. How are fish of group | positioned relative to fish of group 27 This was

addressed by computing spatial associations between positions of two
‘groups of fish (cohorts, species). (group 1 o group 2)

3. How are fish distributed relative to a previously recorded distribution?
‘This was addressed by computing spatial associations between fish
positions recorded on separate surveys. (temporal)

4 Howarefish ion of a hat
‘This was addressed by computing spatial associations of fish positions with

t feature?

ributed relative to the distri

habitat features. (fsh to habilar)

5. How are habitat features positioned relative to each other? This was
addressed by computing spatial autocorrelations of habitat features.
(habitat to habitat)

In the following text, these questions will be referred to as components 1-5. The
i imil , as de ted below by an

example based on component 4 (fish to habitat). Figure 3.1.1 shows the steps involved in

the multi-scale program.



CALCULATE GONTAGT OF INDIVIDUAL
FISH WITH HABITAT VARIBLE

CALCULATE AVERAGE CONTACT
CREATE RANDOM DISTRIBUTION

‘GALCULATE CONTACT OF RANDOMIZED.
FISH POSITIONS WITH HABITAT VARIABLE

'REPEAT 500 THES

CALCULATE AVERAGE CONTACT
‘OF RANDOMZED FISH POSITIONS

 COMPARE AVERAGE CONTACT OBSERVED
WITH AVERAGE CONTACT RANOOMIZED.

CALCULATE
RELATIVE CONTAGT

1. Flow of calculations used to investigate associations of fish

Figure 3.

with habitats over a range of spatial scals.

Component 4 (fish to habitat) compares differences in the habitat surrounding observed
fish positions with the habitat i d random fish positions.

This comparison is made over a range of ambit radii (Figure 3.1.2).



Figure 3.1.2. llustration of the ambit concept.
Mult-scale analyses can be done at increasingly larger
ambit radii (R1-R2-R3) or at increasingly larger
distance slots (Ra-Rb-Re).

First, the Contact of each observed individual fish with the habitat feature of interest s
calculated i £a habitat varisble (e.g.

depth class, substrate class) from a map of evenly positioned habitat observations, ie.
based on a uriform grid. Next, the average Contact s calculated by averaging the Contact
across allindividual ish observations:

Iy ;
-L. 3 My Equation 3.1.1
Cotes = 5 * Z oy



Can average Contact of fish with specified habitat at ambit

radius i
n total number of fish observed
Nhy number of observations of specified habitat within distance i
from fish position £
N total number of habitat observations within distance i from
fish position £
T Co ive to a rand 3 ised fish

distribution is created by randomly repositioning ll fish within the grid for each survey
separately. The random distributions were created using the FORTRAN system-supplied
random number generator, upgraded using the shuffle procedure (Press et al. 1986) to
break up possible sequential correlations. From the randomised distributions, the average.
Contact (Coe) s caleulated for each survey and as an average of all surveys. This
procedure is repeated 500 times, ie. 500 randomised distributions are created each leading
to different estimates of Cow. For each of these 500 randomised distributions, o is
compared t0 Cau. From this, p ived that can be used jon criteria to
if the observed distribution

the randomised distribution. Finally, an average Cou is
calculated based on all 500 observations of Cos. From this, the Relative Contact at radius
iis calculated (RC):

test ifthe Relative Contact is significantly different from 0,

RC; = l0g1o(Cotss) - 10819(Crans) Equation 3.1.2

‘The Relative Contact presented over a range of ambit radii describes how fish are
associated with habitat features over a range of spatial scales.

‘The procedure for components 1, 2,3 and $ differs slightly from component 4 (fish to



habitat). For analyses aimed at investigati i ions of fish positions

(component 1, fish to fish), or analyses aimed at investigating spatial associations of
different fish populations (component 2, group | to group 2; component 3, temporal),
Contact is quantified by using fish densities. To obtain density estimates, the program

creates a uniform distribution of dummy positions within the study site. The ratio of fish

‘observations versus dummy positions is subsequently used as an estimate of fish densitis.
E.g. if 400 dummy positions are created per square meter, one fish observation to 200

‘dummy positions indicates a density of 0.5 fish m”.

To faciltate a comparison of separate surveys for component 1 (fish to fish), which may
differ in the number of fish observations, all density estimates are re-scaled as a percentage
of the number of fish observed per survey minus one (1 was subtracted because this
‘percentage refers to the number of conspecifics). For component 2 (group 1 to group 2)
and 3 (temporal), alldensites are re-scaled as a percentage of the total number of fish
observed per survey. Ca will therefore provide an estimate of the Contact of an average
fishin a particular group with the other fish of the same group (component 1, fish to fish)
o with fish of another group (components 2 (group 1 to group 2) and 3 (temporal)). The
randomised fish distributions in components 2 (group | to group 2) and 3 (temporal) are

created by randomly repositioning only one of the two fish groups. For component 5, the

randomised distrbution i created by randomly allocating the habitat observations to the
positions where these habi
replacement. Note that in asituation of 2 surveys, 3 estimates for RC are obtained per
ambit radius in components | (fish to fish), 2 (group 1 to group 2) and 4 (fish to habitat)
(one for each survey separate and one based on both surveys). One estimate per ambit

t t0 habitat).

t observations were made, using sampling without

cadius is obtained for components 3 (temporal) and  (habi

Analyses are done both over a range of ambit radil at increasingly larger ambit radii and at
re 3.1.2. The smallest ambit radius
will differ among analyses, due to differences in resolution of the mapping of the habitat

increasingly larger distance slots, as llustrated in




and fish distributions. For associations of fish positions, the smallest ambit radius should
exceed § cm to ensure that at least one other possible fish position is within the ambit of

each possible fish position. ions of fish with depth,

(=257 + 257 ) to ensure that at least one depth observation is
within the ambit of each possible fish position. For analyses aimed at spatial

should exceed 36 cm

autocorrelation of depth observations, the smaliest ambit radius should exceed 50 em to
ensure that at least one other habitat observation is within the ambit of each habitat

observation.

‘The value of Relative Contact all it fati be distinguished
from negative associations (RC<0). A Relative Contact of | indicates that the average
fish observed has 10 times ith a particular habitat red to an

average fish of the randomised distribution. A Relative Contact of -1 indicates that the
average fish observed has 10 times less contact with a particular habitat feature compared
to an average fish from the randomised distribution. The RC is therefore more readily
interpretable than the Habitat Preference Indices used in many habitat selection studies.

3125, Analyses

Components 1 (fish to fish) and 5 (habitat to habitat) were tested, usmg the pmrlm ona

total of 290 fish that was evenly distributed within 6 ly
“schools” in a 100* 100 m area (=group 1 fish). The
fish in a school was 1.5 m and schools were arbitrarily assumed to approximate circles

imum distance between group |

with a radius of 6 m. Relative Contact was quantified at increasingly larger ambit radi.
The Relative Contact was expected to show a minimum at small spatial scales (ambit
termediate

radius <1.5 m, RC<0) due to the minimum fish distance, and a maximum at

spatial scales (ambit radius = 2-6 m, RC>0) due to schooling. The Relative Contact was

expected i spatial scales larger be the random
positioning of schools.



Components 2 (group 1 to group 2) and 3 (temporal) were tested by using the program to
an additional 292 fish that were evenly distributed within the same grid within 6 randomly

positioned schools. There was no schools.
fish and school radius was similar to the test of components 1 (fish to fish) and  (habitat
to habitat). Relative Contact between fish of group 1 with fish of group 2 was quantified
atincreasingly larger ambit radii. The Relative Contact was expected to show a minimum
at small spatial scales (ambit radii <10 m, RC<0) due to the spatial separation of schools.
‘The Relative Contact was expected to approach 0 at ambit radii larger than 10 m, as
schools were randomly positioned.

To test component 1 (fish to fish) against an observed situation, the spatial autocorrelation
of the 0+ salmon distribution of both surveys in the North Harbour river study reach was
investigated. It was expected that the RC would be negative at small ambit radii (<15 cm)

d and At larger ambit radii (15 cm - 2 m)
a positive and gradually declining RC was expected due to selection by the 0+ salmon for

primarily small-scale (<1 m?) environmental features.

To test component 4 (fish to habitat) against an observed situation, the depth preference

overa mum ambit

radius=10 m) istril data of both surveys. D
scaled into 6 depth classes: class 1: depth [0-4] cm; class 2: <4-8] cm; class 3: <-16] em;
class 4: <16-32] cm; class 5: <32-64] cm; class 6: >64 cm. It was expected that the 0+

salmon would be positively associated with the intermediate depth classes (16-32 em) and
negatively associated with the shallow depth classes (0-8 cm) at small spatial scales, as
observed in other studies (DeGraaf and Bain 1986, Heggenes 1990). At larger spatial
scales, however (>4-7 m), the reverse was expected due to avoidance of pool areas and
selection for rifflerun areas by the fish.



To (fsh to habitar) against a known situation, the 0+ salmon were

randomly re-positioned within the North Harbour river study section for both surveys.
iat istributi depths were investigated over a range of spatial
scales (maximum ambit radius=10 m). It was expected that the RC would not be

significantly different from 0 across all spatial scales investigated.

3.3, Results

Tobserved a total f 977 juvenile salmon, 47 brook trout, and § brown trout during both
surveys. Fish distributions were similar on both surveys. Figure 3.1.3 llustrates the
distributions of the 0+ juvenle salmon on 17 August and 25 August, 1994, The percent
‘occurrence of the depth classes 1-6 was 7%, 12%, 26%, 39%, 15%, and 1% respectively.



17 August 1994 25 August 1994
n=182

120

0
30 -5

Figure 3.1.3. Distribution of 0+ Atlantic salmon, as observed by snorkelling on 17
August and 25 August, 1994, in North Harbour River, Newfoundland, Canada.

1 detected scale-dependent patterns i the simulated distributions of the schooling fish
igure 3.1.4): The Relative Contact for the sp:
showed a minimum at small spatial scales (ambit radius < 1.5 m, RC<0) and a maximum at
=2-6 m, RC>0). The Relative Contact declined

10 0 at larger spatial scales. The Relative Contact for the spatial associations between the

autocorrelations of group 1 fish

intermediate spatial scales (ambit radi

first and the second group of schooling fish showed a minimurm at small spatial scales




(ambit radius < 10 m, RC<0). At larger spatial scales (ambit radius >10 m) the RC
‘approached 0.

—  autocorelation of positions of group 1
== : associaion of positions group 1 with group 2
2

mn
g 8 B

Relative Contact (-)

1 10 100
ambit radius (m)

Figure 3.1.4. Spatial autocorrelation of group one fish positions (1) and
spatial association of group one with group two fish positions (2) at

increasingly larger ambit radii, quantified in terms of Relative Contact',

When applied to field data, the multi-scale approach showed that the O+ salmon

distribution was not sigrificantly different from random at small

<02 m) (Figure 3.1.5). At larger spatial scales the distribution of 0+ salmon was
clumped (RC>0). The RC reached a maximum at an ambit radius of 0.7 m (RC=0.43).
‘The 0+ salmon were negatively associated with shallow depths (0-8 cm) and positively
with intermediate depths (8-32 cm) at small spatial scales (RC=-0.66 and 0.19 for depth



class 1 and 4 respectively, at an ambit radius of 40 cm, Figure 3.1.6). However, at large
spatial scales (ambit radii > 4-6 m) the 0+ salmon were positively associated with shallow
depths (RC=0.10 and 0.08 for depth class | and 2 respectively, at an ambit radius of 10
m). The associations were most different from random at small spatial scales. The
randomised 0+ salmon distributions were not significantly associated with any of the depth
classes (Figure 3.1.7).

* Note that

i i From this,
ambit radii were not-significant.



=

<

e 0]

B

£ 14

3

© 2

2

B 2 — :p>0.01

° — < 0.01

x

0.1 1 10
ambit radius (m)

Figure 3.1.5. Spatial ion of 0+ Atlantic salr istributi 17 and 25

August, 1994, in North Harbour River, at increasingly larger ambit radii, quantified in

terms of Relative Contact
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Figure 3.1.6. Spatial association of the 0+ juvenile salmon with depth as observed on 17 August
and 25 August, 1994, in North Harbour River, Newfoundland, Canada. Spatial associations were
quantified in terms of Relative Contact for a range of depth classes at increasingly larger ambit
radii. Closed dots represent *significant” positive associations, open dots represent "sigrificant”

negative associations. A screening criterion of @=0.01 was used to separate "significant” from

"non-significant” relations.




Figure 3.1.7. Spatial associ

“non-significant” relations.
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n of the randomised O+ juvenile salmon with depth, from
bservations on 17 August and 25 August, 1994, in North Harbour River, Newfoundland,
(Canada. Spatial associations were quantified as the Relative Contact with a range of depth classes
at increasingly larger ambit radii. None of the Relative Contact estimates was "significantly”

different from zero. A screening criterion of =0.01 was used to separate "

ificant” from




3.1.4 Discussion

Fish fated with their a f spatial scales. This is because

h distributi the result of multipl arange of scales,
because fish react to thei environment at a range of spatial and temporal scales, and
because of the propagation of effects from one scale to another. An example of selection

behaviour operating at more than a single spatial scale is the selection by salmonids for

fes in areas of high

specific holding positions (small-scale) with relatively low snout velos
i ) where drift (Chi ind Bjornn 1969,
Everest and Chapman 1972, Fausch and White 1981). Examples of the propagation of

effects across scales are the effect of small-scale refuge locations (small spatial scale
event) for rare flood events or ice scour (small temporal / large spatial scale events) for
fish occupying a much larger area (arge spatio-temporal scale effect) (Erman et al. 1988,
Fausch and Bramblett 1991, Pearsons et al. 1992), and the process of expansion and
contraction, where large-scale distributions are influenced by smal-scale habitat selection
processes (MacCall 1990, Swain 1993, Marshall and Frank 1995).

iated with their envi at ial and

temporal scales, a i ing of factors affecting the distribution and
abundance of fish can only be achieved by studying factors affecting fish distributions at a

range of scales, rather than one or even a few selected scales. In addition, multi-scale

integrate from
ata wide variety of spatial and temporal scales, such as micro-habitat studies, macro-

habitat studies, stock-recruitment studies and movement studes.

‘The proposed multi-scale techrique offers several advantages over existing techniques.

Relative Contact ly interpretable. The prog is simple. The
technique can be used over any ial scales in an envi ith rregular
boundaries. istribution of the statisti for signif ing is generated




within the program. The technique can be used to analyse associations of ish with

habitats as well as to test for p on distribution surveys can

ted into the analysis. The model is easy to apply to transect data.

be assi

thod are that th i time for
anal i ined by high resolution dummy positions. The
habitat mapping has to be d I d positions and is intensive. A grid
3 N y bt ity is sodiametic, In

habitats, however, ikely to be elongated in the

flow direction. A would be amenable to test if among
transect orientations. However, the fish distribution in riverine habitats is inherently 2
important to note that the study reach has

dimensional rather than linear. In addition,

two types of boundaries: a real boundary by way of the shorelines and an imposed

boundary by way of the start and end of the study reach. In the analyses,

that the region outside the imposed boundaries has a spatial pattern similar to that of
nearby areas within the boundaries. Ifthis assumption cannot be met, the results should
be limited to the areas that are located at a distance of the ambit radius of interest from the
imposed boundaries. The problem of imposed system boundaries applies to any
mult-scale approach, such as spectral analysis, patter analysis and second-order
neighbourhood analysis.

‘The Relative Cc i the Potential C as

proposed by Schneider et al. (1987, Schneider 1994) and with Loyd's (1967) measure of
per capita contact rate. Potential Contact is calculated based on local abundances of

organisms and an envit factor (7N, and £°Z, ivel a series of

n consecutive bins or quadrates of size i (m or m? respectively; range = n*i):



P =pneZ NeT 2 Equation 3.1.3
TN,

with:

PC;=Potenti

Contact at bin or quadrate s

Ifthe environmental factor refers to the number of conspecifics (Z = N-1), then Potential

Contact is identical to Lioyd's measure of per capita contact rate with conspecifics.

In the Relative Contact method, associati i ind

positions of individual organisms. By contrast, Potential Contact measures and Lioyd’s
index are calculated using geographic units such as transects or quadrates that are not
centred on individuals. Therefore, the Relative Contact method is more focused on
individuals and how they perceive and react to their environment, which may be appealing
to individual-based studies. A further advantage of the Relative Contact method over
Potential Contact methods and Lloyd's index s that the Relative Contact method allows
for an easy creation of organism distributions by computer according to specified habitat
selection rules. Merits of this application, as well as detailed calculation procedures, will
be outlined in Chapter 3.2 and 3.3.

tact method has similarities with second- i anal

(c£ Ripley 1981, Getis and Franklin 1987, Muotka and Penttinen 1994). However,
second-order neighbourhood analyses are generally confined to analyses within the
context of components 1 (fish to fish) and 2 (group 1 to group 2). Tn addition, advantages

of are that because of isation scheme used, boundary
corrections are not necessary and the method is easily applied in systems having irregular
boundaries. ions underlyi nd-order neig analyses

are less easy to interpret, especially for non-statisticians, whereas the method based on



Relative Contact with randomisation makes sense intuitively and would problhly appeal to

behavioural ecologists. The symmetry of Relative C:
preference), wh red to the K-functi l
(Ripley 1981) s appealing for a graphic display of results (c£ RC=1 versus RC=~1).

Ve o du e propencd multi-scale approach detects differences in patchiness of
fish distributions and i with habitats at ial scales in simulated

as well as in field data. Conclusions with respect to fish-habitat associations, as well as
spatial ons of fish distributi ied from positive

at another (Figures 3.1.4-6), indicating either preference or avoidance behaviour,
respecively.

spual scales weee
probably due to binatic ‘habitat selection for featy
nd possibly to competitive nteractions at small spatial

to small-scale spacing behaviour
scales (Figure 3.1.5). At small spatial scales, the O+ salmon preferred intermediate depths
s svoed halower o dnper e, bt preed sl deph o rge el
scales (Figure 3.1.6). Thi is probably due to a combi

shallow depths at small spatial scale, preference for riffle areas that have  high number of
shallow depth observations, and avoidance of pool habitats.

Th s she ions with respect to
depend on scale. A mi i would lead to i

avoid shallow depths (RC<0, Figure 3.1.6) and that O+ salmon distributions are repulsed
(RC<0, Figure 3.1.5). A i lead to th ion that juvenile

salmon prefer shallow depths (RC>0, Figure 3.1.6) and are clumped (RC>0, Figure 3.1.5).
1 addiion, theyshow that el techriques ay allow o an enifcion of sces
hs ibutic In the North Harbour
River study, the habitat selecti primarily aimed at smalk




s of fish with depths were

(<1 m?) as the patchiness of the fish distributions and associ
1l spatial scales. Therefore, a it m) is likely
10 be more effecti a meso-habitat ¥).

These results imply that the scale of measurement will determine the perceived relative
importance of a habitat variable n habitat selection behaviour. Therefore, Habitat
Suitability Indices and Habitat Use indices, commonly used in habitat modelling
approaches, must also depend on scale. From this, it follows that managerial actions may
differ based on the scale of measurement of the study used to support managerial
decisions. The results also emphasise the fact that interpretation of results should be

limited to the spatial scales over which the study was conducted.

A single-scale approach in habitat modelling, be it either & "macro" or “micro" approach,

fils to appreci isms may be associated wit range
of spatio-temporal scales. Current habi y be improved by a plici

of scale. This may imp i ing and prescribing habitat requi

of fish. Future habitat selection studies should focus on the identification of spatial scales
that are i hapter 1.3-5) in explaining observed fish distributions.




3.2. Habitat selection by juvenilg i a test for density-depe

habitat use at multiple scales from stream tank observations

3.2.1. Introduction

at quantifying d their envi and

h are i the management of ‘These models are widely
applied to riverine fish populations where they find use in stream habitat investigations and

in £

water ind hydropower development
(Fausch et al. 1988, Reiser et al. 1989, Armour and Taylor 1991),

Kacelnik 1991), i jtat select i illbe 0

fish habitat habi

are: (1 perceive and react to. i limited resources

disributed itors; (3) s habi i

quality; (4) o whs istributions dry i i -
i e R

scalesrelevant to management problems? In this study I address the first two of these.
questions by studying density-dependent habitat selection by juverile Atlantic sa

(Salmo salar) in an artificial stream tank. The habitat there was described in terms of
substrate, water depth and water velocity, the variables most often included in habitat
models of riverine fish species (Orth and Maughan 1982, Fausch et al. 1988, Heggenes
1990).

“This study differs from previous studies on density-dependent habitat selection by
salmonids (e.g. Elliott 1986, Rodriguez 1995) or from Atlantic salmon habitat modelling
studies in general (e.g. DeGraaf and Bain 1986, Heggenes 1990), in that associations of

fish with habitats were studied within the context of an explicit multi-scale approach:



Associations of fish with habitats were studied over a range of spatial scales, rather than at

a single or a few selected scales. [ believe that a mult-scale approach is more appropriate

for describi fish perceive and react to thei selection
behaviours themselves operate at multiple scales. An example s selection by salmonids

for specific hnldmg positions (small-scale) with relatively low snout velocities in areas of

high current cale) where drit i d (Chapman and Bjornn
1969, Everest and Chapman 1972, Wankowski and Thorpe 1979, Fausch and White

1981). Subsequently, this behaviour may be best identified and made explicit within the
context of quantitative multi-scale techniques, i.¢. a multi-scale problem is best studied

using a multi-scale approach.

The objectives of this study were: (1) to illustrate how a variety of newly developed

scaling-techniques can be used in habitat modelling and behavioural studies; (2) to identify
scales important to habitat models for juvenile Atlantic salmon; (3) to formalise observed

habitat selection behaviours that operate at multiple scales into an explicit multi-scale

habitat selecti @to in habitat use with changi ity; and (5)
to compare mult- with single-scal in regard to their ability
to identify how fish select their habitats and in their ability to describe and predict fish

distributions.



3.2.2. Material and methods

32.2.1. Stream tank

The k Lused for iment is located at “Fisheries and

Oceans in St. John's, Newfoundland, Canada (see Figure 3.2.1). This tank has an oval
shape and consists of two sections that are separated by plastic wire-mesh screens. One
section is used for observing fish, the other contains a paddle-wheel, connected to an
electric motor, that can be used 10 creat The observational secti
(14.4 m?) further consists of a wide and shallow part (riffle hereafter; 6.9 m?), a wide and

deep part (pool hereafter; 5.0 m?), and a narrow and shallow part (run hereafter; 2.5 m?;

see Figure 3.2.1).



fish distribution

Gepth () watervelocity _ water velocity
substrate ___bottom em ) _ 0% depth (em s

l-'.gm 3.2.1. Tank habitat and fish distributions. Black dots in the left figure refer to

. Contour lines on habit fish in the stream tank were

based on all 3888 fish observations: 1 averaged fish densities within 30 cm circles

15492 possible positions i the tank, which were subsequently re-scaled
using a uniform transformation. XY-grid-systems oriented relative to water flow, used for|
calculations as explained in the text, are depicted in the left igure for two positions.

‘The bottom of the tank was covered with gravel (8-16 mm), on top of which I positioned
small cobble-stones (64-128 mm) grouped in patches of different size. In addition, [
positioned light-coloured gravel in a 30 cm * 30 e grid pattern to faciltate determination
of fish positions. Water flow and depths were kept constant, Light conditions were
controlled by artifcial ights and an electronic timing device (16 h. of light and 8 h. of
darkness). The tank was enclosed by black plastc to block external light. Temperatures
‘were maintained at 15-16°C. Substrate, water depth (cm), and water velocities (at 60%
depth and at § cm off the bottom, cm ) were measured at evenly distributed locations in
the tank using a resolution of 100, 25 and 4 observations per square foot respectiy




Water velocities were measured using an electronic flow-meter (FLO-MATE, Model
2000, Marsh-MeBimey Inc.). Figure 3.2.1 shows the tank habitat in terms of substrate
(gravel/cobble), water depth (range: 26-72 cm) and water veloci

cm s™) and at 60% depth (range: 0-63 cm 5™).

at bottom (range 0-48

Fish were observed through windows from within the centre of the tank. To minimise
effects of the observer on fish behaviours, this centre was kept dark and windows were
covered with black mesh. To further obscure the observer from the fish’s view, 1 fixed

black plastic on top of this mesh, leaving a narrow slit for observations.

3.2.22. Experimental procedures

‘The experiment took place from 18/08/95 to 05/10/95. Wild Atlantic salmon (fork-length
10.5-11.5 cm) were collected by electrofishing in North Harbour River, Newfoundland
(4T'12'N, 5337'W), and kept in a holding tank (up to two weeks) prior to introduction

into the stream tank. Fish were introduced into the tank at thre different densities: 0.21,

0.63, and 1.0 m (i.e. 3, 9 and 15 fish respectively). Each density was repeated once (six
introductions i total). These densities were chosen to represent a range of densities
found in Newfoundland rivers (Gibson et al. 1993). Individual fish were used only once.

After an acclimation period of five days, fish were observed for three days during two 2.5-
hour periods in the moming and in the afternoon (10.00 - 12.30 h. / 14.00 - 16.30 h.), and
a one-hour period in the evening during darkness (19.00 - 20.00 h.; tank was dark by
18.00 h). Night-time observations were made using a small fashlight.
chopped squid, which was taken eagerly, at 12.00 h, 16.00 h and 19.30 h. Observations
were made by surveying the tank every 10 minutes in an upstrea direction. For the

‘were fed with

Towest two densities, similar downstream surveys were done as well to assess possible
effects of the survey direction on results. These were done every 10 minutes and in

between upstream surveys.



T recorded the snout-positions of fish at first encounter on maps of the tank. These were
later digitised using a 3 cm resolution (nearest 0.1 foo). In addition, T noted the distance
of the fish from the bottom (cm), the orientation of the fish relative to the current, as well
as various behaviours during a 10 second period after first encounter. These behaviours
included feeding behavi , and
movement (yes/no). At the lowest two densites, I was able to distinguish individual fish

from differences in natural coloration patters.

322.3. Analytical procedures

Lanalyzed the data to address a series of questions:

1. (Habitat selection) How are fish associated with their habitats: What variables were

scale(s)?

selected for and at what sps

2. (Habitat model) What s the best way to incorporate associations of fish with habitats
into a formal habitat model et T

- Does habitat it ity and if so, how
strong i this effect?

4. (Fish behaviour) Are fish behaviours (sggression, feeding, i

among preferred and avoided habitats, and do fish behaviours change with density?

s. ing appr To plicit multi- improve our
understanding of habitat selection behaviours of fish, relative to a single-scale
‘approach?



The analytical procedures related to these five questions are outlined below. Analyses
‘were done using FORTRAN and SAS (SAS 1988). Random numbers, needed for several
of the analyses, were generated using the FORTRAN system-supplied random number
‘generator, upgraded by the shuffle-routine as outline by Press et al. (1986).

To facilitate ions, Tinterpolated depth and it of
fish and substrate distribution maps (mo per square foot). This was done based on the
inverse distance of measurements located within a distance of 1/2 foot (water velocity) or
1/5 foot (depth). Next, water depths were re-scaled into two classes ( 40 cm; > 40 cm)
and water velocities into 7 classes ([0.5], <5,10], <10,20}, <20,30], <30,40], <40,50],
>50em 7).

For the analyses I only used the upstream observations colected in the two-hour time
periods 10.00 - 12.00 and 14.00 - 16.00. This was done as I was uncertain about the
effect of the observer on fish distributions during night-time observations and because

of individual fish behaviours and positions was difficult to quantify

immediately after feeding.

1la. Habitat selection, omnidirectional

T quantified associations of fish with substrate, water velacities, depth and conspecifics

over a range of spatial scales using measures of Relative Contact mc) ‘This statistic:

compares observed densities of ifics or habitat fish
itions (DO; # m*) with simil g random

fish distributi #m?). The pars b arange of ambit radii

(S) which define circl ing individual fish (see Chapter 3.1). From this,

a pendent description of habitat

RCs = LOG 4(DOs) - LOG 19 (DRs) Equation 3.2.1



For example, RCs=2 indicates that at ambit radius S, an average fish has 107 times more
contact with conspecifics or a specific habitat feature (depth, water velocity or substrate:
) than 8 case where s re rdomly darkusd. This stistcslows posive

C>0 to be disti from i d
(RC=0) from even (RC<0, repulsion) or clumped (xoo) distributions. Dk. canbe
obtained by i of a large by

averaging results for all 15492 possible positions in the tank. In this study, T used this last
approach. Density estimates were obtained by assuming a 3.048*3.048 cm area (0.140.1
foot) around all 15492 possible fish positions. P-values, used to assess if associations
differed signi andom, were obined from ised fish distributions
Because of the oval shape of the tank, [ had to use a set of subroutines that allowed for
ing shortest distances “around the bend of the tari

calcul 8. when calculating the

distance between a location in the run and a location in the rifle habitat. A more complete
description of the Relative Contact method is provided in Chapter 3.1. T analyzed

asso
rungng rom 010350 an 0 1, 10, 15,20, 25..,350 cm). Anaiyees wersdooefor o
introductions separately, as well as based on allintroductions combined.

ns of fish with conspecifics, water velocities, depth and substrate at ambit radii

1b. Habitat selection, directional

To assess possible anisotropy in associations of fish with habitats or conspecifics, |
devised a statistic inspired by RC di
. 1992). 1 called this statistic RCE: i

of Relative Contact):

RCEX 6. 0G10(DOLiG-x L4G-1) = LOG19(DRLAG-x L4G-1)

Equation 3.2.2




RCEX compares observed densities of conspecifics or habitat features at various spatial

[ fish positions with simil ities obtained from

computer-generated random fish distributions, and allows for a scale-explicit

two-dimensional appraisal of the data’s spatial dependence. For example, RCEX.1. s

indicates that an average fish has 10 times less contact with a particular
habitat feature at lag -1 in the X-direction and lag +3 in the Y-direction. Note that RC is

calculated at increasingly larger ambit radii, whereas RCEX is calculated at consecutive
lags, and that RCEX measures are directional, whereas RC measures are not. - Also note

that RC and RCEX measures are similar at spatial scales approaching 0 cm.

RCEX measures are most easily obtained from rectangular distribution maps. This is

obviously not the situation in the stream-tank. However, in the analyses the X- and

‘Y-directions did not refer to the X-Y grid system of the tark (c.£ Figure 3.2.1), but to a
grid system relative to water flow and fish-position: The 90° and 270° directions referred
to directions directly into and with the current respectively; The 0° and 180° directions
referred to directions perpendicular (eft and right) to the current. This grid system is
ifferent among fish positions in the tank (see Figure 3.2.1). Reliable estimates of RCEX
require a large number of fish abservations. Therefore, I only performed these analyses on
observations of all six introductions combined.



2. Habitat model

Based on the results of the previous section, I developed a formal model to describe:
habita se by fish i th ank. Prefrably,such  modet would combine elom (model
by the fish) and simpli included, few

per variable) with strong descrip and predicted
distributions or habitat use similar). To develop such a model, I devised a method based
l regression. First [ decided on an

on the RC statistic that paralleled stepwise mul
ial model that combined the variable thought to be most important, measured at a scale

‘where associations were most extreme (i.¢., RC measures of the different classes most
different from 0). Next, I created fish distributions based on this model. Fish were
distributed by randomisation with all positions in the tank having a different probability of
being selected (15492 positions in total). This probability (Peosei; i=1-15492) was
determined by a weight given to each position (Wos.i) and the total of all weights of all
possible positions (Wror), with Wros-; determined by the Relative Contact associated with

the habitat at this position as of the initial model:
3 ACuapon 7,
- 10 10RCwarasa
T Equation 3.2.3
W TET
o Y 1R Cuarrases 15492

Wth s done, then compared densies ofabiat festres surounding observed s
positions (DO) with similar ed distributions
(DD), ina manner similar to equation 3.2.1. This was done over a range of ambit radi

®):

RCDs =LOG (DOs )~ LOG;o(DDs) Equation 3.2.4

From this, RCD values that differ from 0 indicats



behaviours may have to be included into the inital habitat model: additional variables may
, or the i ither than a single
one, or a combination of both. For example, fish distributions could be generated

according to observed habitat use related to water velocity, and evaluated by means of the
RCD stati

as a function of depth. Positive values of RCD for a particular depth class
may then indicate that this depth is selected, even after correcting for selection for water
velacities, .¢. habitat selection behaviours are directed towards both depth and water
velocity. This method is of use in a environment where habitat variables are correlated (cf.
Richards 1982), i ived ina by fish (cf.

Orth and Maughan 1982), or when habitat selection behaviours operate at more than a
single scale.

3. Expansion and contraction

Thypothesised that when population densites increase, primary (high density) habitats are
ccepied st d secondary (o desity) bl

ats mostly after primary habitats are filed.

is that densities at y habitats wil increase more
level than will densiti

primary habitats. To address this hypothesis, I first estimated
the slopes of the equations relating the number of fish (N) in the different habitats (H) as
identified in the previous section (Ny) to the total number of fish in the tank (Nror)":

logo(Ny + 0.1) = y + & logyo(Npop+ 0.1) Equation 3.2.5

168=1 for al habitats, habitat use responded proportionally with introduction densi

were ing a log of 0. This was the
result of th

value, excluding 0, and rounded to -ne nearest 10' (I=integer) . Next, additional analyses were done:

in thi

‘whether results i 3 it
thesis, but indicated that results did not vary with this constant.



habitat use was independent of introduction density (cf. Myers and Stokes 1989). Each
estimate of & s based on six observations. The constant of 0.1 fish prevented taking

log(0). This value represents a subjective assessment of habitat use for unoccupied
habiitats.

Next, I analyzed whether 5, a series of slopes, was negatively correlated with the Relative
Contact of the fish with the habitats as identified in section 2 (RCy), with RCy calculated
based on the average percentage of fish observations in these habitats for all six
introductions separ nd fish in these habitats assuming a
random distribution over the surface area of the tank (PR):

‘
ZIPUH,;
RCyy = LOGy, %}Ha“ ~LOGyo(PRy +107) Equation 3.2.6

& negatively comrelated with RCy would support my hypothesis,i.e. use of habitats that are
referred ities (RC1i>0) does with density, whe

s (RCy1<0) increases with density. In these

habitats that are avoided at low der

analyses, 5; were weighted by the inverse of the associated MSeason.i. Note that Equation
3.2.6 and Equation 3.2.1 are smila, only that Equation 3.2.6 gives an equal weight to the
six introductions in determining RC, whereas Equation 3.2.1 gives more weight to the

higher density introductions.

To quanify density in habitat use to habitat

b described

models, T related

under section 2 for introductions separately (PO ), to the variables “Hiabitat” (class

variable), “Introduction Density” (ratio variable) and the interaction of these two

variables, using the GLM procedure in SAS and type I S (SAS 1988). Nex, the percent
i lained by the dif i ‘was used to assess possible:




power of
dependent behaviours: When habitat use changes strongly with introduction density, the.
interaction term wil be large compared to the variable “Habitat”. T stress that this
approach was not meant for significance testing, but was solely intended to obtain an

impression of the relative importance of changes in habitat use with density.
In addition, I studied the possible extent of changes in habitat use with density in the
srern tak, I s where habias sleion betaviwrs do o change whth dcsly
but distributions change with density due

and territorial behaviours. For this computer-based study, I generated distributions based
on a single habitat selection model and different territories, and compared differences in

habitat use with territory size. First, I calculated the Relative Contact of fish with the
ction 2, using I ions only (3 fish).

Next, I distributed 54000 fish over the tank habitat for the high density situation (15 fish),
with the chance of an individual position being selected, determined by the Relative

Contact associated with the habitat at this position (see section 2) and the distribution of
conspecifics. The first fish of each computer generated introduction (54000/15=3600
introductions) was distributed based on habitat and RC only, as described above. The
second fish was distributed in this manner as wel, but after choosing a postion, [

evaluated ifteritories overlapped. Ifso, I re-sampled the second fish position until a
position was selected without overlap of teritories. This procedure was repeated up to
and including the 15th fish position, with none of the terrtories surrounding individual fish
positions overlapping. Next, [ compared the habitat use of the observed and
compuergenernid tisrbuions: I baervd o computer-generteddiaions were
simila, even when usi territories, itat may d
& dent habi 4 habit ted and readily

available, 5o fish seldom have to compete to occupy primary locations. From this, one

‘might conclude that competitive exclusion may not lead to expansion and contracti
(The number of 54000 was chosen rather arbitrarily. Unpublished data indicate that



increasing this number would not have altered the results significantly.)

4. Fish behaviours

I studied whether the number of aggressive (attack/defence), movement, and feeding

behaviours per fish observation (attack/defence) changed with introduction density. In

lddmun, Istudied whether the number of aggressive (attack/defence), movement, and
fish observati differed and

avoided habitats.

5. Scaling approach

Muli-scale approaches to habitat modelling may give a different impression of how fish

perceive and react to their environment than single-scale approaches do. These

result in different variables being identified as important and the scales at
which vari red, but may also result in di with respect to the abilty
jons. Ifa habitat
model accurately describes the rules according to which fish perceive and react to their

of habitat models to describe fish distributions from habitat assot

environment and iffish distributions are primarily driven by these behaviours,
computer-generated distributions according to these rules would be very similar to
observed dumh\mons, regardless of the scale at which these distributions are measured.

Ifa does not d

distributions would be dif observed dinrihndcms, especially
‘measured at scales different from the scale(s) of the model.

To evaluate how well ]u(ger scale distributions can be predicted from either a single-scale
oramul , 1 generated distributions for
each of these two approaches, as described in the previous sections (54000 fish positions).

Next, I compared the observed and fish distributions



pool, riffle, and run. IF the multi-scal h had superi ites, the
differences between the observed and predicted habitat use at the scale of pool, riffle and

run would be small compared to a simillar comparison from a single-scale approach. These
analyses were done with RC measures obtained from introductions separately as well as

from all fish observations combined

3.23. Results

3.2.3.1. Habitat selection

Surveys generally took 45 seconds (lowest fish density) to 4-5 minutes (highest fish

density). Fish seemed to select for a set of firly specific small-scale locations within the

tank, which were rather similar for all six introductions. These locations are illustrated in

Figure 3.2.1: fish in the i positioned at specific locati the inner
side of the tank; fish in the pool section were mostly positioned in a fairly distinct area
around (X=2 m, Y=7.2 m) and just upstream of the transition poolirun; fish in the run
8, Y=2.8), and

section were mostly positioned in areas surrounding (X=2.5, Y=5.5), (X~
(X=2.5,Y=18).

Fish were negatively associated with each other at small spatial scales (ambit radius < 50
em; RC<0; see Figure 3.2 idirectional aj h), but distributi re similar to

random distributions at larger spatial scales (ambit radius > 50 cm; RC=0). Avoidance

was strongest at ambit radii smaller than 15-20 cm, and was anisotropie (see Figure 3.2.2,
exhaustive directional approach), with an elongation of interfish distances in the 220° and
40° directions. Patchiness of fish distibutions were most extreme at small spatial scales
(RC most different from 0, i.e. RC>0 or RC<0).
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Figure 3.2.2. Associations of fish positions in the stream tank, quantified by means of
Relative Contact (RC) and Relative Contact Exhaustive (RCEX) over a range of spatial
scales. For an explanation of RC/RCEX: see text, RCEX/RC estimates were significant
(p<0.05) at ambit radii < 40 em; Much of the patterns at larger spatial scales were
significant as well. I did not further ilustrate this, as I considered general trends in

pattems more interesting than the signif individual

‘The omridirectional approach as of Figure 3.2.3 suggests that ish strongly avoided cobble
at small spatial scales (ambit radii < 15 cm; RC<<0), but reacted indifferently to cobble at
larger spatial scales (ambit radius > 15 cm; RC=0) (see Figure 3.2.3: RC). However, the
directional approach of Figure 3.2.3 suggests that associations with cobble were strongly
I scales (ambit radii <.5-10 cm),

otropic, with negative associations at small spat
positive associations at lags of 15-30 cm in the 30° and 150° directions, and positive
ns at lags of 30-40 cm in the 225° and 315 directions. Associations of fish with

associ
‘cobble were most extreme at small spatial scales.
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Figure 3.2.3. Associations of fish with cobble in the stream tank, quantified by means of
Relative Contact (RC) and Relative Contact Exhaustive (RCEX) over a range of spatial
scales. (For an explanation of RC/RCEX: see text. ). All patterns were significant
(p<0.0) at ambit radii <25 cm (left igure)r < 50 cm (right figure) Much of the patterns
at larger spatial scales was significant as well. [ did not further illustrate this, as [

considered general trends in pattems more interesting than the significance of individual
points composing patters

Associ
(>40 cm) being avoided and shallow locations (<40 cm) preferred for all of the six
introductions (see Table 3.2.1, Figure 3.2.4). I did not calculate associations using a

di | h lack of small-scale depth-variations i the tank. T
assigned the depths of the transition zones between the rifle/pool and pool/run sections to
a separate class (<40,60] cm) in Figure 3.2.4 and Table 3.2.1. This was done for
illustration purposes. For all other analyses in this study T used the classes “<40 cm” and
*>40 cm” because of the similarity in the patterns of the classes “<40,60] cm” and *>60

fons with depth were most extreme at small spatial scales, with deeper locations




om” at small spatial scales.
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Figure 3.2.4 Associations of fish with depths in the stream tank, quantified by
means of Relative Contact (RC) over a range of spatial scales. For an

explanation of RC: see text. All patterns were significant (p<0.05) at ambit radii
<30 cm; Much of the pattens at larger spatial scales was significant as well. [
did not further llustrate this, as T considered general trends in patterns more

interesting individual




(Table 3.2.1. Associations of fish with water depths quantified by means of Relative
Contact (RC) at § cm ambit radii (see text) for each of the 6 introductions separate.

Positive associations (RC>0) are printed in bold.

Based on an omnidirectional approach (RC), associations with water velocities were most
extreme at smal spatial scales (see Figure 3.2.5), except for associations with water
velocities of 0 to 5 cm 5™, which were most extreme at ambit radii of 20-30 m (water

s “dip” was observed
for all medium and high density introductions, but not for the low density observations.
Analyses on all fish observations combined indicated that water velocities of 5 to 10 cm 5™
and 40t0 50 cm 5™ were preferred, and water velocities of 0to 5 cm 5™, 10 t0 20 cm s

velocity at bottom) and 40-60 cm (water velocity at 60% depth). T}

and larger than 50 cm s were avoided (see Figure 3.2.5). However, considerable
variation in associations existed among introductions, especially for water velocities of 20
1040 cm 5™ (see Table 3.2.2). An exhaustive directional approach (RCEX) indicated that

‘The main results of the were:

Associations with water velocities of 0-5 cm 5™ (both at bottom and at 60% depth) tended
in the 315°-45° directi rds outer edge tank) (sec Figure
ns with water velocities of $ to 10 em 5™ and 10 0 20 cm s™ (both at

32.6); Ass
bottom and at 60% depth) were most positive at lags of 0 to 15 cm, i.. directly at the

‘position of the fish (see Figure 3.2.6). Associations with water velocities of 20 to 30 cm
5™ and 30 to 40 cm 5™ were anisotropic, but patterns were rather irregular and difficult to
describe. This may be due to differences among introductions and because most RCEX




values were faily close o 0, as also llusrated in Figure 3.2.5 and Table 322 for small
of 40 to 50 cm 5™ (both at bottom and at

spatial scales. Associations with water velo
60% depth) tended to become more positive in the 20°-40° and 190°-240° directions
(towards edges of tank, se Figure 3.2.6). Associations with water velocities larger than

50 cm s (at 60% depth) were most negative at lags of 20 to 40 cmin the 135°-225°
directions (towards inner edge tank; see Figure 3.2.6);

water velocity water velocity
(cm s-1) 60% depth (cm s°1)

Ambit Radius (m) Ambit Radius (m)

Figure 3.2.5 Associations of fish with water velocities at 5 cm from the bottom (Figure
5a) and at 60% of depth (Figure Sb) in the stream tank, quantified by means of Relative
Contact (RC) over a range of spatial scales. For an explanation of RC: see text. Most of
the patters were significant (p<0.05). I did not further illustrate this as I considered

general trends i interesting than point

composing patterns
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Figure 3.2.6 Associations of fish with water velocity classes [0,5], <510}, <40,50) and
>50 cm 5™ measured at 60% depth (Figure 3.2.6a-d respectively), quantified by means of
Relative Contact Exhaustive (RCEX) over a range of spatial scales. Most of the patterns
of Figure 3.2.6 were significant (p<0.05). I did not further ilustrate this, as T considered

general trends in

points




Table 3.2.2. Associations of fish with water velocities (cm ) close to the bottom (WB)
and at 60% depth (W6), quantified by means of Relative Contact (RC) at 5 cm ambit radii.
Positive associations (RC>0) are printed in bold.
var. RCuy RCsig RCasm RCeao RCoss  RCwws  RCso
WB 053 0L 2010 01 P B
WB 019 037 007 048 035 42 =
WB 017 020 010 007 003 003 s
WB 07 004 024 009 0 04 -
WB 001 008 012 005 006 037 <
WB 007 010 004 004 016 0002 -
WB 015 o1l 008 001 0 020 -
low W6 031 008 005 001 002 02  -130
low W6 024 083 005 012 014 041 49
medium W6 017 009 008 006 -0l6 013 027
medum W6 003 002 042 037 02 032 029
high 6 019 025 013 007 003 088 023
high W6 006 012 014 009 001 004  -00!
ol W6 -003 017 14 001 00l ol4 007

32.3.2. Habitat model

An initial model identified habitats based on a combination of substrate and water velocity
atthe bottom. For substrate [ used 3 different classes: Class 1 referred to situations

ns; Classes 2 and 3 referred to situations
‘where cobble was not present directly at positions, with Class 2 referring to positions

‘where cobble was present directly at posi

‘where cobble was present in four 10 cm * 10 cm areas surrounding positions, and Class 3
teferring to positions where cobble was not present in any one of these areas, with centres
of these areas located at a distance of 20.6 cm in the 14° and 166° directions (relative to
water flow) and a distance of 32.0 cm in the 231° and 309° directions. These classes were
5o defined i cobble at small spatial scales (Figure 3.2.3 eft),
and preference for cobble at larger sparial scales (Figure 3.2.3 right).




In addition, T identified 7 water velocity classes. Class | referred to positions where water
velocities were <5 cm 5™ and average water velocities within an ambit radius of 25 cm
were <5 cm 5™ as well; Class 2 referred to positions where water velocities were <5 cm
5™ and average water velocities within an ambit radius of 25 cm were >5 cm 5™, Classes

3-7 were identical to for water velocities larger than 5 cm s”, and

measured directly at fish positions. Classes 1 and 2 were used to describe the differences
in associations of fish with | ity p i
low-water-velocity positions i areas of higher water velocities, as indicated by the

reas of low water velocity and

previously mentioned “dip” of Figure 3.2.5:

From this, the initial model identified (3*7=) 21 possible habitat classes. All of these were
present in the tank. T created fish distributions from RC measures and these 21 habitats

nal variables or measurement

for the six introductions separately to test whether addi
scales may need to be included in the model. These computer-generated distributions
indicated that, for al sx introductions, shallow areas (40 cm) were preferred over deeper
in addition to the habitat selection behaviours as defined by the initial model

small spatial scales and are

summarised in Table 3.2.3 for ambit ra
distributions also indicated additional habitat selection behaviours directed to water
velocities at 60% depth, as RCD values i specially at small
spatial scales. However, th iations differed considerably i
Table 3.24). No additional associations were found with depth or water velocity at
bottom at any scale (RCD=0 for ambit radi of 0-350 cm).

of S cm. These computer-generated




Table 3.2.3. Associations of fish with water depths (cm) quantified by means of Relative.
Contact (RCD) at § cm ambit radii (see text). Positive associations (RCD>0) are printed
in bold.

Density RCDse,  RCDooen
o7 016

fow [X
low oz 047
medium 0.0 033
medium  0.04 015
high 003 006
high 0.06 014

Table 3.2.4. Associations of fish with water velocities (cm s”) at 60% of depth, quantified
/by means of Relative Contact (RCD) at 5 cm ambit radi (see text). Positve associations
(RCD>0) are printed in bold.

Density  RCDioy  RCDusior RCDeiosy RCDoxy RCDagoay RCDasy RCDog

low. EXTE¥E) 0.00 010 0.04 035 1.27
032 19 004 022 -0.05 463
0.00 11 002 003 023 032
000 030 021 019 006 0.00
018 009 012 -0.03 001 027
005 016 ol 0.02 006 003

Based on these results, I decided on a formal habitat model that
substrate (3 classes), water velocity at bottom (7 classes) and depth (2 classes), with
substrate and water velocity at bottom defined at multiple scales. 35 of all 42 (<3*7+2)
possible habitats were present in the tank. I did not include (scale-dependen) associations
of fish with water velocities at 60% depth in a formal model, because of the differences
among introductions as described in Table 3.2.4 and because inclusion would greatly

increase the number of habitat classes.




‘Habitat use at upstream imilar to habitat
‘The percent fish observations in the 35 habitats identified above were

rto
percentages in the downstream surveys (n=35; p=0.0001; r'= 0.967, 0.994, 0.981 and
0.961) for the two low-densities and the two medium-densities respectively).

3.2.3.3. Expansion and contraction

“The percent fish observations in pool,rifle, and run did not change with density in the
tank (pool: r=0.673, p=0.143; rifle: r=-0.545, p=0.264; run: r=0.246, p=0.639; n=18).

Prior to calculating 3, I removed observations on habitats that were never occupied (7
habitats) as & could not be estimated for these. Based on the remaining information, § was
not significantly associated with RCy (=28, r=-0.159, p=0.412)

distribution model led to a minor improvement of predictions: POy, was significantly
associated with the variables Habitat, Introduction Density and (Habitat)*(Introduction
Density) (n=210, *=0.761, p=0.0001), with 70% of the variance in POy,p explained by the
variable “Habitat” (df=34, p=0.0001), 0% by the variable “Introduction Density” (df=1,
=1.00), and 6% by the interaction term (434, p=0.474).

Table 3.2.5 shows that habitat use was unlikely to change with density, even when
territories were large: RCi iy -0 Was strongly correlated with RCiterory 51040
(=35, p<0.001, £*>0.98 for all territory sizes). I did have some indication that
distributions changed for territories larger than 20-25 cm, as the percent of the variance in
RCit ey - m xplained by the line RCit eory - e = RCit sy 0 n (Y=X) decreased for
territories larger than 20 cm, but these changes were minor.



Table 3.2.5. Similarity of di ted assuming the low-density rules of habitat
selection and different territories. Territories were simulated using ambit radii of  to 40
cm. Summary statistics include intercept (Int.), slope, and associated standard errors (s.c.)|

ip between RCy, d RC,

analyses), as well as the percent variance (PEy-y) explained by the line Y=X (model:

percent observed = percent predicted).
Ambit Radius __r* Int. Slope _ se.lnt. se Slope PEy.
5 0973 0016 0968 00755 00279 999
10 1000 001l 1003 00037 00014 999
15 0986 0034 0994 0052 00204 996
20 1000 0034 1008 00097 00036 986
2 0999 0043 1010 00127 00047 969
30 0999 005  L0l4 00164 00061 935
35 0984 0014 1010 00600 0024 891
40 0997 0070 1016 00258 0009 821

3.2.3.4. Fish behaviour

Table3.2.6 i observed iours. In general, fish ionary and

periods of inactivity were i ‘with sudden short bursts of activity, with fish
moving and displaying aggressive interactions. Feedings led to a temporary disruption of
fish distributions, with many of the fish moving into the riffle area. After movement,
individual fish often moved back to their original positions. This is also evident from
Figure 3.2.7, which indicates that even after a period of 3 days, 8% of the fish were
observed within 5 cm of their original positions.

Three regions can be identified from Figure 3.2.7: For spatial scales of 0-5 cm, the chance

of observing a fish within the particular distance off the original position increases with

spatial scale; For spatial scales of 5 to 20 cm this chance s relatively invariable; For

spatial scales larger than 20 cm, thi i ith spatial scale. Anal




Figure 3.2.7 for introductions separately, indicated that low-density distributions were
more stable than medium density distributions for temporal scales of 10 - 60 min (within
feedings), as the lines of low-density distributions were alllocated above the lines of
‘medium-density distributions. Stability of low and medium density distributions was

comparable for temporal scales exceeding 60 min.

1.0 7

08
08
%04

02

0.01 0.1 1
Spatial Scale (m)

Figure 3.2.7. Movement of individual fish as a function of
refer to the chance (P) of
individual fish withi in dis

spatio-temporal scale.

Scale) of it's original position after  certain period of time
(temporal scale), for periods of 10, 20, 30, 40, 50, 60 min, 4h,
1 day and 2 days (top to bottom lines respectively). Figure
based on al low and medium density introductions (n=1728).




Table 32.6. Summary of stream tank observations. Variables include: number of fish in
total number of ions (Ntot); number and defense
number i i and feeding (Nfeed)

37al6 T SI
326 2 2 520
9 &8 3 3 85 144
9 68 235 B 39108
15 1080 6 6 B2
151080 34 34 48 159

Fish were mostly positioned on top of, or within a few cm off the bottom. Introductions
rably with respect to the display of aggressive, movement and feeding

varied cor
behaviours (Table 3.2.6). T did not observe significant changes in the number of
aggressive, movement or feeding behaviours per fish with introduction density (Table
3.2.7), or dif ith respect to inci i

preferred and avoided habitats (Table 3.2.8).

Table 3.2.7. Changes in fish behaviours with introduction density.  Variables include:
jence of i jours (RIagr), which included

Relative in
d def) behaviours, and and feeding

Relative Incidence is calculated as the total number of observed behaviours divided by the
total number of fish in the tank. Results from linear regression (n=6).

0267 0609
0264 0613
0270 0605
0029 0957
0434 0389




Table 3.2.8. Differences in fish behaviours among preferred (RC>0) and avoided (RC<0)

habitats. Variables include: £ fours (Rlagr), which
included d jiours, and and
Relative Incidence is calculated as the total number of

observed behaviours divided by the total number of fish observations per habitat type
(preferred/avoided habitat). Results from analysis of variance (n=12).

3.2.3.5. Sealing approach

Mult- and single-scale approaches (21 and 35 habitat classes, respectively) were equally
able to describe habitat use at the scale of pool,rifle, and run (see Table 3.2.9). Habitat
models from separate re similar to observed distributions (PEy-=96%,

both for single- and multi-scale approach). Habitat models from all observations
combined were less able to describe the observed distributions (PEy-x=76% for both

single- and mult Habitat models derived from I ity observations
that included teritoriality (ambit radius 20 cm, c.£. Figure 3.2.2) and similar habitat
models that did toriali equally able to itat use at the

scale of the pool, riffle and run (PEy.x=77% for multi-scale approact

; PEy-x=10-12%
for single-scale approaches). A model where fish were randomly distributed over the
surface of the tank described observed distributions at the scale of the poolriffle/run least
well (PEv-x=54%).



Table 3.2.9. Similarity of observed and modelled distributions in the stream tark at the
scale of pool/ifflerun. Distribution models were derived from observed habitat use
(DATA) in terms of substrate, water velocity and depth, of ntroductions separate (SEP),
and of the two I ity i ions (LOW) or al ions (TOT) combined;
using either a Single-Scale (SS) or Multi-Scale (MS) approach; and with or without
incorporating territorial behaviours (ambit radius 20 cm; NOTERR/TERR), as explained

in the text. Distribution model “Random” refers to a model where fish were distributed

randomly over the stream tank. y statistics i intercept (Int.),
slope, and associated standard errors (s.e.), of the relationship between the observed and
predicted percentage of fish in the pool, riffle and run, as well as the percent variance
explained by the line Y=X (PEy.x; model: percent observed = percent predicted).

[Model DATA 7 I Slope selnt se Siope P,

- 057500091326 01014 02847 54l
SS-NOTERR  SEP 0964 0012 L1037 0019 00499 963
MS-NOTERR  SEP 0963 0021 1064 00204 00524 960
SS-NOTERR  TOT 0715 0042 LI27 00569  0IS19 765
MS-NOTERR  TOT 0773 0053 LIs8  00s8s 0150 759
SSNOTERR ~ LOW 0770 0078 0766 00437 01045 698
SS-TERR Low 0778 0071 0788 0043 01053 722
MS-NOTERR  LOW 078 0043 0871 00456 01135 769
MS-TERR Low 0791 0043 0870 00450 OALI8 773

3.2.4. Discussion

3.2.4.1. General findings

‘This study showed that juvenile salmon were associated with habitats over a range of

scales, rather than a single characteristic scale. Associations with conspecifics, substrate,

ity, and depth were scale-dependent, small
spatial it cadius < 50 cm), and were often anisotropic. Fish
contrasts in habit ithin an ing positions: Positions



were often selected for or avoided not solely because of characteristics of the habitat
directly at positions, but because of the habitat at these positions in concert with
surrounding habitats.

‘These result i of spatial

the to
al ity having 0] ity in

habitat qualiy, with sps

composition, which s non-spatial, and (2) configuration, which is spatial (Li and Reynolds
1994). Current habitat models account for the first component, as habitat preference is
known to be a function of habitat avalabilty (cf. DeGraaf and Bain 1986, Heggenes
1990), but generally ignore the latter

Ignoring habitat configuration and effects of scale on heterogeneity in habitat modelling
may limit effect ial decisions based on these models (see Chapter 1.5).

To incorporate both complexity as well as configuration in the spatial domain,

‘analyses of fish and habi i necessary.
in research focus from one-dimensional towards two-dimensional flow-models may aid in
this as well (cf. Leclerc et al. 1996). As heterogeneity occurs over a range of

I scales, multi-scale serve to identify important scales and

processes and allow for incorporating both complexity as wel as configuration in habitat
‘models. From this, habitat models and management decisions may be improved.

1did not observe sigrificant changes in habitat use with introduction density. Relative
incidences of agaressive, movement and feeding behaviours did not differ significantly

among and avoided habitats. Additional analyses suggested
that observed spacii iour or territorialit ikely hanges in habitat
use in the tank, as preferred locati istri ich ion of these
locations was possible without i ition or pr i ion, even at

high densities (cf. Figure 3.2.2, Table 3.2.5). To observe changes in habitat use with
density, hi

er densites of fish should have been used, using larger fish having larger



territories or larger scale spacing behaviour, or by creating an environment having less

preferred locations, positioned in closer proximity (cf. Grant and Kramer 1990).

Several other studi d i ids. Elliott
¢ it Rodriguez
« fed densit interactions b i ind brook char
12 irs, and i
iffles with density,
interactions did not. Bult (Chapter 4.1) observed a shiftin habitat preference of salmon parr
itats wi This study (Chapter 3. it
iesin that i i i , which may tothe
thatall i e ingle I (habitat in terms of pool,
riffle, run). However, i Jggest that i

directed towards habitat features at much smaller spatial scales. From this, habitat

y limit effecti i based on these:

classifications.

32.4.2, Specific findings

Fish reacted indifferently to conspecifics at larger spatial scales (ambit radius > 50 cm),
‘but seemed to avoid each other at smaller spatial scales (ambit radius < 50 cm).
Avoidance was most extreme for ambit radii < 15-20 cm, which is most lkely due to
s

g-behaviour or teritorialiy.

Fish reacted indifferently to cobble at larger spatial scales (ambit radii>40 cm), i.. areas
with and without cobble were equally favoured. When cobble was present within an ambit
radius of 40 cm, ish were positioned in a characteristic manner relative to surrounding



cobble-stones. Fish were seldom positioned directly above cobble-stones (see Figure
3.2.3). Similar behaviours may have been observed by Rimmer et al. (1984) who reported
salmon parr being associated with specific “home stones”. However, n this study
(Chapter 3.2), fish were not positioned on top, but adjacent to preferred stones.

Fish were associated with water velocities over a range of spatial scales. Fish

diffecentiated ity positions in areas from

low-water-velocity positions in areas of higher water velocities (see Figure 3.2.5). Fish
preferred water velocities of <40,50] cm
velocities not at small spatial scales, but at larger spatial scales (30-50 cm; see Figure
itions (>50 cm s™!) located to the right
(relative to water flow) of high water velocity areas (>50 cm s™; see Figure 3.2.6d).

, but maximised contact with these water

3.2.6¢). Fish avoided high water velocity p

Associations with water velocities of <5,10] cm s were most extreme and positive (i
RC(EX) maximal) at the position of the fish (small scale). These may indicate a selection
for specific holding positions with specific low snout velocities close to high current
conditions (larger scale) where dritis concentrated (cf. Chapman and Bjornn 1969,
Everest and Chapman 1972, Fausch and White 1981), and an avoidance of excessive.
‘water currents because position holding s too difficult or energetically unfavourable:
Contact with velocities of <5,10] cm s-1 were maximised at small-scale “snout-" positions;

Contact with water velocities of <40,50] cm 5™ was maximised at larger spatial scales, as

fish may veer into these preferred water velocities to capture food from positions of lower

tank, ities at
the tank were In‘g« than at the ianer edge, and so posiions located to the right of avaided
high 0 avoided even more, leading to

the pattemn of Figure 3.2.6d. The slght oval shape of the area in Figure 3.2.2 that indicates
spuiogor tethoril behaicus may b caused by s 1 well, 1 dfnce of bling

the inner the tank

an directi g

ing energy intake (cf. Bachman 1984, Fausch 1984) and are:

behaviours aimed at maxi



inline with findings of Hleggenes (1990) who reported from an extensive literature review
that salmon parr generally avoided slow-flowing areas (<5 cm ), preferred water
velocities in the range of 5-25 cm s (nose velocity; fish of 7-10 cm), and avoided
fast-flow habitats.

Distributions of individual fish were more similar (stable) when the period in between

distribution surveys was small (small temporal scales) and when mapped using larger

spatial scales (Figure 3.2.7). This was expected, but an explicit description of how

stability of fish distributions changes with spatio-temporal scale, as of Figure 3.2.7, may

provide cues to habitat selection behaviours: The sudden change in the slope of the lines
at the transition between regions 1/2 (Spatial Scale = 5 cm), the relative flatness of the
lines in region 2 and the sudden change in the slope of the lines at the transition between
regions 2/3 (Spatial Scale = 20 cm) may be due to fish being positioned at a particular
location within a larger area, e.g. a the centre of teritories, with the transition between

regions 2/3 indicating the size of these larger areas and the transition between regions 1/2

indicating the accuracy with which fish were positioned within these larger areas. Note,

however, ¢ Figure 3.2.7 at spatial than § cm may also be

partly due to sampling iated with fish position
of the observer. The difference in stabilty of low (more stable) and medium density
distributions (less stable) for temporal scales of 10 to 60 min, and the similarityin stability

at larger temporal scales, may be due to the effect of feeding on redistribution of fish at

the larger les and distribution at
smaller temporal scales in between feedings. In addition, information from analyses as
summarised in Figure 3.2.7 may assist in determining limitations associated with the
trasolati . X " .
larger spati i (see Chapter2).
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3.2.4.3. Selection of measurement scales

A he found infl results and i ions (Wiens

1989, Menge and Olson 1990, Levin 1992, Homne and Schneider 1995), a careful
consideration of scale is important to habitat models. Habitat models effective for
blems should focus on a description of the more i

& . . Multi iptions of distibution patterns of

‘organisms and their habitats may serve to identify important processes and the scales at
‘which they operate. Rate-diagrams, which rank processes by importance as a function of
spatio-temporal scale (Horne and Schneider 1994), may further aid in identifying

important Important should be described at scal fent to

habitat models. This may be best achieved by concentrating on scales where distributions
and associations are most extreme, .. different from random (Schneider 1994). When
different from . P , a careful

Dayton and Tegner 1984, Carpenter et al. 1995, Schneider et al. 1997, see Chapter 2).

ity of extrapolating informati !

 scales. This

In

study, associations were generally most extreme at small spa

suggest that
describe distributions of fis relative to habitats. Because associations of fish with habitats
changed rapily with spatial scale, especially for ambit radii of 0-50 cm, a clearly defined
‘measurement scale may be crucial to habitat selection studies: small variations in
‘measurement scales may have strong effects on habitat models. The use ofll-defined or
variable measurement scales in habitat modelling is unfortunately rather prevalent. The

les of substrate and cover Ren il-defined and these

measurements may often be autocorrelated over much smaler spatial scales than ..

ity or depth. Because of this, slight variations in measurement scale may result

in large differences among fish-substrate or fish-cover associations. Subsequently,

substrate and cover are less likely to be consistently identified as important, compared to



water velocity and depth, even if habitat selection behaviours were similar among studies.

3.2.4.4. Scale-up in habitat models

logical studi scales, especally

ntal manipulati years; em” to regional scales). However, most

ecologcal rblenms apeatea much g sales (yers o decades nutonl 0 global).
From this, a discrep the scal ion and problems (cf.
Lima and Zollner 1996, Schneider et al. 1997). An ability to translate fine-scale

informati les could facilitate o lanation of

distribution patterns and processes, which in turn would greatly faciltate the resolution of
questions relating to resource management. An inabilty to predict larger scale
distributions from small-scale information may indicate that different processes are

involved and that important information may be missing (Home and Schneider 1994, cf.
‘With and Christ 1996, see Chapter 2). In this context it is interesting to note that several
studies have shown that weighted usable area, a measure of habitat quality based on small-
scale (space/time) observations on fish distributions, may not be a good predictor of
standing stock in river sections (cf. Orth and Maughan 1982, Bowlby and Roff 1986,
Conder and Annear 1987, Pajak and Neves 1987, Hubert and Rahel 1989, Shirvell 1989,
Bozek and Rahel 1991, Bourgeois et al. 1996), although some studies did find such a
rellnonsmp (Sulmker 1979, Orth and Maughan 1982). This may suggest that small-scale

simply to lirgs i scales:

large-scale fish distributi the result of a simpl l

selection processes; habitat models may be able to indicate where fish will be, but not
how many will be present (cf. Orth 1987).

Results from this study suggested several habitat selection behaviours operating at

multiple spatial scales rather than a single one. Because of this, multi-scale models were:
initially expected to perform better than single-scale models, especially at the larger scales
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of pool, rifle and run. However, further analyses revealed that a multi-scale habitat model
was not better than  single-scale model in describing distributions of fish at the these
larger spatial scales. This may be due to habitat selection behaviours being simed
‘primarily at small-scale habitat features that were already included in the single-scale
‘model, because of the small spatial scope of the study (limited range of scales), and
because the tank consisted of only a single pool, riffle and run. For example, the variable.
depth in the single- and multi-scale models will effectively separate the pool from the run
and riffle, regardless of the availability of other habitat features within the pool. Because
ofthis, most of the differences between the single and multi-scale approaches are related

to how fish are distributed among riffle and run.

32,45, Stream tank versus natural river

Stream tank observations are relatively easy to obtain and study conditions are largely

under the control Hence, 2 rvations can be
obtained from clearly defined conditions. A stream tank is of course a caricature of a
natural river and results may be an artefact of the tank habitat rather than being indicative:
of general and realistic “natural” habitat selection behaviours. For a general treatise on
this see e.g. Diamond (1986). Because of this, results obtained from tank observations
should not be extrapolated to more natural systems without validation against field data.
Stream tank studi Id-based habitat selection

studies, as they allow for detailed information under controlled conditions and
development of mathematical techniques, such as the ones used here, which may aid in the
design ofsuhsequem field studies. For example, the results indicated that small-scale

i i 2 of 40-50 cm sur
that associations of fish with habitats rapidly change with scal n within this
area. From this, study design high-resoluti

babitts maps ofses ithin S0-100cn sumounding observed s posions, o siiar

maps from random positions. Thi ing the.



as outlined in this study.

3246, Conclusions

ulti- leadtoa d better ing of behavioural

processes and habitat selg than single-scale approaches. A clearly defined use of
measurement scale is crucial o habitat modeling, as associations changed rapidly with
spatial scale. Multi-scale approaches were not better than single-scale approaches in

describing fish distributions.

Classic micro-habitat models operate at a single or few selected scales and ignore the
effects of the orientati structure of it iy. The results.

indicated that habitat selection behaviours operated at multiple scales and underline the
importance to fish distributions of structure and orientation of habitats within the
i is, singl be limited in identifying

important habitats.

s P gencity i especially when compared to
lakes and other aquatic habitats, with wide variations in temperature, depth and water flow
over short spati I scales. Species inhabit i this

ity . o "

c " >
protect (cf. Barinaga 1996). Mult- ibed in thi y aidin
a - I dentiting
processes. From this, it 1y be better : i rganis

‘with their i
i i i ing studies should focus on the

identification of spatio-temporal scales that ive in explaini fish
distributions.

1os



33, A multi is of habitat use by juvenile i d brown
trout in two Newfoundland rivers

3.3.1. Introduction

Models that quantify the importance of habitats to organisms are widely use

management. Often, these models are based on behavioural observations of i

i at small spati I scales, with ism and
habitat defined at a single i i on is often used
10 address problems that occur at a range of much larger spatio-temporal scales, i.e. at the level

‘global. The implicit ion i iated with their
specific “characteristic” space and time scales, that small-scale behavioural processes are:

gely , and
dd
much larger spatio-temporal scales (cf. Dayton and Tegner 1984, Carpenter et al. 1995, Lima
and Zollner 1996, Schneider et al. 1997).

‘models to management of riverine fish
populations in North America, such as PHABSIM/IFIM (Bovee 1982. 1986, Milhous et
1984, 1989). These models relate fish densities or frequency-of-use to riverine habitats,

d th ity or 102 “better” habitat (cf.
Fausch et al. 1988, Reiser et al. 1989, Armour and Taylor 1991). Information used in these
i ined by di ion ofindividual fish and fro
small individual fish). Subsequently,
- S X .
spatialscales of b i watersheds. Thi
“scale up” i ina “scope-diagram’”, ider et al.

(1997) (see Figure 1.1 and 26).



‘The rationale behind this focus on small spatio-temporal scales is that distributions of

organisms are t0 a large extent the result of decisions made by individuals (Krebs and Kacelnik

) whi i . However,
lect ther habi i woral scale. An example i selection by
salmonids for speci ing positi scale) with relati snout velocities in

areas of high i ale) drift i 4 (Ch d

Bjornn 1969, Everest and Chapman 1972, Wankowski and Thorpe 1979, Fausch and
‘White 1981, see Chapter 3.2). In addition, distributions of animals are known to be the

range (! 1989, Horne and

Schneider 1994, 1995), rather th ir i
¢t a single scale, Thus, it

i Important h questi 1) how do

ct 0 their environment? (2) imi it

competitors? (3 s habi ity trly indicat itat quality? (4 to what

st by habitat select i extent by other
processes? and (5) ivi i w©
management problems?

In this study, [ address question 1 and, to a lesser extent, question 5, by studying habitat
selection by juvenile Atlantic salmon (Salmo salar) and brown trout (Salma lmua) The

objectives were (1) toii a variety of newly
be used in habitat modelling and behavioural studies; (2) to identify spat

scales
important to habitat models for juvenile Atlantic salmon; (3) to formalise observed habitat
selection behaviours in an exphcu ‘multi-scale habitat selection model; and (4) to compare

plicit mult I in regard to their abiity to
idnity how s select bt ad 0 desrbe and prodic h dimsutons, i pariue
when used to address prob than
fish-observations.
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Thypothesised that a multi-scale approach is better for describing fish distributions
because habi ion behaviours themsel i Subsequently,

y i d made explicit

‘multi-scale techniques, i.e. a mult-scale problem is best studied using a multi-scale

approach.

This study differs from previous studies on habitat selection and habitat modelling of

salmonids in that associations of fish with habitats were studied within the context of an

explicit multi-scale approach. This study differs from the few previous studies on habitat
use by fish that operated at multiple scales (cf. Syms 1995, Poizat and Pont 1996,

Richards et al. 1996) in that associations of fish with habitats were studied over a range of
spatial scales, rather than at a few selected scales. The present study is a companion piece
102 previ i from stream tank observations (Chapter 3.2),

which allowed for an evaluation of the relevance of some of the stream-tank results to
field-based research.

3.3.2. Material and methods
33.2.1. Study sites

Selected sites were studied in North Harbour River (47°120° N, $3°3730" W) and North
Amm River (47° 22' 20" N, 53° 10' 0" W), both located on the Avalon Peninsula of
Newfoundland, Canada. These rivers are of similar size, having axial lengths of 12.9 and
17.4 km, and drainage areas of 72.5 and 86 knr, respectively. Watersheds consist of
boreal forests and boglands, underlain by Precambrian rock. Fish communities are
composed of Atlantic salmon Salmo salar, brook trout Salvelinus fontinalis, brown trout
Salmo trutta, threespine stickleback Gasterosteus aculeatus, and American eel Anguilla
rostrata. The rivers are further described by DeGraaf and Bain (1986).



Study sites were visited in 1994 (North Harbour River) and 1995 (North Harbour River,
North Arm river). In 1994, I studied one large section in North Harbour River (length
120 m, average river width 9 m). In 1995, I studied 3 smaller sections in North Harbour
River and 3 smaller sections in North Arm river. Lengths of these sections varied from 10

to 16 m. Average river width at these sections varied from 6 to 14 m. The total surface
area of the riverine habitat surveyed in North Harbour River in 1994 and 1995 was 1130
‘m? and 286 m” respectively. The total surface area of the riverine habitat surveyed in
North Arm river in 1995 was 356 m, (See Table 3.3.1) Distance between sections varied
from 10 to 30 m. The North Harbour River sections were all located within the larger
1994 section.



Table 3.3.1. Description of study sites in North Arm River (NAR) and North Harbour
River (NHR) in 1994 and 1995, in terms of length, average width, surface area, water
depth and water velocity (average, standard deviation and maximum). The 1995 surveys

were done over  range of flow conditions.

and run habitats.

consisted of combinations of pool, iffle

r.|River| | Wideh
g g | s
@ | @ | @) (em) | (em)
94 |NHR| 1 [pool 120 | 9 |1130] 202 | 128
rifme
run
5[NHR| 1 [ule | 14 | 7 | 93 145|753 | 35 | 147 | 21| 4
9 [152] 77 [ 36 | 153 | 22
T pool | 14 | 8 [ 109300 146| 67 | 57 | 53 | @
10| 306 | 149 | 68
3 [run 10 | 9 [0 |169102] a4 | 110 | 84 | 31
SSNAR| T [pool | 11 | 14 | 134|270 | 33| 66 | 19 | 15 | §
nat 162360 145| 76 | 107 | 105 | 38
7 [run G| 6 |77 67| 16| 51| 74 | 95 | 41
79 307|124 | 63 313 | 287 [ o1
3fpool | 16 | 7 |10| 171 109] 54 | 56 | 62 | 2
riMe us {318 | 7| 70 | 288 | 206 | 81

Study sites were chosen on the basis of (1) representation of a range of riverine habitats in

terms of water flow, depth and substrate, (2) ease of snorkelling, and (3) densities of

juvenile Atlantic salmon sufficiently high to allow for the type of analyses as of this study.

Study sites consisted of a combination of pool,

iffle and run habitats, with substrates

ranging from sand and silt to gravel, cobble and large boulders (see Table 3.3.1-2). The

1o



always more than 4 m.

Table 3.3.2. Substrate composition (%) at study sites in North Harbour River (NFIR) and
| North Arm River (NAR) in 1994 and 1995

River Year fines 416 1632 3264 64128 128256 256512 >512

mm mm mm mm omm omm o omm
R 1% 16 1 2l ECRTY B 7
NHR 19 1 2 6 [ERE A} 9 2
NAR 195 1 6 1l 26 24 12 6 2

33.2.2. Habitat mapping

Sections were mapped for substrate, water depth (cm), and water velocity (cm s). These
are the. i in habi iverine fish

Maughan 1982, Fausch et al. 1988, Heggenes 1990). Water velocities were mapped at
60% depth, using an electronic flow meter (FLO-MATE, Model 2000, Marsh-McBimey
Inc.). Substrate was identi () silt: no gritty @
sand: grity 2:8 mm, (4) gravel: 8-16 mm,
(5) smal pebble: 16-32 mm, (6) pebble: 32-64 mm, (7) small cobble: 64-128 mm, (8) cobble:
128-256 mm, (9) large cobble: 256-384 mm, (10) boulder: 384-512 mm, (11) large boulder:
>512 mm, and (12) bedrock.

For the habitat mapping, 1 established XY-grids covering the study sections, using
‘measuring tapes and T-posts s reference points. Habitat observations were evenly
distributed over the study reach. To facilitae the taking of evenly distributed habitat
observations, Lused a 1 m? PVC frame, divided into 4 (50 cm * 50 cm) and 9 (33 cm * 33

cm) cell with coloured twine. The frame was posiioned in the XY-grid using measuring



tapes and the reference T-posts. Next, the habitat measurements were done directly at the
centre of the cells within the frame. Substrate was mapped with a resolution of 9
‘measurements per square meter. Depth was mapped with a resolution of 4 measurements
per square meter (1994) or 9 measurements per square meter (1995). Water velocities
were mapped with a resolution of | measurement per square meter, without the use of &

frame.

Th 1994, substrate, depth and water veloci once at
at0.25 m’ 5™, which was the most prevalent discharge in the summer of 1994. In 1995,
substrate and depth were measured twice in North Arm River to assess repeatability of
habitat mapping, and once in North Harbour River. Water velocities were measured 4
times at all of the co-ordinates in the XY-grids over a range of discharge levels, ranging
istribution surveys to just

from just lower than the lowest discharge observed during fish
higher than the highest discharge observed. Based on these, [ created a 2 dimensional
flow-model by relating the water level at independent fixed reference points (4 reference
points per section) to water depths and water velocities at the co-ordinates in the
XY-grids, using linear regression (separate regression equation per co-ordinate; n=4 per
co-ordinate). An additional independent survey for water velocity was done to test this
flow model. The change in survey design from 1994 to 1995 was meant to prevent a
itat maps at a set water level,

situation where much effort was spent initially to create h
but i fish distributi

done at this particular water level. T concentrated on North Arm River in 1995 because
visibilty in North Harbour River rapidly deteriorates at elevated water levels, whereas
ty in North Arm river is always excellent (>4 m), even during flood events.

n



33.2.3. Fish distributions

In 1994, two fish distribution surveys were done in North Harbour River. These surveys
were done at the same water level as that of the habitat mapping. Each survey took
approximately 6 hours (10.00 - 16.00 h). The weather conditions (sunny, warm), flow

conditions (discharge=0.25 m’ 5™"), and water temperatures (16 - 21 °C) were similar

during the surveys (see Table 3.3.3).

In 1995, two fish distribution surveys were done in the North Harbour River sections and
16 fish distribution surveys were done in the North Arm River sections. The two 1995

North Harbour Ri ys were done at simil (partly cloudy, warm), flow
(discharge=0.15 - 0.16 m’ 5™"), and temperature (16 - 21°C) conditions. One survey took

i hours. Flow conditions and water during the 16 North Arm
River surveys varied widely, with temperature ranging from 10 to 23 °C and discharge
ranging from 0.07 m* s
3.3.3; Figure 3.3.1). Two of the 1995 North Arm River surveys were done at night
(22.00 - 23.00 h) with the aid of a lashlight. All others were done in late-morning (10.00
~13.00 h). Surveys there generally took one hour.

(very low water level) to 0.53 m’ 5™ (high water level) (see Table



Table 3.3.3. Summary of fish distribution surveys in North Harbour River (NHR) and
[North Arm River (NAR) in 1994 and 1995. Descriptive statistics include starting-time of
each survey (1), temperature (°C), discharge (m’ "), total numbers of all salmonids

(Ntot), Atl: ), brook trout ‘brown trout (Nbrown).
[Numbers of O+ fish are shown in brackets. North Harbour River surveys are shown in

italics.
Date  Location Time  Temp Disch Ntot Nsalmon Nbrook Nbrown
170854 NHR 1000 16-21 025 507 48718  18(3) 1@
250894 NHR 1000 16-21 025 526 490209  2%(5) 7
03/07/95 NAR 100 8 ooon 39 162) o 2a2)
06/07/95 NAR  12.00 20 016 54 162) 0 3200)
12/07/05 NAR 1200 21-23 009 55 3007) o 230)
170795 NAR 1100 10-11 007 25 Q) o166
200795 NAR 1100 12 02 30 14(4) 0 164)
23/07/95 NAR 1030 16-18 041 46 24(6) o 20)
270795 NAR 1100 18 044 T2 3509) o 370)
280795 NAR 1030 16-18 037 63 45013 0 18)
310795 NAR 1000 17-18 026 63 36(7) o 2702)
040895 NAR 1100 16-18 0d4 57 3202 0 2504)
070895 NHR 1200 18-21 016 152 14639 2D 20)
090895 NHR 1100 16015 137 auE) 10 20)
08/09/95 NAR  1L00 1617 026 35 14G) o um
16/09/95 NAR 1100 1305 2 125) o 1)
240995 NAR  10.00 4037 21 9G) 0 124)
27/09/95 NAR 2200 1302 4 26(0) 0 1600)
280995 NAR 2200 0 02 36 21(1) 0 1300)
01095 NAR 1030 0 020 15 56) 0 )

TOTAL 1998 1594(551)  60(14)  330(109)|
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Figure 3.3.1. Temperature (°C) and discharge (m” s™) during the 1995
day-time surveys in North Arm River. Numbers () refer to the total number
of Atlantic salmon (S) and brown trout (T) observed, with the number of 0+
fish shown in brackets. Group 1-4 refers to grouping of observations prior to
analyses.

Fish ing i "

direction in i to minimise
disturbance. Observed fish positions were marked using numbered weights. Data
recorded when snorkelling included: species (Atlantic salmon, brook trout, brown trout),
age class (0+ 1+ 2+, >2+; estimated from size), height above bottom (cm), and activity
(moving, holding position).  All fish observed were recorded. The numbered markers
‘were mapped relative to the XY~grid, to the nearest § cm. Water velocities, snout
velocities (cm sec”), depth (cm), cover and substrate were mapped at locations of markers
that indicated positions of fish that did not move. To assess repeatability of fish-position
measurements, a sample of markers was measured twice, with the first and second of these:



done by di i used to establish the

XY-grids, were taken down and reinstalled prior to taking second measurements.
3.3.2.4. Research questions

Tanalyzed the data to address a series of questions. Italicised phrases refer for

convenience to sections later identified in the Results section:

to each other?

L. (Patchiness of fish distributions) How are fish positioned rel

I hypothesised that fish were negatively associated with conspecifics at small spatial scales
(<0.3 m), due to spacing behaviour or territoriality, and positively associated at larger
spatial scales with associations being most positive at scales ranging from 0.5 to 2 m, due

to selection for small-scale habitat features.

2 it istributions) How s one group of fish (age class, species)

positioned relative to another?

T hypothesised that fish were negatively associated with other fish at small spatial scales
(<0.3 m) due to spacing behaviour or territoriality. At larger spatial scales, associations
‘were expected to be positive for groups of fish with the same atributes (age, speces), and
therefore negative for fsh groups with different atributes.

3. (Habitat associations) How are fish associated with their habitats: which variables
I scale(s)?

were selected for and at what spat

T hypothesised that habitat features were selected at more than a single scale, but that
habitat selection behavi ‘primarily directed towards small-scal cm)
i T expected associations to be scale-dependent, with.

features. That i

6



associations being most different from random (extreme) at small spatial scales.

4. (Habitat model) What s the best way of i i iations of fish with

habitats into a formal habitat model to describe and predict fish distributions? Which
variables should be included and at what spatial scales? To what extent does an
It ing of habitat selection
fish, relati Jassic single-scal 1o

T expected that an explicit multi-scale approach and habitat model would lead to a better
understanding of hab
were expected to perform better than single-scale habitat models, especially when

t selection processes. From this, explicit multi-scale habitat models

extrapolating small-scale habitat selection behaviours to density-predi

ns at larger
spatial scales, such as river sections or broad-scale environmental features such as pools,
riffles and runs. Le., observed and predicted fish distrbutions will be more similar for
‘multi-scale approaches

“The analytical procedures related to these four questions are outlined below. Analyses
were done using FORTRAN and SAS (SAS 1988). Random numbers, needed for several
of the analyses, were generated using the FORTRAN system-supplied random number
‘generator, upgraded by the shuffle-routine as outline by Press et al. (1986).

33.25. Scaling analyses, omnidirectio

Associations of individual fish with substrate, water velocities, depth, and other fish were.
studied over a range of spatial scales using measures of Relative Contact (RC), as outlined

in ch.pm 3.1. This statistic compares observed densities of fish or habitat features
fish positi #mi%), with similar densities obtained from
:d random fish distributic #m?). Ti i be.

lmde for a range of ambit radii (S), .e. circles surrounding individual fish positions.



From this, RCs serves as a scale-dependent measure of association:

RCs = LOGyo(DOs +107 )~ LOGy(DRs + 10 ) Equation 3.3.1

it (RC0)t0
jons (RC<0) and random (RC=0) from clumped (RC>0) distributions. For
‘example, RCs=1 indicates that at ambit radius S, an average fish has 10 times more

contact with ifics or a specific habitat .
class), than if fish were randomly distributed.

“The constant of 10 (Equation 3.3.1) prevented taking logio(0) and was chosen such that
uations where DO=0 m”. These latter

RC measures were not affected, other than in

situat

ns could easily be identified from the program output, with RC ranging from -3 to
-6, depending on DR. DRs was obtained by averaging results for all possible positions.

y ¥
" 5% i assinl

d all d

P-values, used to assess whether associations were significantly different from random,

from 500 randomised fish distributi Chapter 3.1).

3.3.2.6. Sealing analyses, directional

Possible anisotropy in associations of fish with habitats, conspecifics, or other fish
distributions was studied using the RCEX st
Contact, see Chapter 3.2):

ic (exhaustive measure of Relative:

us



RCEX 14G-x 1461 = LOG10(DOpiG-x L4G-r )= LOG10(DRsG-x 14G-¥)
Equation 3.3.2

RCEX compares observed densites of fish or habitat features at various lags surrounding.

observed fish positions with similar densities obtained from computer- gmeruad random
i | 1

fish distributions, and allows for
of the data’s spatial dependence. For example, RCEX....; = -1 indicates that an average
fish has 10 times less contact with conspecifics or a particular habitat feature at lag -1 in
the X-direction and lag +3 in the Y-direction. Note that RC is calculated at increasingly
larger ambit radii, whereas RCEX is calculated at consecutive lags, and that RCEX
measures are directional, whereas RC measures are not. Also note that RC and RCEX
measures are similar at spatial scales approaching 0 cm provided the lag-interval chosen is

small.

RCEX measures are most easily obtained from rectangular distribution maps. Fish- and

habitat-distribution maps from rivers are generally However, in the
analyses the X- and Y-directions did not refer to the X-Y grid system of the river as based
on the T-posts and measuring tapes, but to a grid system reltive to fish position and
water flow: The 90° and 270° directions referred to directions directly into and with the

current, respectively; the 0° and 180° directions referred to directions perpendicular to

the current. This grid system differs among fish positions in the rivr.

3.32.7. Habitat model and scaling approach

Based on results of lined in the previous section, [ developed a formal

model to describe habitat use <ty fishin rivers. Preferably, such a model would combine
llel ienced by the fish) and simplicity

included, few classes per variable) with strong descriptive and predictive capabilties

(observed and predicted distributions or habitat use similar). To develop such a model, I

ne



devised a method based on the RC statistic that paralleled stepwise multiple regression.
First, I decided on an initial model that incorporated the variable thought to be most
important, measured at a scale where associations were most extreme (i.c. RC measures of
the different classes most different from 0). Next, I created fish distributions based on this
model. For this, fish 1 y isation with all positions in the river
having a different probability of being selected (n positions in total). This probability
(Pros-; i=1-n) was determined by a weight given to each position (Wros-) and the total of
all weights of all possible positions (Wror), with Wros.; determined by the Relative

Contact associated with the habitat at this position (HABpos.) as of the initial model:

Wi Cuarasns RCusrasns
' i BN | N Equation 3.3.3

Prosar = -
Wror ~ § joRuairas n
¥

Next, I compared densities of habitat features surrounding observed fish positions (DO)

‘with similar densities ina

manner similar to Equation 3.3.1. This was done over a range of ambit radii (S):

RCDs = LOGyo( DOs +10° )= LOG,o(DDs +107°) Equation 3.3.4

From this, RCD ive Contact of fish positions Distributed by computer) that

differ from O may indicate that additional habitat selection behaviours have to be included
into the initial habitat model. This can relate to inclusion of additional variables, to
inclusion of the same variable but defined at multiple scales, or to a combination of both.
For example, fish distributions could be generated according to observed habitat use
related to water velocity and evaluated by means of the RCD statistic as a function of
depth. Positive values of RCD for a particular depth class may then indicate that this
depthis prefe, evenser comrecing o seleton o vate velocis, e abiat
directed towards both depth and ity. This method is




clearly of use in ‘where habitat vari lated (cf. Richards 1982),

‘when habitats are perceived in a non-independent manner by fish (cf. Orth and Maughan
1982), or when habitat selex

n behaviours operate at more than a single scale.

To evaluate how well fish distrbutions can be described using either a single-scale micro-
habitat modelli h or 2 mult L generated distributions (10° fish)

for each of these two approaches, as described above. Next, T compared the densities of

the observed and computer-generated fish distributions over a range of spatial scales. For
this, I chose 10° random positions within the experimental sections, determined the
densities of observed and computer-generated fish-distributions (% total population m?)
for a range of ambit radi surrounding these random positions and computed the.
correlation coefficient between these two densities. This procedure was repeated at the
scale of pool, riffle and run, after dividing the experimental reaches into these three habitat

classes. Tf the multi- had descripti i redtoa
ingl i and predicted densities would be
smaller and i positive and higher for i Twas

especiall interested in the descriptive capacities of models for describing fish der

spatial scales larger than those used in the model.

33.2.8. Computs

ional procedures

Prior to analyses, T re-scaled water depths into 7 classes ([0, 6], <6,12], <12,24],
<24,36], <36,48], <48,60], >60 cm), substrate into 8 classes ((1) fines: <4 mm; (2)
‘gravel: 4-16 mm; (3) small pebble: 16-32 mim; (4) pebble: 32-64 mm; (5) small cobble:
64-128mm; (6) cobble: 128-256mm; (7) boulder: 256-512mm; (8) large boulder/bedrock:
>512 mm) and water velocities into 7 classes ([0,3], <3.6], <6,12], <12,24], <24,36],
<36,48], >48 cm 7). Age classes were re-scaled into 2 classes: (1) O+; (2) >0+. Depth
and substrate were measured twice in 1995 for the analyses [ used the fist substrate.
distribution map and the average from the first and second depth distribution maps.



" ot e offeh distributic o 1256

For
Chapter 3.3.2.4), observations were combined into 3 groups: (1-2) North Harbour River
1994, 1995; (3) North Arm River 1995. To facilitate computations based on surveys with

densites, density estimat re-scaled the total population
observed (Question 2: associations of fish distributions) or the total population minus one
(Question 1: patchiness of fish distrbutions) (see Chapter 3.1). For analyses on habitat
associations (Questions 3-4), observations were combined into 6 groups: (1) North
Harbour River, 1994; (2) North Harbour River 1995; (3-6) North Arm River 1995, based
on temperature and discharge (see Figure 3.3.1). I did not use the two 1995 North Arm
River night-time observations as fsh reacted to the observer and I could not judge the
effects of this on fish distributions.

To compute RC (and RCEX) for these groups based on multiple surveys, one could either
firstcalculate RC for surveys separately and average these (approach 1), or one could first

calculate DO and DR for d RC
(approach 1) The first approach is to be preferred especially when habitat availability or
survey , but d few fish

Were observed in any of the surveys, DO may be 0 at small spatial scales for some of the.
habitat classes. From this, RC wil be strongly negative (-3 to -6) and will highly influence
the averaged RC based on all surveys combined. One could try to salve this problem by
changing the constant (10°) or the weight given to individual RC estimates, but this may
lead to results that are highly influenced by this constant. The second approach does not
have this disadvantage, as most often at least one fish was observed in any of the habitat
classes, which makes the RC estimate much less dependent on the constant of 10°.
However, when habitat availability or survey area differs among surveys, the averaged DR
may not correspond to the habitat as experienced by fish observed during these surveys.
From this, is to be preferred when few fish during
surveys and when habitat availability and survey areas are similar among surveys. In this




study, T used the second method because of the low densities observed in North Arm river
(see Table 3.3.3). Lused the fish numbers of individual surveys as weighting-factors when
g and DR. Dif the lculation methods:
will be small for the 1994 and 1995 North Harbour River surveys, as densities were similar
among surveys within groups and much higher than in North Arm River, and because

survey areas and flow conditions did not differ among surveys within groups. The
grouping procedure for the North Arm River surveys further ensured that percent
occurrence of depth, substrate and water velocity classes and survey areas were similar

according to

For i fish p
habitat specific distribution rules, RC and RCD for survey groups were calculated using

the habitat map that corresponded to the average water level within survey groups.

Analyses were completed over a range of ambit radii (up to 15 m). The smallest ambit
dius dif ith resolution of habitat distribution maps. For

associations of fish with habitat features measured using a resolution of 1 m? (water

velocity), the smallest ambit radius was 75 cm o as to ensure that at least one habitat

observation was within the ambit of each possibl fish position. For associations of fish
‘with habitat features measured using a resolution of 4 m™ (depth, substrate) and 9 m?
(water velocity), the smallest ambit radii were 40 and 25 cm, respectively. From habitat
jons of nactive fish, an additional RC was calculated for

measurements taken at snout pos

these fish assuming an ambit radius of 1 cm.

A graphic representation of results was focused on the 1994 North Harbour River surveys,
as these are based on a much m sh, compared to the other groups.
Results from survey-groups other than the 1994 North Harbour River surveys will be

discussed in relation to the 1994 North Harbour River surveys. I concentrated not on
individual RC(EX) values as such, but on (dis)similarities of patterns of the various
from all RC(EX) habitat classes and
riterion of 5% was used to separate “sigrificant” from

spatial scales. A sele
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“non-significant” effects.
3.3.3. Results

During the two 1994 North Harbour River surveys, a total of 1033 fish was observed
(95% salmon, 5% brook trout, <1% brown trout, <1% unknown). During the two 1995
North Harbour River Surveys, a total of 289 fish was observed (94% salmon, 5% brook
trout, 1% brown trout). Mean densities for all species were the same for all surveys (0.5
m?). A visual inspection of the fish distribution maps suggested that distributions were
similar among surveys within years, with both O+ and older fish located in or around the
thalweg of the river and O+ fish in shallower locations along the river banks as wel,

‘During the 14 North Arm River day-time surveys in 1995, a total of 597 fish was observed
(50% salmon, 48% brown trout, 0% brook trout, 2% unknown). I observed more fish

‘when temperatures were higher and discharge was lower (Tables 3.3.3-4, Figure 3.3.1). A
isual inspection of the fish distribution maps suggested that distrib

ns were si

‘among surveys, with both 0+ and older fish located in or around the thalweg of the river
and 0+ fish in shallower locations along the river banks as well. This pattern did not seem
to change with discharge or temperature.



Table 3.3.4. Total number of fish observed during the 1995 North Arm River day-time
surveys as a function of temperature (°C) and discharge (m’ ) (7=0.807, n=14,
P<0.001). Residuals were normally distributed.

Source DF  TypellISS MeanSquare FValue Pr>F
Temperature T 27048384 27048384 032 05845
Discharge I 713851496 713851496 843 00157

Temperatre'Discharge | 778.941552 778941552 920 00126

Corrected Total 13 439121429

Repeated fish positi indicated that 70% identical; 27% of
second measurements differed by § cm from first measurements (either in X or Y

directions); and 3% differed by 10 cm from first measurements (=74 co-ordinates,

. Repeated indicated that 84% of second
o first . Depth edicted by
the flow model was signi rrelated with i repeated depth
measurements (n=2885, p<0.001, r=0.864). 59% of these independent depth
identical in pth class to predicti 5

‘Water velocity (cm s") as predicted by the flow model was significantly correlated with
i ater ity , p<0.001, r=0.901). 59% of
. o "

classto ictic L For several of 1 compared
results from first and second depth and substrate maps. A visual inspection of these.

showed that pattems were similar.
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33.3.1. Patchiness of fish distributions

Salmon and brown trout it associated
scales (ambit radius < 10-20 cm) but positvely associated at larger spatial scales.
ambit radii of 15 to (Fi 3.3.2). This

Associ
patter was apparent for all survey groups and age classes.

2
F o
3.
H
52
s e
o T 3
Figure 3.3.2. Spatial ion of Atl Imon parr and brown trout di

(0+, >0+), as observed in North Harbour River in 1994 and 1995 (NHR-94; NHR-95) and
North Arm River in 1995 (NAR-95), quantified in terms of Relative Contact for ambit

radii ranging from § cm to 15 m.

‘The RC values of -3 to -4 of Figure 3.3.2 indicated no conspecifics were observed within
ambit radii. i y be obtained by chance alone,

especially for ambit radil approaching 0 cm. For example, assuming a random position

choice, it is ulikely that 2 fish wil occupy
of possible positions involved. Because of this, [ aimed at evaluating whether the drop in
RC 10 RC=3 t0 -4 for ambit radii less than 30 cm was indicative of small-scale avoidance
behaviour or due to chance alone. To do this,  generated random fish positions within in
a square area (AREA, m?), such that the total number of fish distributed (Ndis)



area (Ddis)
corresponded to the fish densities associated with the “peaks” in RC from Figure 3.3.2

corresponded to those observed at individual surveys and the densities in

(Ddis = 107 ;| AREA = Ndis / Ddis). Next, I calculated RCs for these distributions,
in 2 manner similar to the calculations as of Figure 3.3.2, and evaluated whether no
conspecifics were observed for ambit radii ranging from S to 30 cm. This was repeated
10° times. From this, p-values were obtained that indicated the chance of having no

conspecifics within a particular ambit radius due to chance alone within patches as
indicated in Figure 3.3.2. These analyses showed that the chance of having no

conspecifics due to chance alone at 2 10 cm ambit radius was smaller than 0,05 for al of
‘the lines of Figure 3.3.2, with the exception of the 1995 0+ salmon distributions in North

‘Harbour River.

ns of the 1994 North Harbour River salmon

Figure 3.3.3 shows that spatial autocorrel
(0+,>0+) positions were anisotropic. Salmon were concentrated in patches that were
elongated in directions parallel to water flow: RCEX values more rapidly declined towards

RCEX=0 in directi iections, especially for

>0+ salmon. Fish numbers of surveys o 1994 North i solow
that results as in Figure 3.3.3 were difficult to interpret. Nevertheless they did not seem to
indicate that differed described above, both for salmon as
well as for brown trout. Note that the discrepancy between RCEX and RC for spatial
scales approaching 0 cm, as apparent from Figures 3.3.2 and 3.3.3 (RCEX>0, RC<0), is
due to the rather large lag-interval (1 m) used. This lag-interval was necessary because of
the low fish numbers involved. Also note that analyses in Figure 3.3.3 (RCEX) generally
require many i i ion, compared to analyses i
Figure 3.32 (RC).
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Figure 3.3.3. Autocorrelation of O+ and older Atlantic salmon parr distributions as a
jon relative to water flow from observations in North

function of spatial-scale and
Harbour River in 1994 (NHR-94), quantified in terms of Relative Contact Exhaustive

(RCEX).

3.3.3.2. Associations of fish distributions

Salmon aged O+ year were negatively associated with 1+ salmon at ambit radii smaller
than 10 to 30 cm but positively associated with one another at larger spatial scales for all
three survey groups (North Harbour River 1994, 1995; North Arm River 1995; see Figure
33.4). Associations were most positive for ambit radii of 15 to 30 cm. RC was not
significantly different (p<0.05) from 0 for ambit radii smaller than 15 (North Harbour
River 1994), 25 (North Harbour River 1995) and 40 cm (North Arm River 1995), but

ignificantly dif for larger ambit radii. Trout aged 0+ y
associated with 1+ trout at all ambit radii (North Arm River 1995; see Figure 3.3.4), with
RC significant (p<0.05) for ambit radii of 1.5 to 7.5 m. Salmon aged O+ year were

negatively associated with 0+ brown trout in North Arm River in 1995 for ambit radii < 25



‘cm and positively associated for ambit radii of 25 cm to 1 m. At larger spatial scales, RC
approached 0. Few of these RC measures differed significantly from 0 (p<0.05;
significant: ambit radii 30-35 cm). >0+ Salmon were negatively associated with >0+

‘brown trout in North Arm River in 1995 for ambit radii <2 m. At larger spatial scales,
RC approached 0. Few of these RC measures differed significantly from 0 (p<0.05;
significant: ambit radii 40-45 cm, 100-170 cm). In short: 0+ Salmon and >0+ salmon,
and 0+ salmon and 0+ trout were found at the same locations. 0+ Trout and >0+ trout,
and >0+ salmon and >0+ trout were found in different areas. Fish always avoided each
other at very small spatial scales (ambit radii <10 cm).

Relative Contact ()

19 fcm) in 270° -90* divection

bt raivs m)

Figure 3.3.4. Associations of O+ and >0+ salmon and trout distributions in North Arm
River (NAR) and North Harbour River (NHR) from distribution surveys in 1994 and 1995
(et 2 figures: omnidirectional approach (RC); right figure: directional approach
(RCEX)).

L only applied the directional approach (RCEX) to 0+ - >0+ salmon distributions from the
1994 North Harbour River surveys because of low fish numbers in other surveys. Results
indicated that associati 0+and >0+ salmon ‘with more >0+
salmon at positions in 270° to 90° directions from 0+ salmon positions, than in other

directions (Figure 3.3.4).



3.3.3.3. Habitat associations

Associations of 0+ salmon with substrate, water velocity, and depth were calculated in
terms of RC for the 1994 and 1995 North Harbour River surveys. 0+ Salmon
distributions from North Arm River were not analyzed because of low fish-numbers (see
Figure 3.3.1). Results are summarised in Table 3.3.5. In general, associations were

all spatial scales. Shallow depths (<12 em) were
avoided for ambit radii <5-7 m but were preferred at larger spatial scales. Intermediate
depths (12-36 cm) were preferred and larger depths avoided (Figure 3.3.5). Low water
velocities were avoided (<12 cm s™"). Higher water velocities were preferred, but with a

shift from preference to avoi the highest ities at ambit radii of 2-3 m
(Figure 3.3.6) and a local maximun in associations with water velocity class 4 (1995,
12-24 cm 5™) and 5 (1994, 24-36 cm 5*) at ambit radii of 1-4 m. Fines (class 1) were
‘avoided at ambit radii > 30 cm for 1994 North Harbour River 0+ salmon and at all ambit

radii for 1995 North Harbour River 0+ salmon. (Large) boulders (class 7-8) were also
avoided. Fish reacted indif (Figure 3.3.7). For 0+
fish that ionary, an additional RC from habitat

taken at the position of these fish (ambit radius approaching 0 cm). Results from these

‘analyses indicated that pattems were similar to those described above, but with
associations being more extreme for ambit radii approaching 0 cm (Figure 3.3.5).
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Table 3.3.5. Summary of associations of O+ salmon with the variables (V) depth (D),

water velocity (W) and substrate (S) as a function of scale, quantified in terms of Relative

Contact at increasingly larger ambit radii, from surveys in North Harbour River in 1994

and 1995 (NHR94, NHR9S). Loc: location; Yr: year; Nt: total # fish observed; Nst: #

stationary fish; Np: # fish positions from stationary fish where additional small-scale

habitat observations were done.
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Figure 3.3.5. Associations of 1994 North Harbour River salmon with depth at
increasingly larger ambit radil, quantified in terms of Relative Contact,
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Figure 3.3.6. Associations of 1994 North Harbour River salmon with water velocity
(at 60% depth) at increasingly larger ambit radii, quantified in terms of Relative
Contact (-).
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Figure 3.3.7. Associations of 1994 North Harbour River salmon with substrate at
increasingly larger ambit radi, quantified in terms of Relative Contact.

Associations of >0+ salmon with substrate, water velocity and depth were calculate
terms of RC for the 1994 and 1995 North Harbour River surveys and group I and group 2

ofthe 1995 North Arm River surveys. Group 3-4 of the 1995 North Arm River surveys
were not analyzed because of low fish-numbers (see Figure 3.3.1). Results are
summarised in Tables 3.3.6-7. In general, associations were scale-dependent and most
extreme at small spatial scales. Shallow depths (<24 cm) were avoided at ambit radii
<7-10 m but were often preferred at larger spatial scales. Intermediate depths (24-36 cm)
were preferred. Larger depths were preferred at ambit radii <2-7 m, but often avoided at
larger spatial scales (Figure 3.3.5). Low water velocities were avoided (<12 em s);
higher water velocities were mostly preferred (Figure 3.3.6). Associations with fines and

boulders were most extreme, with
3.3.7). Fines were generally avoided. Large boulders were often avoided at small spatial
scales (ambit radius <50 cm) but preferred at larger spatial scales. For >0+ salmon that

nal RC could be calculated from habitat measurements taken at

n of these fish (ambit radius approaching 0 cm). Results from these analyses
indicated that pattens were similar to those described above, but with associations being

em and an avoidance of arger depths ¢

‘cm) and coarser substrates (cobble, (large) boulders).



’W 3.6. Summary of associations of >0+ salmon with the variables (V) depth (D) and
water velocity (W) with scale, quantified n terms of Relative Contact at increasingly
larger ambits, from surveys in North Harbour River in 1994 and 1995 (NHR94, NHR95)
and North Arm River in 1995 (NAR9S). Loc: location; Yr: year; group: se Figure 3.3.1;
N total # fish observed; Nt: # stationary fish; Np: # fish positions from stationary fish
where additional small-scale habitat observations were done.

Love  Ne N Np V. Resis

NHRS4 386 461 274" D * associations mostexireme at smail spatial scaies
« class 1-3 avoided at ambit radii < 7-10 m but preferred at larger
o A

57 m but avoided a larger spatal sales; see Figure 3.3.5

avoided
NHROS 192 110 103 D *see: NHR94

NARSS 97 65 44 D *associations most etreme at small spatial scales
group | * class 13 avoi it radi

o it s i e e el

imilar bu
ving mor cxtreme et el approncig O e
avoidance of class

small spatial scales

NARSS 76 5 56 D *amaiaions mesenreme st sma

growp 2 = class 1-2 avoided: class 3 avoided at ambit radii < 5-6 m but
preferred at larger spatial scales; class 4 preferred; class 56
preferred at ambit radi <24 m but avoided at larger spatial sca
class 7 avoided

lar
g s o o .l g o A
avoidance of classs 6-7
NHRO4 38 461 289 W *associaions most etremeat smal spatial scales
*class 1-3avoided: class -7 prefered;se Figure 3,36

oy 4

being more extreme for ambit radii approaching 0 cm

NHR9S 192 110 103 W *sccNHRO4

NARST 97 5 44 W 3 amociudoes o exeme t ol e i

group | # class 1-2 avoided; class 3.6 preferred; class 7 preferred for ambit
T <34 m o vt g sy s

y fish: pat ,

more extreme for ambit radii approaching 0 e and
avoidance of casses 67

NAROS 76 S6 56 W * associaions most extreme at sl spatal scales

group 2 diference towards cass 4; lass 57 prefered

being more extreme for ambit adii approaching 0 cm.
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Table 3.3.7. Summary of associations of >0+ salmon with the variable (V) substrate (S)
s a function of scale, quantified in terms of Relative Contact at increasingly larger ambit
radii, from surveys in North Harbour River in 1994 and 1995 (NHR94, NHR9S) and
North Arm River in 1995 (NAR9S). Loc: location; Yr: year; group: see Figure 3.3.1; Nt:
total # fish observed; Nt
additional small-scale habitat observations were done.

Loc¥e N Na Np  V_Resulis
NHRSS 586 461 371 S * associations most extreme at small spaial scales, with excepiion
i iert weptiod

# stationary fish; Np: # fish positions from stationary fish where

ambit radii >50-60 m, but avoided at smaler|

23m
* cass | preferred
il

ambit radii <50-60 cm but preferred at larger spatial scales;
associations with class 8 and | reach maximum at 1-2 m ambit

radii
* stationary fsh: patierns were similar (0 above, but with

ok co 63 olded kil < Y40

2 e Figu
NHROS 192 110 103 S lmaw\;merlnmlumllmlwnk
* class | avoided: -7, class 8 avoided at

i <10 ok et e sl sl
*saionary fih: aers were smilar t abov,

m; class 68 avoided at ambit radii < 30-40 cm

NARSS 97 65 4% S *associatons mostextreme at small spatial scal

sroup | *clas 1-2 avoided; class 3 avoided at ambit radii <3 m but
prefered at largr spaial scals; class 4-5 prefe
prefered or ambit adi < -5 m, but avoided a larger spatial

3-5 m, but prefered at intermediate spatal sales; associations

* stationary fish: patierns were similar 1o above, but with

cm: class 6-8 avoided at ambit rad <3040 cm

NARSS 76 S5 6 S
roup 2.

refered for ambit radi < 3-4 m, but avoided at larger spatal
scales; clas 7-8 avoided with exception of preference for class 8
ambit radii <50 e asociations class 1-2 most extreme.
sationaryfish: paterns were imilar o above, but with

m
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Associations of >0+ brown trout with substrate, water velocity and depth were calculated
in terms of RC for group | and group 2 of the 1995 North Arm River surveys. >0+
brown trout from other surveys and 0+ brown trout distributions were not analyzed
because of low fish igure 3.3.1, Table 3.3.3).

analyses were not repeated for stationary fish. Results are summarised in Table3.3.8. Tn

‘general, associations were scale-dependent and most extreme at small spatial scales.
Patterns were similar to those of >0+ salmon. Shallow depths (<24 cm) were avoided for
ambit radii <7-10 m but were often preferred at larger spatial scales. Intermediate depths
(24-36 cm) were preferred. Larger depths were preferred at ambit radii < 2-7 m, but
avoided at larger spatial scales. Low water velocities were avoided (<12 cm s™). Higher
water velocities were mostly preferred. Fines were avoided and large boulders were
preferred.
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Table 3.3.8. Summary of associations of >0+ brown trout with the variables (V) depth
(D) and water velocity (W) as a function of scale, quantified in terms of Relative Contact
at increasingly larger ambit radi, from surveys in North Arm River in 1995 (NARSS)
Loc: location; Yr: year; group: see Figure 3.3.1; Nt: total # fish observed
Looe NV Resuts
NARSS 78 D * associtions most exreme at sl spatial
srou | e S ot w117 ot e s g

scales nce towards cass 4;class 57 prefered at.

ambit radii <3-7 mbut avoided a argr spatal scales

NARSS 57 D * assocations most extreme at small

grow 2 * class | avoided; class 2-3 avoided at ambit radi < 7-10 m but
rred at
7 preferred at ambit radii < 57 m but avoided at larger spatial scaes
NARSS 78 W » mcinions mos exeme atmall sl sl
group 1 * class 1-2 avoided; cass 37
NAR9S  $7 W *associations most extreme at mu mall atal s
group 2 * class 12 avoided: cass 3-7 pr

NARSS 78S socadons ot creme o sl il ks
woided; indifference

group | *class oo 7, cls  preted
RARS 57 S asocinions most cxreme at sl
growp 2 e it e v o 337: o  prefred

A directional approach based on RCEX indicated that associations of 1994 North Harbour

River salmon (0, >0+) with depth, water velocity and substrate were generally most
extreme at smal spatial scales (lag <1 m). Pattemns in associations of fish with these:
in directions with and against the lirectic as illustrated in
Figure 3.3.8 for associations of the 1994 North i (20+) with depth.
Fish numbers in surveys other than 1994 North Harbour River were so low that results as
i Figure 3.3.8 were often difficul to interpret. Nevertheless they did not seem to indicate
described above, o salmon as well s for

brown trout.
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Figure 3. 1s of 1994 North Harbour River salmon (>0+) with depth as a
function of spatial scale and direction relative to water flow, quantified n terms of
Relative Contact Exhaustive (RCEX) (-).

3.3.3.4. Habitat model: multi- or single scale?

1 first aimed at understanding the extent to which the scale-dependent associations, as.
outlined in the previ ion, were the result l-scale habi behavie

col, e th bengthece of i et bebavious aperig ovr 4 range of
scales. For this,  first calculated RC for all possi ity

(7#7=49 possi using water velocit ions closest to
idual fish positions. Based on these RC measures [ gmed fish distrbutions as

i
outlined in the Material and Methods section. Next, I calculated RCD for associations
‘with substrate, water velocity and depth for the survey groups separate. Note that RCD
should be close to 0 for associations with depth and water velocity at ambit radii
approaching 0 cm (cf: Chapter 3.2.23). (See “Material and Method” section for how
RCD different from 0 may indicate multi-scale behaviours.)
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Results from iggested that many of iations at larger spatial scales

are the result of small-scale habitat selection behaviours, rather than being the result of

ata scales: RCD estimates were

closer to 0 across spatial scales compared to RC estimates (illustrated in Figure 3.3.9 for
1994 North Harbour River salmon). Some results, however, suggested habitat selection

behaviours operating at multiple scales:

For salmon (0+/>0+) and brown trout (>0+),  found that associations with low water
velocities (<1z cm s™') were negative and generally most extreme at ambit radii <2 m.

re found with water velocit 5-7(> 24 cm s™) at ambit
radii of 1-10 m (see Figure 3.3.9). These results, in combination with results in terms of

RC as outlined above, suggest that fish may di Tow-flow locations
within low-f and low- i areas. They may also
differentiate between high-flow locations within high-flow areas and high-flow locations
within low-flow areas. This behaviour cannot be described by a model based on depth and

‘water velocity operating at a single small-scale only.

139



salmon, 0+ salmon, > 0+

10 PaEE . . K 4 pe=
R | ]

e e = T N

Ty el ,,,*“ﬁam}z i

S e
sopmetass dats cann

L e, AN Mﬁ,«zwv’

R W Ky
VR 28" K"v’“

Figure 3.3.9. fati 1994 North

salmon (0+, >0+) distibuti
generated by computer and single small-scale habitat selection rules related to water
velocity and depth, with depth, water velocity and substrate across a range of ambit radii
or spatial scales, quantified in terms of Relative Contact (RCD).

For salmon (0+/>0+) and brown trout (>0+), I found that associations with shallow depths
(<6 cm) were negative for ambit radii <3 m (most extreme at 50 cm to 1 m) but close to 0
at other spatial scales. In North Arm River (1994, 1995), assox

ions with larger depths
(536 cm for 0+ salmon, > 48 cm for >0+ salmon) were negative and most extreme for
ambit

3 m (see Figure 3.3.9). These results, in combination with results in terms of




RC as outlined above, suggest that fish may differenti shallow locations in

and ions and deeper areas, and locations in deep
areas and deep locations within shallower areas. This behaviour cannot be described by a
‘model based on depth and water velocity operating at a single small-scale only.

For salmon (0+/>0+), I found that associations with fines (class 1) were similar to as
described above in terms of RC. Associations with larger substrates being generally close
10 0 (see Figure 3.3.9). For brown trout (>0+) I found results similar to those in terms of

RC. These results, in combination with results in terms of RC as outlined above, suggest

that associations of salmon and trout with fines may not be explained by a model based on

water velocity and depth alone, but that associations of salmon with (large) boulders may
have been partly due to selection for water velocity and depth, and that associations of

salmon and trout with other substrates may be negligible.

3.3.3.5. Habitat model, single- versus multi-scale approaches

Based on the i lts, T ch ingle small-scale model and

The single-scale model distinguished all possible depth-water velocity combinations

( possible classes). The multi-scale model consisted of § depth classes fro
shallow to deep, distinguishi locations in shallow ocations

in deeper areas and deep locations in deep areas from deep locations within shallower
areas, and 5 water velocity classes from slow to faster, distinguishing low-flow locations
in low-flow-areas from low-flow locations in higher-flow areas and distinguishing
high-flow locations in high-flow-areas from high-flow locations in low-flow areas (5*5=25
possible classes): Depth 1: < 12 cm at location and < 12 cm average depth within | m
ambit radius; Depth 2: depth <12 cm at location and > 12 cm average depth within 1 m
ambit radius; Depth 3; 12-36 cm at position; Depth 4: >36 cm at location and > 36 cm
average depth within 3 m ambit radius; Depth 5: >36 cm at locs

n and < 36 cm average

t location and < 6 cm 5™

depth within 3 m ambit radius; Water velocity 1: <6 cm s

11



average water velocity within | m ambit radius; Water velocity 2: <6 om s™ at location
and>6 cm s average water velocity within | m ambit radius; Water velocity 3: 6-24

cem s at location; Water velocity 4: >24 cm s at location and <24 cms™ average water

velocity within 1 m ambit radius; Water velocity 5: >24 cm s™ at location and > 24 cm 5™
‘average water velocity within | m ambit radius. To determine habitat at fish positions, I
used the depth and water velocity observations closest to individual ish positions.
‘Substrate was not included to limit the number of habitat classes in the model and because:
substrate-selection behaviours were mostly restricted to fines. T purposely chose 2

le model consisting of fewer 4 to the

to t a situation where descripti ties of the multi- would be:

superior to the single-scale approach solely because of the number of habitat classes
involved, rather than being the result of using the multiple scales.

Based on these models and associated RC measures, | generated fish distributions as
outlined in the Material and Methods section. A visual inspection of computer-generated
and observed fish distribution maps suggested that ll were similar in that fish were:
concentrated in the same small-scale locations within the river (1-2 m’). The multi-scale
‘model generally performed better than the single-scale approach, especially at larger
spatial scales (ambit radius > 4 m, Figure 3.3.10; Table 3.3.9). Nevertheless, correlations
(r) between the single- and multi-scale computer-generated distributions and observed
distributions were often small and sometimes even negative at spatial scales larger than
those of the model (see Figure 3.3.10, Table 3.3.9), in spite of a much higher and positive
correlation between computer-generated and observed distributions at small spatial scales
(7=0.5t0 0.8 at ambit radii < 4 m). T tried several additional models with various

depth/wa ity it ial scales, but was unable to develop a
model that performed well at small as well as at larger spatial scales for all survey groups.
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Table 3.3.9. Correlation (1) between observed fish densities (% total population m™) and
fish densiti by single- (SS) and multi-scale (MS) habitat selection models, at
the spatial scales of pool, iffle and run, for distributions of brown trout (>0+) and salmon
(0+, >0+) in North Harbour River (NHR: 1994, 1995) and North Arm River (NAR:
1995). (n: # fish observed; group: see Figure 3.3.1)

Species  Age  n Location Year oSS r-MS
Saimon G+ 391 NHR 1994 060 091
salmon 0+ 80 NHR 1995 078 om
simon >0+ 586 NHR 194 020 091
simon >0+ 192 NHR 1995 057 027
simon >0+ 97 NARgoupl 1995 019 034
smon >0+ 76 NARgroup2 1995 057 063
trout >0+ 78 NARgowpl 195 094 092
trout >0+ 57 NARgrowp2 1995 068 047
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Figure 3.3.10. Correlation (r (-) between observed fish densities (% total population m)
and fish densities generated by single- and multi-scale habitat selection models as a
function of spatial scale (ambit radius, m) for distributions of trout (>0+) and salmon (0+,
>0+) in North Harbour River (1994, 1995) and North Arm River (1995). For comparison
T added results of asimilar analysis, relating the densities of 0+ salmon of the first vsit in
North Harbour River in 1994 to those of the second visit.

33.4. Discussion

‘Associations of individual salmon and trout with other fish, substrate, water velocity, and
depth were highly scale-dependent, and most extreme at small spaial scales (ambit radii <

50 cm). Tn addition, scale-depends ith direction relative to

water flow. Associations with depth, water velocity, and substrate at larger spatial scales
were t0 a large extent the result of small-scale habitat selection behaviours, but with some

selection behavi ing at multipl t a single one: fish seemed




to differentiate between shallow positions in shallow areas and shallow positions in deeper
areas, deep locations in deep areas and deep locations within shallower areas, low-flow
positions in low-flow-areas and low-flow positions in high-flow areas, and high-flow
positions in high-flow-areas and high-flow positions in low-flow areas (cf. riffle-run versus
pool habitats); O+ salmon of the 1994 North Harbour River survey avoided fines at larger
spatial scales (ambit radii > 30 cm), but were indifferent to fines at smaller spatial scales;
>0+ salmon often avoided larger substrates (cobble to at small spatial scales

(ambit radii <40 cm), but often preferred larger substrates at larger spatial scales. Single-
and multi-scale habitat selection models were equally well able to describe small-scale fish
distributions (ambit radii < 4 m). Multi-scale models were often better at explaining these
distributions at larger scales (Figure 3.3.10; Table 3.3.9). However, both single- and

multi-scal hes often failed to describe distributi patial scales much larger

than those used in the models, even when larger scale distributions were described in

terms of elatively homogenous broad-scale features such as pools, riffes, and runs.

These results indi jiours primarily directed towards small-scale habitat features (<
1 m?), probably aimed at maximising energy intake (cf. Bachman 1984, Fausch 1984) by

selection for specific holding positions with low snout-velocities close to higher current
conditions (larger scale) where drift is concentrated (cf. Chapman and Bjorn 1969,
Everest and Chapman 1972, Fausch and White 1981), and an avoidance of excessive
water currents probably because position holding is too difficult or energetically
unfavourable. Due to these behaviours, fish were concentrated in patches. These patches
were elongated paralll to water-flow. This elongation was apparent more so for >0+
salmon and >0+ trout than for 0+ salmon. This difference islikely due to older fish being
concentrated in the centre of the river where flow is higher and depths larger (run type
habitat), whereas O+ fish are primarily found in shallower riffle-type river sections, using
‘more of the cross-section of the river. Spacing-behaviour or territorialty further reduced
dness of fish within these patches at small spatial scales (ambit radius 10-30

cm),



Results at smal spatial scales were in line with findings of a micro-habitat study on trout
and salmon done earlier in these rivers (DeGraaf and Bain 1986). They support findings
of Heggenes (1990), who reported from a literature review that salmon parr generally
avoided slow flowing areas (<5 cm s”), smaller substrates, deep low-flow areas and
fast-flow habitats, and preferred water velocities in the range of 5-25 cm s™. A
by fish between locity-positions i flow water
g PR i sies 23 well ssan

avoidance of larger substrates at small spatial scales (stream tank: ambit radius < 15 cm;

this study: <30-40 cm) shifting to indifference or preference at larger spatial scales were

also found in the stream-tank study reported earlier (Chapter 3.2). However, the

low-resolution of the water velocity maps used in this field-based study (1 m?) did not
allow me to clearly identify the scales at which this behaviour operated, in contrast to the

the stream-tank study (area: 30-50 cm ambit radius; resolution water velocity

measurements: 43 m”).

Thel Jution of the f Iso limi the lines of Figure 3.3.9

(RCD), because water velocities at co-ordinates (XY-grid) closest to fish positions, used
for generating the distributions of Figure 3.3.9, may not accurately reflect water velocities
as experienced by fish. From this, [ interpret the results of Figure 3.3.9 as suggesting that
habitat selection behaviours operate at multiple scales, but still do not provide solid proof
for this type of behaviour. More convincing in ths respect are results from analyses along
the lines of Figure 3.3.5-8 (RC), which, for example, suggest for 0+ salmon that contact
with water velocity class 5 (24-36 cm ") is maximised at ambit radii of 14 m. However,
‘without analyses as in Figure 3.3.9 it is impossible to ascertain whether associations as in
Figures 3.3.5-7 are indeed due to habitat selection behaviours that operate at multiple
scales or due to single-scale habitat selection behaviours, the effect of which is to generate
characteristic patterns at larger spatial scales. Further study based on  high-resolution

flow-model may be needed to address this problem. Because of similarities in results



from the stream-tank study and this field-based study, I concluded that habitat selection
beh i this field-based study as well

ly did operate at multiple scale

Concerns with respect to the use of low-resolution flow measurements also apply to the
‘analyses of Figure 3.3.10. However, a low-resolution flow-map was expected to lead to &
reduction in the correlation between observed and computer-generated distributions at

‘small spatial scales in particular, whereas effects will be mi
From this, the reduction in correlation (r) from ambit rac

al at larger spatial scales.
f 2to 1 min Figure 33.10

‘may be due to the whereas ion in r at amt
radii larger than 4 m is most likely due to a mismatch between the habitat selection
behaviours of the fish and the model used to describe these behaviours

3.3.4.1. Implications of results

Assoc

1s varied with spatial scale. From this, conclusions with respect to the
distribution and habitat use by juvenile salmon and trout will depend on scale as well.
From this, micro-habitat (<1 m?) and macro-habitat (> 100 m?) modelling approaches may
lead to different management actions. This i especially a problem when variables are
considered separately, as is current practise when using the univariate functions within
IFIM (cf. Bovee 1986, Gore and Nestler 1988). For example, at small spatial scales,

salmon avoided shallower areas, but preferred shallow depths at larger spatial scales

(Figure 3.3.5). This is probably due to a combination of avoidance of shallow depths at

‘small spatial scales, preference for iffle areas that have a high number of shallow depth
bservations and where flow is high, and avoiy ‘pool habitats where flow is low.

tion of water velocity and depth may be

From this, a habitat model based on a combir

able to explain much of ths pattern using a single and small spatial scale only, but when
i separately, a mult s needed.

fish with habit idly with spatial scale, especially for




‘ambit radii < 1 m, measurement scales need to be clearly defined for observations on
habitat selection in habitat modelling studies. The use ofill-defined and inconsistent
. This

measurement scales in ing, however, i rather preval

is the lly for substrate, which d based inance wit

ill-defined areas surrounding fish positions. Inconsistent and ill-defined measurement
scales limit the efficiency of variables for describing habitat use in habitat models of
individual studies, and a comparison of findings among studies.

position models often lost their predicti ity at scales larger than the
n of the model, despite the [
that selection for important larger-scale habitat features was overlooked, or that

4 spatial scope of this study. This may indicate

small-scale habitat features were overlooked, the effect of which is most apparent at larger
spatial scales. This has important implications for the use of micro-habitat models for

as th dels are often used to address ing at

scales much larger than those of individual fish observations (see Figure 3.3.1). An

‘example is an impact analysis for a hydro-dam, using micro-habitat modelling techniques.

Such an analysis is primarily aimed at long-term effects on fish populations in the entire
river, instead of being aimed at small-scale distributions of ish within the river. However,

results from this study indicate that a micro-habitat model may predict quite well where

fish will be positioned within a ry installation of the dam, but this information may
ot be that easy to translate to effects at larger spatial scales (c£. Orth 1987).

A discrepancy between observed and computer-generated distributions was also apparent
whnlcge-salecsuRsionsweredesbed i tens of s, ifles, and . The

reason for this may be that it i f (assumed

homogeneous) ool ffle,and rn s, oes s dequaely refet e haia 5
fish, s fish primarily select for smalk ithin these habitats

and d elocity, used from riffles

and runs, does not reflect the smal-scale habitat heterogeneity within these gross features.



By studying habitat selection behaviours at the scale of pool,rifle, and run, only an
indirect impression of fish behaviours will be obtained.

‘The problem of scale-up should become a central focus of habitat modelling (see Chapter
2). I should pe
models derived from one river to another, or from one moment i time to another, but that

out that current habit focus on how

these analyses are different from the scaling analyses I propose i that the former relate to
“time” and “location” whereas the latter relate to “time-scale” and “space-scale”, which,
slthough related, are different issues altogether (cf. Schneider 1994). That i, the former
relate to how associations differ among river systems or moments in time, the latter relate
to how large spatio-temporal scale distributions can be described using small
spatio-temporal scale observations and associations.

3.3.4.2. Scaling approaches in habitat modelling
Scale is increasingly recognised as being important to habitat models and management of

riverine fish species (e.g. Frisell et al. 1986, Minshall 1988, Lewis et al. 1996, Allan et al.
1997), pirical and quantitative multi have

been done. Recently, several studies have used multi-scale approaches to study fish
distributions and habitat use (e.g. Syms 1995, Poizat and Pont 1996, Richards et al. 1996).

The di the approach in this study and these other
is that the proposed approach is based on an individual-based concept operating overa
range of spatial scales, instead of using fish densities analyzed at a few selected scales. By
analyzing distributions over a range of scales, one reduces the chances that important

scales that analyses ined from an
ic i ion of fish behavi life-history. Although the analyses

can be used for organisms that may not select their habitat, such as plants,the approach,

‘when used for fish, tends to fo on ive and react t

their environment and effects of these small-scale behavioural processes on larger scale



distributions. Individual behavi o th 1, larger scale istribut

are explained in terms of small foural processes, and the line-of-thought s very

‘much from small-scale to large-scale processes.

The focus on indivi small-scale
method may make the approach itable for-
primarily driven by behavioural processes, as these are ultimately the result of small-scale

of the Relative Contact

individual decisions rather than of groups of fish. In addition, the Relative Contact
‘method allows for an inerpretation at scales smaller than possible when using approaches
based on density-information and variance-analysis (see Chapter 3.1), However, habitat
selection behaviour is not the only process that underlies fish distributions: distributions
are the result of multiple processes that operate over a range of scales (Wiens 1989,
Menge and Olson 1990, Levin 1992, Home and Schneider 1994, 1995); processes that

operate at one scale can have effects at other scales as well; the relative importance of
p es with spati | Schneider 1994); the relative
importance of habit i iour diminishes at larger spati I scales (cf

Chapter 2). In addition, small-scale observations may often be more difficult to obain than

larger-scale information, especially when the scope of dons is large (cf.
description of ariver in terms of pool, iffle, and run habitat versus small-scale water
velocity gradients). From this, the approach based on Relative Contact may not always
be most efficient, especially at large space-time scales.

A careful consideration of a combination of mathematical techniques is probably most
suitable to study fis
small to intermediate spatial scales (<10° m) and others covering the larger spatial scales.
In this context are important research questions: How does the relative importance of
behavioural -hange with spatio-temporal scale? How do small.

affect large-scale distributions and vice versa?

ivers, with the approach based on Relative Contact covering the
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33.4.3. Conclusions

Classic micro-habitat models P asingle scales, using
‘small-scale observations on individual fish (<m’, seconds) to address problems occurring
a2 much g pti-tmporsl cales (v, yers) ‘The results of Chapter 3.3 indicated

i b te at ther than a single one.

Single- and multi-scale micro-position models were equally able to identify the small-scale
Iocations within rivers that are preferred by fish, but both modelling approaches were
limited when used to make density predictions at larger spatial scales (>50-100 m?). This
implies that important processes and associations may have been overlooked and that the
scale-up from individual ish observation to management proble sy b moe ifcle

than is realised by most fish-habitat i iq

Large-scale fish distributions may not be the result of a simple composite of small-scale
behavioural processes. More research should be directed towards this problem of

scale-up. Multi-scale approaches wil be crucial to this.

temperature, depth, paio-temporal scales, especially
—— i i 0 ol
and les i ha (Bovee 1982, 1986, Milhous et
al. 1989), may diminis y uni it pecic i P
(cf. Barinaga it i L
. | habi " It h

. yaidi o

From this, multi

G , i i iated with their habitats

‘and be more efficient for resource management.
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‘The scale of measurement will determine the perceived relative importance of a habitat

variable in habitat selection behaviour. Thercfore, Habitat Suitability Indices and Habitat

Use

ices, commonly used in habitat modelling approaches, must also depend on scale.
‘From this, it is clear that managerial actions will difer based on the scale of measurement
ofthe study sed 1 uppont aragecal eciions. Fuure b modeling s should
focus on the identi 1 scales that are most

observed fish distributions. A cleuly defined use of measurement scale is crucial to
habitat modelling. Interpretation of results should be limited to the spatial scales over
‘which the study was conducted.
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Chapter 4: Density-dependent habitat selection by juvenile Atlantic salmon

4.1. Density-depen it ion by ji

riverine habitats
4.L1. Introduction
Organis ity ed to identify i i indicator of habitat

quaity (for a discussion: Van Home 1983). In fisheries management, relationships between fish
density and i ibed in hab crohabi

fish over small-scale (< 1 ) habit macro-
features (>10 m?).
In it 3
ested or discussed, with most

systems or regions (e.g. DeGraaf and Bain 1986), or on the spatio-temporal generality of
models (e.g. Bozek and Rahel 1992). Two implict assumptions in habitat modeling are that

a P Ject
ith deasity. jectiv of this study was
e i b . 3k oo
density.
ir competiive
ik " - ot -
predtion ik, withprofbily ofposions bei . .
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1984, Hughes and Dill
1990, Hughes 19924, 1992B, Grand 1997, Grand and Dill 1997). As such, the area within a

y hi )wofpmmnilpmmm
nlluw(quh 1984, Hughes 19924). Territoriality, small-scale spacing behaviour or pre-
space, ifi will
reglte poulation desy (Bcin 197, Grnt ad Kramer 1990). From i thepyica
y fish (Hlughes
1992B).
(1972). Thi i imals select their
“ideal” ng where profitabiliy is highest but where
bkl bebe s, i i
—y 8 e e sl
I . BR——— A
‘and habi ith density. From this,
density.
—— .
i i icted by territor jours but al individuals
are equal and “free” to move among patches without constraint o restrictions. When

ﬂwbenld)lmlhe-vﬂlgewpcmwdudwlllmb\huwbemllmlllhlhmuldlhe
fraction of s in each habitat should

(i i 1974).

in habitats do

not vary with population density.



runs would offer ing posit parr as driftis

inhospitable due to high water velocites. By contrast, par can occupy most of the total area
of pool habitat with low energy expenditure, but the "quality” of ndividual posiions in these

y y 1984,
Hughes and Dill 1990). Because ofthis, we expected parr to be most dense in rffle or run.
habitat at pool support more par at high ies. This

process may be bst described using ideal-despoti, rather than ideal-free theory.
412, Material and methods

4121, Studysite

the Avalon Peninsula of Newfoundland, Canada (47°12N, 53'37W), in late August to early
Ocoberof 1990 and 1994, Tl charnl v e ar of an experimental transplant of
1975). The channel
‘parallels the main stem of North Harbour River for a distance of about 550 m. The width of
the channel 155 i for control of water
flow. North Harbour River s further described by DeGraaf and Bain (1986).

blocked pos i inch, zinc
coated). 25 had i
100 m’. Withi ion, a i created. The
M . e e travell -
1 i tiffle / pool

sequence, the second section (section 2) of  riffle / pool / run sequence, and the third section
(section 3) of a pool /riffle / run sequence.
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subsection was measured the width

was measured at every meter perpendicular to the flow, all to the nearest 005 m. Substrate

(according to the American Geophysical Union asin Platts et al. (1983)), water depths (m) and
s (m ™ " N N

al

points in four equally-spaced transects,established perpendicular to the flow.

46.7 m’ (range: 41.5-513 m?),
37.4m? (fange: 33.1-41.9 m®) and 19.2 m? (range:15.3-24.6 m?) respectively. The average

depth of pool, iffle and ions was 28.4, 10,6 and 22. ively. The average
wlurvelwtynfponl riffle and run sections was 7.1, 25.5 and 26.5 cm.s™ respectively. The

|S—64mm) 1
randomly placed 10 partic

small scale habitat variation.

4.1.2.2. Experimental procedures

.1,
025,05, 0.75, and 1.0 fish m? in 1993 and at densities of0.1, 0.25, 0.5, 0.6, 0.75, 1.0 and

1.25 m*in 1994 Thi . nge tes of 1+ and older parr
observed i ons i i epassey Freshwater
ver,Gigont . 199). Prio 1o iroducingf,l fshpesen i the experimenal
In 1993, each densi peated on. Tn 1994 each
. i N »
randomly within each section.

270 LS e ekiengh
(mostly 1+ fish). i ifle and run habitat




homing behavior afler introduction (cf. Saunders and Gee 1964). In 1993 al ish were:
anaesthetised (MS222), measured, weighed and marked with an adipose fin-clp before

n
after capture, wit handling.
handling, and inthe
i ial and No
previously. At ion, fish were
evenly distr the surfu sections

After a three-day period, the habitats within each experimental section were blocked with
barrier nets. i i

d minimised parr redistribution. Al fish were

then removed by i ited
section | ed first, ollowed by sections 2 and 3. [did not
vy i L o o
nenw fish were caught

for introduction and were released into the sections.

location in
the pool subsections. The di i i atdierent
entering the

experimental sections. L tried
‘malfunctioned. 46 observations, out of a total of 60, were eventually used in the analyses, after
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41.23. Acdimation period

1 ifa3 a
e s o e Fthe locati i

the final distribution. the

surface of the sections and the acclimation period was varied from 3 to 13 days. In the second

experiment in different locati section:

(upstream, downstream, even) and removed afer 3 days.

A general effect of method stibution ofthe fish
st detecble B, npublshod i), Foweer, e ccimatonperodmighthave
affected i 2, the ool b
\ger acclimation periods. The i i
section 3, i ibsecti i jons, but upstream
i ided with higher Id not be clearl
separated from introduction effects



4.1.2.4. Calculation procedures

1did not analyse my data by explaining the densiy in one habitat as a function of
:n approach often used when

the density
dependent habitat selection (cf. Radngua 1995). 1did this because habitat
densities of indivi in my experiment. [

quanified selection of parrfor pool,riffle and run habitat by using selection indices
(s

Slirhz = 10815 (Dyy + 0.01) = logje (Dyy + 0.01) Equation 4.1.1

Shuaa: Selection Index (-), quantifying selection for habitat 1 over habitat 2

Du: fish density in habitat 1 (# m?)

I i itats i i i.e. an x-fold i ity ir

habitat due t P i increase i habitat
I selection i " .

dependent, selection indices vary with population density.

were re-scaled usi logarithmi
indices. T ions, selction indi function of the
i atremoval. This was
ity ati on did not vary considerably i | as T removed
i prope r escape
the experimental sections.
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To faciltat

ions and years
due to temperature, discharge or fish densites, selection indices were re-scaled relative to the
average selection index observed per section per year:

2 Slhtbze
RStz = Sz - S—— Equation 4.1.2
Nsy
RSlasagic ive Selection Index: (), iin
y, relative to I, fs
inyeary (Shau).
Ny number of observations on section s in yeary
T™P),
discharge and density per section per year:
2Py
(TMPagi = TMPi - — Equation 4.1.3
DiSad; = 108(DIS)) = ————— Equation 4.1.4

o810 ( DE/)
DEad; = logo(DE;) - = Equation 4.1.5

sy,

1135
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and year, and was dc T was pri
z ity,rather than diff

ng perature,
years, and because a clear separation of section and year effects from
empecatare, i : e .
section3 i sections | and 2, and on 2 were.
always higher than i section 1, due to in which secti in th
i i varied among
In addition, desi i peci

observations because of malfunctioning of the enclosures, precluded a clear separation of
effects. The use of relative selection indices, rather than selection indices, and the re-scaled

temperature, secti ity and discharge dats t general chay
it due to temperature, discharge and density, i

‘analyses aimed at revealing differences between sections and years.

‘Condition Factors (CF) of individual i logu(length
i i i 1993, Ttested for
t removal by
i i Fhishatis ion and removal. In addition, I tested iffish in
the pool,riffle and run habitats diffeed in length or CF i

changes in overall densities. For these analyses [ used data from both 1993 and 1994 and
subtracted the average CF and lengths of fih i the pool, rifle and run habitats from the

F and length of allfish within each removal event (<RCF and RL
respectively).
y: i it 1988). Residual i
jsual i i i aswel for
normalit. Tests for normaliy i visual check and i it
(@=005). Ifresi C i
test the signif itat vari fish densities i




ariah ised 5000 times,
of explanatory variables held constant. A p-value was obtained by calculating the proportion of

th F-ratios larger Feratio. AS% 2

screening criterion o separate "significant” effects from "non-significant” effcts.
4.1.3. Results

In 1993, the temperature at removal varied from 13.0 o 19.0°C, (mean=15.9, sd=1.6) and the
discharge varied from 69 to 165 L™ (mean=121, 5d=29). In 1994, the temperature at removal
varied from 11.0 to 19.5°C, (mean=13.9, sd=2.3), and the discharge varied from 79 to 131 5"
(mean=93, sd=12)

was preferred over the

ver the pool habitat, and th

riffle habitat in al sections. Fe
i d pool habitat ity i habitat was 2.6 times the
i Tine=0.42), and 24.5 ity i the rif
habitat (average STigens=1.39).

ity significantly. T,
higher section densites (Figure 4.1, Table 4.1.1: analysis 1, p=0.011, n=46). This effect was
simil i ion density*Suetam non-sigrificant). Figure 4.1.1 shows.
thatin sections 1 and 3 a selection for runs (STetan negative) at low section densites shifted

for i ion densities. it
i nd ST, Discharge did
Slitonn OF Sttt (P>0.082, 1=46). Water temperatures significantly affected STyutan and
S, v - 2 .
higher temperatures (Table 4.1.1: analysis 2). Effects of temperature o Shucan differed
significantly i years, whil Liean were similar
ions and vears. A medel includis . - density
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nd showed none of g Litopot
010 St (p0.07, 1=46). Slymtan Was affected by temperature and densiy, b these effects




Table 4.1.1. Selecti riffle habitat (STienn)
and rifle habitat (STgmpan) by par pan (DE, logiu(# m?)
TP, °0)i in 1993 and

1994 (Y). p-Values that are displayed were based on type IIl sums of squares and 46
observations. Sigrificant effects are printed in bold (=0.05).

Analysis Variable
ensity SE
Y
DE
SE*Y
DE'SE
DE*Y

DE*SE*Y

temperature SE

T™MPYY

TMP*SE*Y

df
z
1

[
0.000
0351
o.011
0.054
0230
0.803
0.131

0.014
0.002
0.010
0.030
0.001
0.002

0062

Sliteun
0.000
0216
0859
0295
0.165
0343
0572

0802
0895

0686

-
0.000
0.064
0.108
0.017
0.146
0270
0.540

0475
0031
0250
0212
0128
0057

0493
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Figure 4.1.1. Selection of pool habitat versus run habitat (Slecae (), Se€.

text ils) in1993

(closed) and 1994 (open) (n=46).

Section densities signi RSlion i Sections 1 and 3 and RS Ligepe in section 3,
ith i to the pool habit ions 1, 3) and from the riffe to the.

pool habit on 3) at higher densiies (Table 4.1.2).
o . i1 RSIigopet in section 3, with fish




to the run and ri

higher discharges. Water temperature.
significantly affected RS Tpcsm in section 2, with ish moving from the pool to the run habitat at
higher temperatures.



[Table 4.1.2. Selecti itat (RS Tyt ),
and rifle versus pool habitat (RSlierss) by parr s a function of temperature, discharge and
section density: correlation coefficients and p-values (1/p). Temperature, discharge and density
observations were rescaled prior to analyses, as explained in the text. Significant correlations
are printed in bold (a=0.05, n: number of observations).

Variable  Section n temperature discharge density
LA 5 050400055 +031900246 +0.743/0.002
RSlien 2 15 07230002 +00750789 400600832
RSlien 3 16 +02160421  -0.710/0.002  +0.632/0.009

RSl fotal 46 -0.339/0.021 -0.0180.907 +0.405/0.005

RSliewn | 15 -035800.191 +0209/0455 +0.4200.119
RSliponn 2 1S -0476/0073 +0.109/0.699 +0.097/0.731
RSlen 3 16 04950051 +0397/0.128  -0.402/0.124

RSlgurs  total 46 -0.434/0.003 +0211/0.159 +0.0140.928

RSlgepms 1 15 401150683 -0.092/0744 028700299
RSlaepm 2 IS +0095/0.737 +0054/0849 +0.054/0.849
N | 16 -0461/0073  +0.61400011  -0.581/0.018

RSligopes fotal 46 -0.1620.283 +0.2130.155  -0.285/0.055




RSlinn
(Figure 4.1.2, Table 4.1.2) and water temperature (Figure 4.1.3, Table 4.1.2). A siepwise

that RSt
‘partial #=0.129, p=0.008) and section density (n=46, partial =0.164, p=0.005):
RST poot-rn = (03482 * DE) - (00553 * TMP) Equation 4.1.6

(n=46, °=0.293, p=0.001)

RSlgtoan Was signi water 1.3; Table 4.1.2; =46,
=0.188, p=0.003):

RSl gty = ~00862 * TMP Equation 4.1.7
RSliterea i y per ion density o discharge.




RSlpool-run(-)

-08 -06 -04 -02 00 02 04
relative density (-)

Figure 4.1.2. Selection of pool habitat versus run habitat (RSusan (), see text for details) at
varying densities within the experimental sections in 1993 and 1994 (n=46; section 1: circle;
section 2: triangle: section 3: square). Densities (logio(# m?)) were re-scaled relative to the

average density per section per year, as explained n the text.
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relative temperature (°C)
Figure 4.1.3. Selection of pool habi i ), see
text for detals) and @

at varying temperatures (°C) within the experimental sections in 1993 and
1994 (n=46; section 1 circle; section 2: trangle: section 3: square).

pe
per year, as explained in the text




habitat,
ofthe fish, STyt and ST, 10 ARSTputon and
ARSTutenn, With ARSTyon and ARST, e 1.6and4.1.7 and
by varying the temperatures from 12t 19°C (ARSltyutse, ARSTtuies) and section densiies
fom 0.1 to 1.0 m (ARSdeiee). Similaites in the absolute values of ST and. ARSI would
Tpooi \RSId, d ARSIt ‘were -0.42, 0.35
and -0,39 respectively. Slimcan, ARSItigeqn Were -1.39 and -0.60 respectively.

‘The condition factor of parr a removal was 0.013 less than at introduction (n=25, T=0.8286,
<0.001). This parallels a 1.6% reduction in weight (signficant). Fish from the pool,riffle and
run habitats did not differin RCF (n=119, Fa,1¢=1.88, p=0.157), but did differin RL (n=121,
Fa1¢=23.38, p<0.001). Parr in pool habitats were 0.35 cm larger than parr in run habitats
(significant, GT2, a=0.05). Parr in riffle habitats were 0.2 cm smaller than parr in run habitats
(not significant, GT2, 0=0.05) and 0.55 cm smaller than parr in pool habitats (ugmﬁnm, 62,
=0,05). RL and RCF were ot significantly correlated with sect

density))for the pool (RL: =46, r=~0.129, p=0.398; RCF: n=45, r=-0,127, p=0.418),riffle
(RL: n=29, r=-0.044, p=0.819; RCF: n=29, r=-0.232, p=0.226) or run habitats (RL: n=46, r=-
0,093, p=0.537; RCF: n=45, r=0.152, p=0319).

4.L4. Discussion

habitat use, with parr

densiies, pools
and rifles at hi peratures. Ri gy avoided, possily due to a lack of
i i pths (cf Gibson 1978). The effects of
lat i oft
poolifl/run habitat nge
sl sl i N

m



at 7°C withina. i most

nd Torder
of magritude among years (cf Kennedy and Crozier 1993).
the upstrearm-
d itats withi This indicates
primarily ai habitats, rather
downstream location of habitats within sections. Habi by

preconditioning and availability of habitats in the main river. However, it s unlikely that
‘observed density-dependent effects are the result of this as all fish were pooled before

introduction and randomly allocated to the experimental sections.

Lengths of parrin pools were largest, lengths of parr in riffles smallest. Parr lost 1.6% of
their weight during the experiment. T suspect that handling is largely the reason for this
‘weight reduction, rather than food scarcity, because the condition of the fish did not vary
with section density.

The "

y
distributions than ideal free theory, as both runs and pools were used at low section densities.

and relatiy h section density. However, lacking
information istributi i iso small-scae habit
I could not infer with certainty whi ical models

or combination of models, was most appropriate. Iffish select "ideal free” for habiats at a
spatial scale much smaller than that of poos, iffles and runs, a disproportionate distribution at
increasing population densites at the larger scales of pool, iffle and run habitats could result

when
only after primary small-scale habi

s are filled. Iffish select “ideal despotic", a.

n



Isuspect that hift ination of deal free

di ic behavi i atal scales

— wd . sl ko 6
+ post is, et o

. Pt .

1958, Gibson 1978, Gibson and Cunjak 1986). IF parr densi ited
,as suggested by Grant and Kramer (1990), or spaci
behaviour, parr i ied primary spots by ideal despoti
behaviour, whereas parr habitats might have di ideal free

behaviour (cf. Gotceitas and Godin 1992). From this, one may expect the larger and more

individuals inthe pool habi e i habitat, Possbly, the arger

individual

‘and larger indiy 1977, Bohlin 1978, Kennedy
and Strange 1986), which may be an adaptation to avoid predation.

temperatur
may gy maximisation. At higher i i
i de 1962).

the bote iffle habitats, using their water currents, may be more
efficient in sitioned in pool areas,
ek o ok blinta i ) o

pecatures, possib
i ater ination wit hes
habitats.

m



general Analyses based on

(temperatures, sections, years) ity based on
‘model including section, yer, density, dble interaction term:
However, i ted withi a generaleffect

oftemperature and density vas ossrved (Tt .1.1: s 1 ), Aryses basd on
density on habitat use
(Table 4.1.2). These differences may be partly due to the effects of section, year, density and
" e

However, i i In addition, s
varied widely, i

por i in
sections (Figure 4.1, Table 4.1.1).

The observed variation it it i e
selection behaviours or a mismatch between the scale of observations at pools,ifles and runs
1 m‘ see Chapter 3). The

fish may gested by
i 2 From this, a
macro-habitat use. Thi
amacro- kel i fimited port
variation of i per
space or time, and

improved i i ity
Bohiin (1977, ied densi i
From i 7 mlength; quarium 3.6 m

itat use of 1+ trout i i Also Elliott

¢ trout i However,



on
the effect of the physical habitat. Bohlin (1977) further showed that distributions of 1+ trout

y that
i y y i iti pr
resulting in i i fish. Bohlin (1977,
predation may
well i.e. small sp
scale effects. ity on distributi i i
Hughes (19924, 1992B) who showed that when numbers of Artic grayling (Thymallus
& S ity of psi
and i individuals. Socil i distribution and
y ion s . N
ty ith section density and par were found
in pools and smaler ones in rifls.
1995), i o
oni2
and i
ith density, as charr
el bt e interactions did rot. T iy "
hapter3). brook charr may be more
indicative of the qualityof i it i ienced by
. o o s s Lo v trodc
itie y il ir In addition,
moatry i 8 jmpy idden by srongers
with is i pick up
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the physical habitatitself, which may account for the fact that I id observe densiy dependent
i i i Rodriguez (1995) did not.

T concluded that habi jon by juvenile Adlani pan d d
dependent. Parr densites i ing
i ies. From this, i i
i habi " popuiiion
ion densiies. the sccusicd habitat v i
increasingly i : at lower i . the occupied habitat will
ot e o
lation densty. Therefor, habitat
iy iformat tons wi feored and avoided habi
Y
i f preferred habi i ons. In addiion, results
i i ilable
habitat, as habitat qualiy is a relative ather th 1991), and
points to a fundamental problem of ita suiabil i i
river to another, or- to another,
ilability wil ertainly difer. Results varied imental enclosures,
i ¢ H
a discrepancy in spat i i i
(<1 m) how variable i is, may be
. el s, "
researcher. Addii assessif
In short, my
the need for informai i i




4.2. Density-dependent habitat use by juvenile Adlantic salmon and brook trout in

two Newfoundland rivers

4.2.1. Introduction

Macro-habi are wid for £ fish populations (e.g. Binns
and Eiserman 1979, Bowlby and Roff 1986, Fausch et al. 1988), despite several problems
that have identified with such models (Shirvell 1989). These ibe fish

densities as a function of intermediate- to large-scale (>10 m’) habitat features, mostly
referring to abiotic factors, such as depth, water velocity, and substrate (cf. Fausch et al.
1988). Hiabitat models are used to predict fish densities under present, proposed or future
conditions (Fausch et al. 1988). From these models, habitat quality is often quantified in

terms of habitat suitability indices, habi , or weighted usable area (g

Scruton and Gibson 1993, Stanley and Trial 1995). Such measures are used as a basis for

8 asinstream

In pite of of

tested, or discussed, with most

b effo focused Tocal different river
systems or regions (¢ g. DeGraaf and Bain 1986, Scruton and Gibson 1993), or on the
spatio-temporal generality of models e.g Kozel and Hubert 19898, Heggenes and Saltveit
1990, Bozek and Rahel 1992). One assumption is that organism density and habitat quality
are positively and hi ‘population levels vary.

However, as habitat suitability declines with increasing densities, distributions may change
as organisms move from one habitat to another to optimise benefits (Fretwell and Lucas
1970, Fretwell 1972, Sutherland 1983, MacCall 1990, Milinski and Parker 1991).
Therefore, conelusions with respect to limiting habitats may vary with population level.

‘The objective of this study was to investigate whether habitat use by sympatric Atlantic

salmon parr (Salmo salar) and brook trout (Salvelinus fontinalis) changes with population



size, and to evaluate the extent to which density-dependent processes are important to
habitat modelling.

[ hypothesised that primary habitats that accommodate high salmonid densities will always
be flled near to some optimum carrying capacity, but that secondary habitats that

‘accommodate low salmonid densities wil be filled only ater primary habitats are

occupied. Therefore, fluctuations in population abundance should primarily induce
fluctuations in secondary habitats, whereas density variability in primary habitats should be

minimal. From this, habitat models may vary with overall population density.

4.2.2. Material and Methods

422.1. Study sites

Densities of Atlantic salmon parr and brook trout were estimated at sampling stations in
two rivers in south-caster Newfoundland: Freshwater River at Cape Race (46°38'50" N;
53°05'40" W) and Northeast Trepassey Brook (46°46'00" N; 53°21'10" W). These are
third-order rivers with basin areas of 16.8 and 21.2 km’, respectively. The rivers are
located in the eastern hyper-oceanic barrens eco-region (Damman 1983) characterised by
boglands and patches of stunted boreal forest. No development has taken place in the
catchments with exception of roads near the mouths of each river. Angling is prohibited.

Northeast Trepassey tural run of imon, with
rates of over 5 m™ (Gibson et al. 1993); Freshwater River does not have a natural run of

d Imon, as the riy over a clif! into the ocean.
However, adult salmon were introduced into Freshwater River annually from 1985 to

1990, provid itions in the fluvial habitat from 2.0 - 6.0 m~* (Gibson et al.

1993). Both rivers have a natural population of brook trout. The growth of parr and

trout in both ri , and medi Freshwater River and

8



Northeast Trepassey Brook are three and four years, respectively. Eels (Anguilla
rastrata) are present only in Northeast Trepassey Brook, and three-spined stickleback
present only in iver. Gibson et al. (1993)

present a more detailed description of the rivers

42.2.2. Sampling procedures
‘Twenty-four fixed stations were established in Northeast Trepassey Brook and 36 in
Freshwater River. A variable number of these were sampled annually from 1984 to 1993
inlate July or early August; 7-21 stations were sampled annually in Northeast Trepassey
Brook and 13-27 stations in Freshwater River. Each sampling station was a short reach of
relatively uniform habitat characteristics, i.e. each station was an entire run, riffle, pool or
pond, chosen to represent the range of habitat types present (Gibson et al. 1993) and were

located throughout . Most

i idered

Table 4.2.1). A few stations pled with a seine as this
‘more effective in areas that were deep and wide. In general, the majority of fish present at

stations were caught (see Table 4.2.2).



Table 4.2.1. Sampling procedures used at stations in Northeast Trepassey Brook and

Freshwater River in 1984-1993. E: electrofishing, S: seine. Information depicted in

Bold-Itaics i
estimates. Density-e

mark-recapt

were used for density

tes at other stations were done using removal estimates.

River 84 8 8 87 8 8 9% 91 9 9
iNETEEEE E E EEEE
2 NET E E E E E E E E E E
3 NET S S S S S s S S s S
4 NET E E SEE E E SEE E E
s NT E E E E E E E E E E
| FRW E E E E E E E E E E
2 FRW E E E E E E E E E E
3 FRRW E E E E E E E E E E
4 FRW S § S S § S5 § S S S
5 FRW S § S E S s s S S S
6 FRW - E - E E E E E E E
7 FRW E - EE E E E E E
8 FRW E E E E E E E E E E
9 FRW StE S+E StE E S+E S S+E SE StE S+E
10 FRW $#£ 8§ S S § § § 8 S+E
U FRWE - E E E E E E E
2 RW E - E E E E E E E E




[Table 4.2.2. Description of habitat and fish densities at sampling stations in Northeast Trepassey Brook (NET; 5 stations) and
Freshwater River (FRW; 12 stations). Variables include: surface area (), section width (WD, m), water velocity (W, em
, # fish m?), and

"), water depth (DEP, cm), >0+ Alantic salmon parr (P) and trout (T)

= 100 * number fish caught / estimated fish number).

y

devati

(s,

based on
average yearly station densities from sampling periods 1984-1993 for Northeast Trepassey Brook (n=10) and 1987-1993 for

[Freshwater River (n=7). Depth and water velocity of the pond station in Freshwater River were recorded only once, Average

and 5.d. of EFF is based on trout and salmon sampling efficiencies combined.

Habitat

wD

wv

WV DEP DEP DEN-P DENP DENT DENT EFF EFF
ave ave ave  sd  ave sd ave  sd_aw  sd_ag  sd
TTUNET e 267112336 624196 143 030404230016 0011 93 11
2 NET iffle 105 35 276 1449 161 428 0354 0047 0129 0061 9% 6
3 NET 519 127 70 216 599 1144 0310 008 0077 007 B 9
4 NET nun 266 96 236 1031 282 32 024 0136 0012 00 84 2
5 NET fle 217 73 345 146 147 419 0412 0123 0025 0015 92 10
| FRW ifle 202 91 234 898 139 414 024 0287 010l 0060 9 10
2 FRW ifflc 161 75 3201 1377 146 412 018 0136 0093 0073 9T 6
3 FRW 293 122 170 1021 207 59 011 0095 0176 0107 78 19
4 FRW pond 1242 - 00 - 440 - 000 0006 009 0019 6 17
5 FRW mn 493 127 150 668 404 632 008 0051 013 008 78 12
6 FRW siffle 105 60 379 1389 131 324 0418 0130 0059 003 95 8
7 FRW rifllc 64 33 444 1508 143 468 0534 0206 0067 0065 92 12
8 FRW rifflc 13367 307 1339 196 645 0242 0081 038 0123 86 14
9 FRW mn 12 85 19 778 239 254 0042 0048 0283 017 78 18
10 FRW  pool 569 147 55 38 4L7 168 0063 0034 022 0094 77 10
11 FRW il 8 53 504 3986 140 451 0052 0051 098l 0645 %4 13
12 FRW il 127 40 334 226 151 329 0062 0052 042 0068 9 6




Before sampling, each station was isolated by 0.6 cm square mesh barrier-nets to ensure.

‘population closure. Al fish captured were anaesthetised (CO5), measured (fork length to

the nearest mm), held in y i and released
was completed. Three to six passes were made through each station with seine or
electrofisher, depending on fish numbers at consecutive sweeps.

“The length and width of each station was measured to the nearest 0.1 m with a measuring
tape to determine surface area (Table 4.2.2). At least five depths were recorded at
equidistant points along three transects, and water velocitis (at 60% of depth) were
measured at three equidistant points on each transect. Water temperatures were recorded
immediately after solation of the stations.

Not all stations were sampled annually and it was therefore necessary to choose subsets of
the overall database for analysis. For Northeast Trepassey I used data from 5 stations
that were visited yearly from 1984 through 1993 (10 years). These stations were all
located within the first 700 m upstream from the mouth of the iver. For Freshwater
River, T used two data-sets: one based on 8 stations that were visited yearly from 1984
through 1993 (10 years, stations 1-4, 7-10; Table 4.2.2) and one based on 12 stations that
were visited yearly from 1987 through 1993 (7 years). These stations were all located
within the first 7 km upstream rom the mouth of the iver. Note that in Freshwater River
parr older than O+ were not present before 1987 due to the stocking regime.

1 classified the various stations into pool, pond, rifle, and run, based on water velocity and
depth. Riffles and runs had water velocities over 10 cm 5", Pools had water velocities
less than 10 cm s™. Runs and pools were deeper than 20 cm and riffles less than 20 cm.

‘This classification was in accord with a visual and subjective description of the stations.

Abundance of parr and trout (>0+)
of Otis et al. (1978). At several tations, a mark-recapture procedure was done as this




approach i ive. For those, abundance imated using
Chapman’s (1951) modification of the Lincoln-Petersen estimator (Table 4.2.1). 1 did not

‘estimate or use abundance of 0+ trout and 0+ parr, as these fish were small (3-6 cm) and
‘well able to hide under cobble at many of the stations, and because I was concerned about
subsequent effects on density estimates.

‘When primary habitats will i ing capacity and
y habitats willbe filled only after primary habitats are occupied, densities at
ey bt willcrese e tansecondaey Sbius wih poplton v (Habitat
level’) and i stations will be less at higher
population levels, i.e. at higher population levels, distributions will expand from stations
h parr at low population levels to ions, leading to an
evening out of densiti level"). D t prim

habitats will vary less over time because of thi, but may also vary less over time because
s, regardless
of population levels (Temporal variability’). 1 analyzed the data to see whether such

densities at primary habitats are temporally more stable than secondary h

relations existed for salmonids in Freshwater River and Northeast Trepassey. In addition,
Lanalyzed the extent to which incorporation of density-dependent habitat selection
prove classic habitat modelling modelling’)

42.2.3. Habitat density and population level

Tinvestigated local abundance at the scale of a station (DEssice, # m™) with yearly
averaged fish density at the scale of the river (DEquw, # m) for all stations, for possible
intraspecific processes:

and Results
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108)0( DE aarion*+ 0.001) = 7+ & 08 1o( DEver+ 0.001) Equation 4.2.1

1£8=1 (intraspecific station-to-river response; wi
is that

= 1 to number of stations), the
tion densities (cf.
Myers and Stokes 1989). I hypothesised that &;, a series of slopes, should be negatively

correlated with the station density in the year the population abundance in the river was
lowest, as primary habitats will always be filled close to

‘whereas secondary habitats wil be filled only after the primary spots within the primary
habitat are occupied. In addition, I investigated whether 3, varied significantly among
habitats to testif habitats responded similarly to changes in population abundance. Tn

these analyses, & were weighted by the inverse of the associated MSere;.
Tinvestigated the selection by parr for stations (SIS Ausiar) with yearly averaged trout

density at the scale of the river (DETRyser, # m™) for all stations, for possible interspecific
processes:

SiSAsiation = €+ 1 10819( DETRriver + 0.001) Equation 4.2.2

with:

StSAuatn = 108 10 DESAsgion = 0.001) = 108 o( DESArer = 0001)  Equation 4.2:3

[fn=o (nunpeqﬁ: station-to-river response; with i = 1 to number of stations), the

parr for stations with

level of trout. Iftrout and parr select for similar habitats, , a series of slopes, may be.

gatively ith the station density in the year ion abundance of trout
in the river was lowest, s parr are driven rom habitats that are primary to trout with an



increase in trout populations. If trout and parr do not affect each others distribution as

they select different habitats or because of limited interspecific competition within habitats,

in

i may with the
trout in the river was lowest. In addition, [ investigated if n; varied significantly among
habitats to test if habi ded similarly to changes in latic ‘trout.
‘This calculation was repeated for trout (with SITRue analyzed as a function of

DESAgwr). In these analyses, 1; were weighted by the inverse of the associated Mseru

4.22.4. Density van

ty and population level

1 studied the variation in fish densitie sampli

processes, using Taylor's Power Law (Taylor 1986, McArdle et al. 1990), with variances
and means of parr and trout densities (DI Y per river:
logyg(she) = @+ B, log;g(DE) Equation 4.2.4

I€B,=2, then the variability over stations is constant from year to year. If,<2 then the
variability is smaller in years when populations are larger, i.c. in good years low-density
stations will accommodate proportionally more fish than high-density stations, leading to
an evening-out of densities. I 8,>2 then the variability s greater in years where
‘populations are larger, which means that in years when populations are larger, high density
stations accommodate proportionally more fish than low density stations and that in years
e low-density stati less affected than high-d
stations. T hypothesised that B,<2 for both species.

Tinvestigated the variation in fish densities over sampling stations, for possible
interspecific processes, by relating the coeficient of variation (CV;) of the one species

with the yearly averaged density of the other, with CV, and means of parr and trout
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calculated over stations per year per river. I hypothesised that an increase in trout and
parr density would lead to a change in CV, of parr and trout distributions respectively, as
trout are driven from habitats that are primary to parr when parr populations increase, and
vice versa (cf. Gibson 1993, Rodriguez 1995).

4.2.2.5. Temporal variability

I studied temporal variability in it dons for possible
using Taylor's Power Law (Taylor 1986, McArdle et al. 1990), with variances and means
of parr and trout densites calculated over years per station

logyo(she) = @+ B, logo(DE) Equation 4.2.5

162, then the variability of the populations over time is constant. I §:<2 then the
temporal variabilty is smaller at stations where densitis are larger. If 62 then the

temporal variability i at stations where densiies are larger. I hypothesised that
B<2, i

Tow density stations luctuate more than high densiy stations do.

I studied temporal variabilityin fish densit i possi

by relating the coefficient of variation (CV:) of parr and trout, calculated per station over
years, with the average station density of trout and parr respectively. I hypothesised that
sites that are primary to parr (accommodating high parr densities) should fluctuate less
over time with fluctuations in trout populations, and that sites that are primary t0 trout
(accommodating high trout densiies) should fluctuate less over time with fluctuations in
parr populations. In addition, I investigated whether CV, varied significantly among
habitats.

To test for possible i he scal Tinvestigated
‘whether the yearly averaged trout densites were correlated with the yearly averaged parr




es for Freshwater River and Northeast Trepassey Brook separately, with yearly
averaged densities on a loguo scale.

dens

4.2.2.6. Habitat modelling

To quantify the extent to which habitat models may change due to density-dependent
habitat selection, [ related observed fish densities (on a log,e-scale) to various habitat
variables using variance analysis based on the Generalised Linear Model procedure in SAS

and type T Sums of 1988). Habitat vari into the
model usi that paralleled an y -scale h
modelling approach. Next, the p the observed variance at the di

in the model was used to assess improvement of the descriptive power of the model by the
addition of complexity (see Table 4.2.8). I stress that this analysis was not meant for
significance testing, but was done to obtain an impression of how habitat models may be:
improved by the incorporation of density-dependent processes.

1. The first variable included was the habitat type H (pool,riffe, run, and pond).
‘This level parallels a habitat model where density estimates are provided solely
based on habitat type, regardiess of differences in population size, rivers,
density-dependent habitat selection, or other factors.

3. The second and third variables were R (Freshwater River; Northeast Trepassey
Brook) and R*H. These levels parallel improvement of the model by river-specific
responses to habitats

4. The fourth variable was S (station). This level represents selection of habitats at
specific stations, not represented by levels 1-3. Ifthis level (S) explains much of
the variance and the firstlevel (H) does not, the habitat classification used may be.
improved by a classification that better parallels the habitat as experienced by
individual fish.

5. The fifth vari it logie-scale) iver per




year (LDESA for parr, LDETR for trout; used to explain observed parr and trout
densities respectively). This level parallels proportional changes in station densities

due to changes in population level (cf. 5=1; CV, does not vary with population
level; B,=2;

‘The sixth variable was LDESA®S or LDETR?S for explaining the parr and trout

itat selection independent of population level).

densities respectively. This level represents intraspecific density-dependent
processes (cf. 51; CV, varies with population level; 6,22; distribution

habitat selection is density-depend

The seventh variable was LDETR or LDESA for explaining the trout and parr
densities respectively. This level represents proportional changes in station density
of one species due to changes in population level of the other, and addresses the
question of whether the population level of one species was affected by the
population level of the other.

The eighth variable was LDESA*S and LDETR®S for explaining the trout and
parr densitis, respectively. This level represents disproportional changes in

densities at stations of one species with changes in population level of the other,

and addresses the question of whether the distribution over stations of one species
was affected by the population level of the other species (cf. CV, varies with
population level).

The ninth variable was LDESA*LDETR?S, 2 level which represents possible

higher order intra- and interspecific density-dependent processes.

One critcism of this approach may be that it explains selection for stations first (levels

6-9) which may gi

an advantage over others in explaining the observed variance, and that variables such as

station and river have no transferability to other studies o meaning to habitat models.
However, T did not have data from enough stations to develop reliable (density-dependent)
habitat models. In addition, the main objective of the approach was to scale the effects on

fish distributions of habitat features that were stable over time (station effects) to effects of



varying population levels. Some of these station effects may be reflected in habitat models
by using more general descriptor variables, but not al. Some of the density-dependent
effects may be reflected in density-dependent habitat models, but not all. Station effects
will have to be included in the model first to allow for scaling the efffects of these with
density-de \d ffe In short, hould sider the abe h only as a

erude and limited approach to scale density-dependent with density-independent effects.
Interpretations will have to be done i light of the resuits from the other analyses.

4222.7. Calculation procedures

Analyses aimed at deseribing the trout distrbutions in Freshwater River were done using
the two Freshwater River data-sets (8 stations, 10 years; 12 stations, 7 years). Analyses
aimed at describing the parr distributions in Freshwater River were done using the data-set
from 12 stations and 7 years only, as no parr other than young-ofathe-year were present in
Freshwater River before 1987.

Taylor Power Plots were analyzed by randomisation (Marly 1991). Observations on the
response variable were randomised 5%10° times with the explanatory variable held
constant, using sampling with replacement. A p-value was obtained by calculating the
‘proportion of randomisations with an r* greater than or equal to the r* of the observed
distribution.

To test if the slope of the Taylor Power function differed from 2, T used a randomisation
approach as well. Regression analysis was done on randomly selected observed

combinations of variances and means, using sampling with replacement and with the

number i to the number of
original analysis. Confidence limits for slopes were determined from 5*10° of such
randomised regression analyses. P-values were obtained by calculating the proportion of
slopes, obtained by randomisation, that exceeded 2 for analysis on power functions with



an observed slope 2, and the proportion of slop than 2 for
analysis on pover functions with an observed slope larger than 2. Analyses of Taylor
for each river sep: as on data from both rivers

combined. To calculate slopes, and confidence limits and p-values for slopes from data
from i ined, I average pes for the two in each randomised

regression analysis.

done using the FORTRAN lied random number
generator, upgraded al up possible:

sequential correlations. Al other analy: done using SAS statistical
1988). Residual analyses involved a visual check for patterns in plots of residual versus
predicted values, as well s tests for mmullly Tests for normality involved a visual

check and i .05). T resi jiated from normality and

any of the p-values in the analyses were less than 0.25, p-values were obtained by

isation in SAS: Observati ponse vari ised 1000 times
with the explanatory variables held constant, using sampling without replacement. A
selection criterion of 0.25 was used to decide if data were to be re-analyzed by

in SAS were i differences in

p-values obtained by randomisation and under the assumption of normality were small.

‘Therefore, I assumed that thi tlead to an increase in the

type Il errors. For all analyses I used a 5% level as a sreening criterion to separate
significant” effects.

“significant" effects from "non-

Water depth and ity at stati gly negatively , both in

Freshwater River (r=-0.831, p=0.001, n=12) and Northeast Trepassey Brook (r=-0.962,
P=0.009, n=5). Because of these correlations and because few pool/pond habitats were
visited, 1 only studied the effect of the riverine habitat on 8, and CV, by means of the

les pth and ity separately, rather than

terms i 2 model including both ity as water



depth.
423 Results

Stations in Northeast Trepassey Brook comprised one pool, one run, and three rifles
(Table 4.2.2). No pond data were included. Average parr densities (over S stations)
varied from 0.145 m? (1991; s.d. = 0.098) to 0.456 m™? (1993; 5.d. = 0.067); Average
trout densities varied from 0,030 m (1986; 5.d. = 0.024) t0 0.077 m* (1993; 5.d. =
0.06). Stations in Freshwater River comprised one pond, one pool, three runs, and seven
tiffles. Average parr densitis varied from 0.064 m? (1993; 5.d. = 0.076) 10 0.277 m*
(1987, 5.d. = 0.312) (period 19871993, 12 stations); Average trout densities varied from
0.178 m™ (1989; 5.d. =0.221) to 0.469 m? (1993; s.d. = 0.648) (period 1984-1993, 7

es in Freshwater River were higher than in Northeast Trepassey

stations). Trout dens

Brook. Parr densiies in Northeast Trepassey were higher than in Freshwater River.
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4.23.1. Habitat density and population level

levels responded less
to an increase in parr population levels than stations accommodating low parr densities at

i ing high parr densit parr populati

low population levels, as 5; was negatively associated with the station density in the year
the population abundance n the river was lowest (Table 4.2.3). No such relationship was
found for trout. Trout densities at deeper and low flow stations responded less to an
increase in population level than densities at high flow and shallow stations, as & was

ly with water depth (negati water velocity (positive) (Table
411) Ldid not observe any such relationship for parr. Relations between 8 and density,
depth or water velocity did not vary among rivers (interaction term non-significant; Table
423).

Selection by trout for stations did not vary with population levels of parr or vice-versa
(Table 4.2.4). n did not vary with water depth or water velocity (Table 4.2.4).
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4.2.3.2. Density variability and population level

Variability of parr densities among stations was less at higher population levels of parr in
Freshwater River (8,<2, Table 4.2.5), but not so in Northeast Trepassey River, or when

data from both rivers were combined. No such relationship was found for trout

Variability of parr densites over stations did not vary with trout population levels.

Variability of trout densities over stations did not vary with parr population levels. (Table

42.6).
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4.2.3.3. Temporal variability

stations
‘accommodating high trout densities (8,<2, Table 4.2.5) in Northeast Trepassey Brook and
for the combined data-set of Northeast Trepassey Brook and Freshwater River. No such

relationship was found for Freshwater River alone. Variabiliy of parr densities over time
at stations was not affected by parr densities at these stations.

Vari

ility of parr densities at stations over time did not change with mean station density

of trout and vice-versa, or with water velocity or water depth (Table 4.2.7).
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Yearly averaged trout densities were not significantly correlated with parr
densities (~=-0.088, p=0.809, n=10) for Northeast Trepassey Brook. This correlation was
significant in Freshwater River (r=-0.815, p=0.025, n=7).

423.4. Habitat modelling

Density-independent effects explained more of the observed density variance of parr and
trout (77.2% for parr; 77.8-79.2% for trout; levels 1-5, Table 4.2.8) than
density-dependent effects (12.7% for parr; 11.8-12.0% for trout; levels 6-9, Table 4.2.8).

In these models, a large portion of the variance was explained by the fourth level (station),
‘which suggests that improvement of habitat models may be possible when using hat
criteria that are more refined than ification [ used. As this matter

the scope of this study, however, I did not address this question.




Table 4.2.8. Density of parr and trout (logu(density (#.m?) +0.001) as a function of
habitat (H: pool, rifle, run, pond), river (R Freshwater River, Northeast Trepassey
Brook), station (S) and population level (LDESA for parr density; LDETR for trout
density). The percent variance explained at the various levels in the model illustrate how
density-independent effects scale to density-depe text). Parr/Trout I
analysis based on data from Freshwater River 1987-1993 (7 years, 12 stations) and
Northeast Trepassey 1984-1993 (10 years, § stations) combined; Trout I1: analysis based

on data from Freshwater River 1984-1993 (10 years, 8 stations) and Northeast Trepassey
1984-1993 (10 years, § stations) combined.

Par

Source d  SSI perc »
H 3 125981 262 <0.001
R 17031 146 <0001
HR 2 06509 L4 0002
s 10123162 256 <0.000
LDESA I 45205 94 <0001
LDESA*S 16 2052 43 0038
LDETR 10108 02 0224

LDETR*S 16 3104 65 0003
LDESA'LDETR*S 17 08242 L7 0829

Corr. Total 133 480431 1000 -

Trout Trout Il

Source & ST perc » & SST perc

H 312187 22 0004 3 2347 55 <0000

R 1173730 3L1 <0001 L 176276 416 <0.001

H'R 2 22304 41 <0001 2 23144 55 <0001

s 10191843 374 <0001 6 84l 198 <0001
ETR L2382 44 <0001 123003 54 <0001

LDETR*S 16 12937 24 042 12 0882 21 0213

LDESA 100515 01 0431 L0184 04 0075

LDESA*S 16 24713 46 0038 12 0757 18 0337

LDESA'LDETR®S 17 25679 47 004l 1332790 77 <0001

Corr. Total 133 541867 1000 - 129 424077 1000 B




4.2.4. Discussion

Several of the results suggest that habitat selection by salmonids may be

dependent: (1) stat ing high p ities at low parr population
Tevels responded less to an increase in parr population levels than stations accommodating
low parr densities (Table 4.2.3, based on data from both rivers combined, relationship not
4 @p: iti less i igher pop
levels in Freshwater River (Table 4.2.5); (3) trout densities at deeper and low flow

stations responded less to an increase in population level than at high-flow and shallow
stations (Table 4.2.3, based on data from both rivers combined, relationship not different
among rivers); and (4) stations that accommodated many trout fluctuated less over time
than stations that accommodated fewer trout (Northeast Trepassey Brook and when based
on both ri ined; see Table 4.2.5). istributions did not seem to affect part
distributions. However, observed density-dependent relations were based on 6 significant

results from 45 different analyses (13% success rate; Tables 4.2.3-7) and some of these
results may have been found by chance alone. In addition, Table 4.2.8 indicates that the
percent variance explained by density-independent effects is 6 to 7 times larger than

density-dependent effects. Therefore, I concluded that results may indicate some

density-dependent relations, but they do not indicate a clear and strong effect of

p P on salmon and trout distributi
A clear and from the Northeast Trepassey
data s di 1) stations were ive of available habitat; (2)
stations using a vari i ing and seining, removal

‘and mark recapture estimates: see Table 4.2.1) with diffecent sampling efficiencies (Table
4.2.2); (3) the range in population levels in both rivers was not large and population levels

structure in Freshwater Ris due to the

stocking regime; and (5) few stations were sampled.



The stations being not i itat wil affect the f
population levels, but is not likely to be respansible for the density-dependent effects in the
unly:c: in Tables 4.2.3-7. However, this will affect quxnuﬁmnon of potential

dependent effects. i d differencesin
ol iency will ingle interpretation of the analyses of Tables 4.2.3-7.
y estimates from stations less efficiently or with a variety of

sampling techniques will be subject to an added source of variance due to variable:
efficiencies and methods. If, in ad
from stations sampled in an efficient and consistent manner, patterns may result that are

n, densities at these stations were different

seemingly density-dependent. Alternatively, real density-dependent relations may not be
detected. This is mostly of concern for analyses of Tables 5 and 7 (B,, CV,). From this,
the one significant result of Table 4.2.5 may be an anefact of sampling methods, rather

than ity-dep responses: This result B data
from Northeast Trepassey. Sampling stations 1,3 and 4 i ths river were sampled

; seining and electrofishing). Trout
densities at Because of this, tion that trout densities

inconsistently (mark-r recapure and removal technique

varied more over time at stations that I densities may not

necessarily be du to density-dependent processes

Densit previously been observed trout (Salmo

trutta) by Elliott (1986) and for Atlantic salmon parr by Talbot (1994), and in the

experiment of Chapter 4.1. Findings of this study contrast with Rodriguez (1995) who

observed an effect of interspecific interactions on distributions of parr and brook trout but

did not observe ftrapaciic seractions. Finding o ot wih Gl (1933) o
ested by interspecific

interactions. These variable results may be partly due to a mismatch between the scale of
, riffles and runs and spatial scale at which

individual fish actually select for habitats (cf. Fausch 1984, Hughes 19924, 19928, Hill

and Grossman 1993, see Chapters 2, 3). Due to this scale mis-match, only an indirect
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impression can be obtained of the processes involved.

Habitat selection may be an i ing fish distributions at small
spatial scales. However, habitat selection by individuals may be of lesser importance,

relative to other processes, for describing fish distributions at larger spatial scales (see
Chapter 2). For example, if fish selectrifles o feed in and if pools serve s cover mainly
duriog o0 ovents, i vl et ave pcls sl gti-tmprd vl

However, if recurring flood lir fish in triby
pools, posit iations of fish with pools may b at larger spatio-temp

i i ini pools wil afew fish. Positive
associations with riffles will then be found at small spatio-temporal scales due to habitat
selection; negative associations with riffles wil be found at | i I scales

due to differential mortality. This example illustrates that associations depend on scale (cf.
Morris 1987A, Morris 1987C, Piatt 1990, Morris 1992, Fausch et al 1994, see cmpma)

and that i shaping obs
fish may depend on scale as well (cf. Horne and Schneider 1994, see Chapter 2). That is,
habitat selection is a is 1987A,C). i, results.

of small-scale experiments such as in Chapter 4.1 or feld observations on adjoining o
closely located habitats (cf. Ellott 1986, Rodriguez 1995), although valuable for obtaining
1 underacing of snal-wcalebabrious proceses, maybe ik 10 excapolte 0
larger spati d scales separted,(arge-scal)
hi I-scale) habitat selection may nd,
selection by i
scales, this propagation may be limited and not immediate.

The observed changes in habitat use can be explained in terms of the ideal ree distribution
(Fretwell and Lucas 1970, MacCall 1990) and/or the ideal despotic distribution (Fretwell
1972). As ids pr ly primarily itats at scales
smaller than that of pools, iffles, and runs (cf. Hughes 19924, 19928, Hill and Grossman




1993), T suspect that with increasing densities, first the primary small-scale habitats
("spots") within sampli ied followed pots, as the

access to primary spots would have become limited with increasing densities, due to
territoriality (cf. Grant and Kramer 1990), or small-scale spacing behaviour (see Chapter
3). Asp be teritorial i

sometimes schooling in pools (Kalleberg 1958, Gibson 1978, Gibson and Cunjak 1986), a
combination of ideal despotic and ideal free behaviour is most likely to be appropriate.

Due to these behaviours, selection of broad-scale features such as pools, riffles, and runs
may change disproportionally with population density. Unfortunately, however, this

study could not address the extent to which behaviours were "ideal" or which stations or
habitats were primary or secondary, for lack of an independent measure of habitat quality

and because density may not necessariy reflect habitat quality (cf. Van Horne 1983).

4.2.5. Conclusions

Thave shown that variabiity itself can be an interesting aspect of fish distributions and that

analysis of spatio-temporal variability can be used to study habi ion by fish. Some
ofthe el i ncte poaedensty-dependen responses o . Floweves, beause

of T recommend additional research along the lines of

this paper but using survey designs based on a larger number of stations that are sampled

in a more consistent manner.



Chapter : Summary and conclusions

5.1 Thesis context and research questions

based aeneraly
temporal scales.
. 1: scale-up”) habitat is
lati tic habitat ic
ify itats, . small-scale i on on habitat address
" - in

‘with density, and from this, habitat models do not vary with population level.
In this thesis, | evaluated vari fthese th oo S fuventle Allasll

salmon (Salmo salar) in rivers. 1 hypothesised that (1) small-scale behavioural processes
or small-scale fish-habitat associations will have limited applicability for explaining larger
scale distributions or addressing large-scale habitat management problems; (2) multi-scale

h for i

selection behavi i nd is, (3) mult-
i ing] especially when
extrapolating small-scale habitat selection behaviours to density predictions at larger

* Words in itaics refer for convenience to sections later in Chapter 5.



spatial scales; and (4) habitat selection is density-dependent due to small-scale spacing

behaviour or territoriality.

5.2. Scale-up in habitat models

! ) . . ing recenty
developed scaling-tools (scope- and rate-diagrams), field-data, and theoretical scenarios on
e L o

i i »
tothep dress with

these models. However,

npC larger indivic movements.
T pioh . " A .
of distribution processes. I recommended that sul&up validation should become a central
focus in habi Isuggested Je-up studie
see Chapter 2]

53. Scaling analyses in habitat selection studies

Tevaluated distributions nﬁuvﬂul: Atlantic salmon over a range of spatal scales to see

whether ith depth, water velocity and substrate
depended on spatial scale. This ing dir individual fish from a
etk sy (sl s | G to 3 ) and el o (patal s | 1015 )

y ing Canada. [see Chapter 3]

Results indicated associations with conspecifics, substrate, water velocity, and depth were:

le-dependent and spatial it radius < SO cm). Scale-



dependent associ
scales important to habitat models and formalised observations into explicit multi-scale

ns changed with direction relative to water flow. 1identified spatial

habitat selection models.

ed directed towards subs d combinations of water velocity
and depth at small 1plm| scales (ambit radius < § cm), but some results suggested
behavi rather than a single scale: salmon parr

differentiated between shallow positions in shallow areas and shallow positions in deeper

areas, deep locations in deep d deep locati

study), and between low-flow positions in low-flow-areas and low-flow po:
high-flow areas (feld-based and stream-tank study); >0+ salmon often avoided larger
substrates (cobble to large boulder) at small spatal scales (ambit radii <40 cm), but
preferred larger substrates at larger spatia scales (stream tank and field-based study).

Although associations occurred over a range of spatial scales, the results seem to indicate
that the tial scal i (1) small it radius < § em), (2)
‘medium-scale (15-50 cm), (3) large-scale (ambit radius = 1-5 m). The first scale is
‘possibly associated with selection for small-scale environmental features at focal positions

(o . patial scales. The
second scale is poss iated with territoriaity or spacii jiour and the distance
fish move from preferred focal positions i ing drift and

associated selection for low-flow positions closely adjacent to high-flow areas. The third
scale s possibly associated with the river width. This last scale was apparent from

selection for depths in the field-based study and was least well defined.

Results suggest behaviours primarily directed le habitat features (< |
m?), probably aimed at maximising energy intake (cf. Bachman 1984; Fausch 1984) by
selectionforspcific hding poskion wth low to higl

cale) it i (cf. Ch id Bjornn 1969,
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Everest and Chapman 1972, Fausch and White 1981).

Contrary to expectation, single- and multi-scale habitat selection models were equally wel

able to describe small-scale fish di (ambit radii < 4 m), despif it~
scale behaviours (stream-tank and field-based study). This is attributed to the

i ing at the Jl-scal
Multi-scale models seemed sl at explaining fish distributions at larger spatial

scales (field-based study). However, both single- and multi-scale approaches often failed
to describe distributions at spatial scales much larger than those used in the model, even
‘when larger scale distributions were described in terms of assumed homogenous
broad-scale features such as pools, riffles and runs, i.¢., models performed well with
respect to describing where fish were positioned in the river (small spatial scales), but
were not well able to describe density-variability in river sections. This was surprising as
the scope of underlying surveys was small. This may indicate that the scale-up from
habitat model to fish-+
micro-habitat modelling. Because associations varied with measurement scale, a clearly

‘may be much more diffcult th d in current

defined measurement scale s important to habitat selection studies.

5.4. Density-dependent habitat selection

siy. This was

i iveris in the field.

up of pool, rifle, itats. T introduced ities i 1
to 125 fish m? 2 years, 3 enclosures) and studied changes in habitat use of pool, riffle and

run habitats with density. The field-based study was done using density-estimates of

enil ind brook ).

were obtained from 1317 fixed stations that were sampled every summer over a period of



7-10 years, in Northeast Trepassey Brook and Freshwater River, Newfoundland, Canada.
Sampling was done by electrofishing and seining. [see Chapter 4]

Results from the experimental study indicated that habitat use did change with population

density ith rlat parr
i parr distribution, with relat parrin runs and fewer in rifles
i o istribution was primar "
riffle and run
nge it ied considerably, despite
controlled experimental conditions.
less clear, Or bl
it i stations ing high parr densities at low
p i less to an increase in parr on level than those

with low par densitiesin both rivers; parr densites varied less over stations at higher
population levels in Freshwater River. Density-dependent effects were much smaller than
density-independent effects in shaping the salmonid distributions in both rivrs.

Teoncluded that habitat selecti parri variab

ly i jiour o

teritorialty, ich may i i spatial

scales of pools,riffles and runs, depending on the disribution of micro-habitats within these

larger-scale habitats. From ths, habitat use may vary with population level, especally when
o . iy, From s,

expected to vary with population level s well
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5.5. Implications of results and suggested future research

The importance of this thesis s not that [ identified new and important scales for habitat
models, as most of the results are quite in line with previous findings from other studies.
‘This thesis made explicit the relative importance of various habitat selection behaviours
and the scales at which they operate and shows that
fnied 10 the spaial scles over whichthe sndy vas conduced. In addio, the muli-

cerpretation of results should be

Toutlined all ion from studies that operate at

a variety of space and time scales into a comprehensive understanding of fish distribution
processes. This will i of effecti itat models,

especially within the context of scale-up, as outlined in Chapter 2.

An important finding of this thesis is that small-scale habitat models may predict quite well
‘where fish will be, but that this does not imply that distributions at space-scales larger than
those of the model can be described using these small-
finding was based on data from two rivers only and should be repeated elsewhere,

However, this

preferably within the context of higher-resolution flow-models than were possible in this
thesis Nevenhlss, 1 o tink hat i proiem o scle-up b vryimporant o b
modelling. Tnability to
understanding of distrbution processes is lu:kmg “This in tur indicates that it will be

difficult or i ddress large space-time scale

problems from information obtained at a variety of much smaller space and time scales.
should be directed towards scale-up studies, using mult

both in the temporal as well asin the spatial domain, and survey designs as suggested in

Chapter 2.
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