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Abstract

Habitat complexity and predator avoidance are imJXIrtant factors influencing the

distribution of organisms. Structurally complex habitats offer refuge from predators and

potential foraging areas. Artificial reefs increase habitat complexity in the aquatic

environment. In lhis study, artificial reefs were used 10 test the hypothesis that increased

habitat complexity would increase density of demersal fishes, such as cwmers

(Tautogolabrus adspersus),juvenile Atlantic cod (Gadus morhua), and juvenile rock cod

(G. ogac) in the coastal subarctic waters of Newfoundland. In 1999 and 2000, five paired

artificial reef and control transects and three additional control transects (each 80 m long)

were deployed in Newman Sound, Newfoundland, Canada along the 15 m depth contour.

Habitat complexity of substrate along the transects was expressed as fractal dimensions

(D) measured at five resolutions (0.035 - 3.5 m). Densities of cunners and juvenile cod

were measured on each transect during three autumn surveys in 1999 and four summer

surveys in 2000 using scuba. Fractal dimensions were between D '" 1.00 and I ,01 along

unmanipulated control1ransects and D - 1.16 along reef transects, indicating a significant

increase in habitat complexity due to the artificial reefs. During the day, most cunners

(159 of242) and juvenile cod (25 of 29) were observed on reef transects in close

association with artificial reefs. When observed on control transects, cunners associated

with unique features of increased complexity. Juvenile cod observed on control transects

showed no habitat associations. Densities ofcunners, juvenile Atlantic cod, and rock cod

attenuated at rates of .1.08, .(l.22, and .(l.17 o/oim respectively with distance from reefs to

a "baseline" level at 15-20 m. In summer 2000, higher cunner densities were associated



with increased habitat complexity during the day and few cunners (2) were observed at

night. In contrast, no juvenile Atlantic cod were observed over any transects during the

day, but at night, density increased, though no preference for complexity was observed.

Juvenile rock cod were observed in similar densities during day and night, but individuals

were aggregated near the reefs during the day and were dispersed at night. Cunners were

associated with artificial reefs in both summer and'autumn. Cunners were observed less

frequently at low temperatures. Juvenile Atlantic cod associated with artificial reefs in

autumn but not in summer. In contrast, juvenile rock cod associated with reefs in summer

but not in autumn. Seasonal differences in habitat use by juvenile cod appeared to be

linked to the breakdown in the thermocline in early autumn. Artificial reefs increased

habitat complexity and in tum the diel and seasonal distribution and density of demersal

fish species.
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Chapter I Overview

Artificial reef studies are numerous. Bohnsack and Sutherland (1985) reviewed

413 artificial reef references and 1have examined 445 additional references from 1986 to

2001. Artificial reef studies have been conducted primarily in tropical, subtropical or

temperate waters (e.g. Dewees & Gotshall 1974, Fast & Pagan 1974, Higo et al. 1980,

Kock 1982, Buckley & Hueckel 1985, Chandler et al. 1985, Downing et al. 1985, Jessee

et al. 1985, Lauffe & Pauley 1985, Sanders et al. 1985, Spanier et al. 1985, Guzman et al.

1988, Hixon & Beets 1989, Chua & Chou 1994, Grcgg 1995, Kim 2001). Few artificial

reef studies (but see Gascon & Miller 1981) have been condu<:ted in cold ocean regions

such as Canada. Most of artificial reef studies have been of limited scientific value

(Grossman et al. 1997). These studies have not quantified changes in habitat complexity

after artificial reef deployment nor has the spatial scale of effect of artificial reefs been

quantified. Further, few artificial reef studies have examined how abiotic factors such as

time of day, season and temperature may affect species populations (Sanders et a1. 1985).

The objectives of this thesis were to: (i) determine the effect of increasing habitat

complexity on the densities of nearshore demersal fish species; (ii) determine the spatial

scale of artificial reef effects on fish densities; (iii) examine the differences in density

patterns betWeen day and night near artificial reefs among species; and (iv) examine

seasonal and temperature effects on species densities near artificial reefs.

Chapter I is an overview of the objectives and organization of this thesis. Chapter

2 presents the results of the experimental study including an introduction, methods and

materials, results, discussion of the major findings, and conclusions and recommendations



in the fonnat of a publishable scientific paper, though with more detail than is required

for publication. The introduction to Chapter 2 summarizes pertinent scientific Iitemlure

to show the direction I have taken with regards to research on habitat complexity,

anificial reefs and demersal nearshore species ofNewfoundland. Chapter 3 is a general

discussion of topics in the fields of artificial rcefresearch, habitat complexity, and

Atlantic cod beyond the scope of the results in Chapter 2. To prevent redundancy, all

references used throughout this tbesis are presented after Chapter 3.
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Cbapter 2 Using artificial reefs to measure the effect of habitat complexity on the

density of nearshore demersal fish species.

2.t Introduction

Habitat is a subject of centraJ importance in terrestrial and aquatic ecology. There

is considerable variability in the types of habitat available in ecosystems. Habitat in the

marine environment includes natural substrates such as mud, sand, gravel, cobble, boulder,

bedrock, coral reefs, seagrass, macroalgae (including beds of kelp, kelp forests, etc.) and

combinations of these substrates. Marine habitat may also include artificial structures

constructed by humans (wharves, floating piers, oil platforms, breakwaters, shipwrecks,

artificial reefs, etc.). There is also considerable variability in the distribution of habitats

ranging from unifonn to patchy

Organisms often associate with specific habitat types. The Ideal Free Distribution

(IFD) model predicts that organisms should match the distribution of resources (Kennedy

& Gray 1993). However, reanalysis of the IFD model has shown that the current form of

the model does not accurately depict the distribution offoraging animals. The distribution

of organisms does not match the distribution of resources, which may be explained by

violation of the model's assumptions (Kennedy & Gray 1993). The presence of predators

IlfId the effects of waterflow, and tempemture may also affect the distribution of organisms

(Kennedy & Gray 1993). Individual animals select habitats that promote growth and

reproduction and reduce the risk of mortality (Gibson et at 1996).



Predator avoidance influences habitat use (Gotceitas & Brown 1993, Fraser et al.

1996) and limits the local distribution of some species (Krebs 1994). Animals vulnerable

to predation must make important survival decisions, such as using habitats that provide

protection from predators (Stein 1979). The density of prey organisms in a complex

habitat often correlates with the density of predators (Kook 1982, Buckley & Hueckel

1985). Increased predator density may lead to increased prey mortality, relative to

noncomplex habitats, due to increased predator - prey encounters. However, as habitat

complexity increases, both the predator capture rate and the risk of predation decrease

(Cooper & Crowder 1979, Stein 1979, Coull & Wells 1983,Johns & Mann 1987, Russo

1987, Gotceitas & Colgan 1989, Nelson & Bonsdorff 1990, Mattila 1992, Gotceitas &

Brown 1993, Gotceitas et al. 1995, 1997, Tupper & Boutilier 1995, 1997) because

complex habitats increase available refugia (Mattila 1992). Examining when and why

organisms select habitat complexity increases our understanding of their ecology.

Manipulating habitat complexity and determining its effects on fish densities will increase

our understanding of the spatial distributions of animals and how and why different

habitats are used.

Artificial reefs alter habitat complexity in the aquatic environment. They have

many different applications including the dissipation of waves (Mottet 1981), prevention

of beach erosion (Anon. 1993, Jenkins & Skelly 1994), anti-trawling devices (Guillen et

al. 1994, Munoz-Perez et al. 2000), use as biological filters to reduce eutrophication in

coastal areas (Laihonen et al. 1997), reduction of excess nutrient loading at cage

aquaculture sites (Bugrov 1994), and most commonly to enhance areas for spon diving by

enhancing production of macroalgae, corals, other invertebrates and fishes (Brock 1994,



Rhodes et al. 1994. Hower 1998). Even offshore oil platfonns have been promoted as

"artificial reefs" (McGunin& FedJer 1989, Quigel & Thornton 1989, Reggio 1989).

Artificial reefs also constitute a tool 10 investigate the effects of habitat complexity on

fishes (Bohnsack 1991) in field experiments. Artificial reefs influence the distribution of

fishes (Bohnsack 1991) and have been shown. to increase fish abundance by causing fish to

aggregate and increase productivity of barren sea floors (Fast & Pagan 1974. Guzman et

al. 1988, Chua & Chou 1994).

One marine finfish species on which the effects of habitat complexity can be

examined in coastal Newfoundland waters is the cunner, Taufogolabrus adspersus

(Walbaum). Population density of this species increases as substrate rugosity (complexity)

increases (Tupper & Boutilier 1997). Therefore the effects of artificially increasing habitat

complexity with artificial reefs should be apparent for this species. Another common

species in coastal Newfoundland waters on which the effects of increasing habitat

complexity may be examined is Atlantic cod. Gadus morhua (Linnaeus). This species was

the most imponant commercial finfish species in Newfoundland history prior to stock

collapse east of Newfoundland and subsequent implementation of a moratorium on the

groundfish fishery in 1992. Despite the economic significance of Atlantic cod, the biology

ofjuveniles (5:3 years old) received little research attention before 1990. A comprehensive

understanding ofjuvenile Atlantic cod behavioural ecology and density in relation to

habitat could lead to identification of enhancement opportunities and management tools

critical for the future Newfoundland cod fishery.

Reducing predation on juvenile Atlantic cod can potentially enhance their survival

and increase the population size of adults. The variability of survival in early life stages of



fish is an important factor limiting the size of adult populations (Bradford 1992, Tupper &

Boutilier 1995). Postsettlement mortality due to piscivory determines adult patterns of

abundance (Hixon 1991). Juvenile Atlantic cod are prey to a wide variety of organisms

(Scott & Scott 1988). Atlantic cod are cannibalistic (Dnan 1973, Gj0sreter 1987, Scott &

Scott 1988, Fraseret a1. 1996, Grant & Brown 1998, Linehan et a!. 2001) and eat large

numbers of their young, especially those 0-2 years old (Bogstad et al. 1994), Juvenile

Atlantic cod arc prey to squid and pollock (Scott & Scott 1988), Greenland cod, Gadus

agac (Richardson) ("" "rock cod" in Newfoundland) and cunners (Linehan et al. 2001).

Marine mammals such as seals (grey seals, Halichoerus grypus (Fabricius) - Bowen et al.

1993; hooded seals, CyMophora er;stata (Erxleben), harbour seals, Phoca vitulino

(Linnaeus), and harp seals, Phoca groenlandiea (Erxleben) - Hammill & Stenson 200 I)

are predators ofjuvenile Atlantic cod. Juvenile Atlantic cod are also prey to birds (Great

cormorants, PlUllacrocorax carbo (Linnaeus) - Barrett et al. 1990 and when abundance of

capelin, Mallotus villosus (Muller), is low, Atlantic puffins, Fratercula arc/iea (Linnaeus)

- Brown & Nettleship 1984), To increase the chances of survival, juvenile Atlantic cod

must find suitable habitat that will provide refuge from predation

Juvenile Atlantic cod are able to identify situations of increased predation risk and

respond in ways that improve lheirchances of survival (Gotceitas & Brown 1993,

Gotceitas et aJ. 1995, 1997, Fraser et a1. 1996). Juvenile Atlantic cod appear able to assess

the refuge potential of available habitats in avoiding predation and make selections based

on the safety these habitats offer (Gotceitas et al. 1995). Laboratory studies have shown

that in the presence of a larger conspecific predator, juvenile Atlantic cod associate with

higher substrate complexity (Gjesreter 1987, Gotceitas & Brown 1993, Gotceitas et al



1995, Fraser et al. 1996). Despite the success of laboratory studies in examining

mechanisms underlying habitat selection, predator avoidance, and feeding behaviour, field

studies offer insight into the behavioural ecology a species may adopt in its natural

environment Several field studies have found that various life stages ofjuvenile Atlantic

cod associate with habitat complexity (Gregory et al. 1996, 1997, Gregory & Anderson

1997), which has been attributed to predator avoidance (Keats et al. 1987, Fraser et al.

1996). Juvenile Atlantic cod abundance (Tupper & Boutilier 1995) and survival (Linehan

et al. 2001) increase in areas of high complexity. Of all the habitat types available in

nearshore Newfoundland, few appear suitable for juvenile Atlantic cod (Gregory et aL

1996, 1997). Manipulating the natural environment to test habitat associations ofjuvenile

Atlantic cod will increase our understanding of habitat selection for this species.

Dcnsity..<fependent mortality may be important in Atlantic cod (Linehan et al.

2001). Density..<fependent mortality, an important factor regulating populations within

cohorts ofjuvenile fish, may result from limited juvenile habitat. It is possible that only

juveniles that settle in suitable habitat survive (Myers & Cadigan 1993). If this idea is

correct, a relatively fixed number ofjuveniles may survive no matter how many were

initially produced, due to food limitation or increased predation risk outside nursery areas

(Myers & Cadigan 1993). Density-dependent factors could be especially important for

demersal stages ofjuvenile Atlantic cod when habitat availability is low (Gregory &

Anderson 1997), Ifhabitats that allow feeding with low predation risk are limited, less

competitive juvenile Atlantic cod may be forced to utilize habitats with limited food

available and increased predation risk (Salvanes et aI. 1992, Myers & Cadigan 1993). This



limitation presents habitat managers with an opponunity for enhancement Addition of

suitable juvenile habitat should increase juvenile Atlantic cod abundance.

Anificial reefs may be useful as shelter for juvenile fishes. Tire pyramid anificial

reefs have been observed to restrict the sizes of fish that can sheller within them so that

more protection is provided for juveniles and small adults than larger piseivorous fish

(Chua & Chou 1994). Tire reefs are potential nursery areas that can increase survival of

juveniles of some commercial fish species (Guzman et al. 1988). Anificial reefs are often

more productive than nearby natural reefs (Fast & Pagan 1974, Buckley & Hueckel 1985,

Laufle & Pauley 1985, GuzmAnet a1. 1988, Hixon & Beets 1989, Bohnsack 1991)

Anifieial reef studies have been of limited scientific value to date (Grossman et a1.

1997). Bohnsack and Sutherland (1985) reviewed 413 references to artificial reefs and

found general agreement that artificial reefs were effective in attracting fish and were a

potentially imponant fishery management tool. However, most of the published accounts

they examined were either descriptive studies or discussed reef construction. Conclusions

were often based on little or no scientific evidence and few anificial reef studies employed

experimental methods including controls and replication (Bohnsack & Sutherland 1985,

Grossman et al. 1997, Lindberg 1997). In my study, J have addressed several of these

problems with artificial reef research. Jexamined 445 references to artificial reefs

published between 1986 and 200 I since Bohnsack and Sutherland's (1985) review. Of

these references, around 23% rdated to fish and few (15) of these references examined

diel or seasonal patterns. No references quantitatively detennined the spatial scale that

artificial reefs affect the density of fish. Examination of diel and seasonal patterns of



behaviour in certain fish species and the spatial scale of effect of anificial reefs may aid

managers when considering implementation of anificial reef programs.

Most published marine anificial reef studies have been conducted in warm. water

regions (Costa Rica - Guzman et al. 1988; Guam· Kook 1982; Israel· Spanier et al. 1985;

Japan - Higoel al. 1980; Korea- Kim 2001; Kuwait - Downing et al. 1985; Puerto Rico­

Fast & Pagan 1974; Singapore - Chua & Chou 1994; Virgin Islands - Hixon & Beets

1989). Many other artificial studies have been conducted in the United States (California·

Dewees & Gotshall 1974, Jessee et at. 1985; Florida - Chandler et a!. 1985, Sanders et al

1985; North Carolina - Gregg 1995; and Washington - Buckley & Hueckel 1985, Lauffe &

Pauley 1985). With the exception of Gascon & Miller (1981), no studies on artificial reefs

have been conducted with respect to marine finfish species in coldwater regions such as

Canada and there have been no studies on Canada's east coast.

In many artificial reef studies, ~complexity~ has often been assumed to increase,

but what constitutes a significant increase has not been quantitatively defined (Bohnsack

1991). Artificial reefs and natural reefs are made up of different structural elements in

different combinations. Therefore, they have been difficult to compare (Bohnsack 1991)

The complexity of natural substrates has been measured by calculation of rugosity indices

(Luckhurst & Luckhurst 1978, Chandler et al. 1985, Connell and Jones 1991, Tupper &

Boutilier 1995, 1997). However, the precise scale of measurement has not always been

presented (e.g. Tllppcr& Boutilier 1995, 1997). The scale used to calculate complexity

will affect the resulting rugosity index. Fractal dimensions offer a means of overcoming

the difficulty in quantifying complexity. Fractal dimensions are mathematical expressions

of the ruggedness of a substrate's shape, independent of the nature of a substrate (Gee &



Warwick 1994). They provide direct measure of within-habitat complexity and allow

potential comparisons of complexity between completely different habitats (Gee &

Warwick 1994). Fractal dimensions also incorporate the concept of habitat scale (Gee &

Warwick 1994). Fractal dimensions reflect the rate of change of distance measured in a

linear regression when using different scales of measurement. The greater the rate of

change between scales. the more complex the substrate. No artificial reef studies to date

have quantified the increase of habitat complexity relative to the surrounding substrate

after reef deployment This thesis represents the first use of fractal dimensions or rugosity

indices to quantify the complexity added by artificial reefs in relation to the surrounding

substrate.

No published artificial reef studies have reported the spatial scale at which an

artificial reef is effective. The scale of effect of artificial reefs is important for determining

optimal spacing between artificial reefs. To ensure an effective artificial reef program, it is

important to know the effects of the surrounding substrate on the density oftbe species of

interest. By determining the distance over which the species density attenuates, the

optimal spacing for artificial reefs can be calculated to maximize production potential, and

minimize costs of reefconstruction and deployment.

Artificial reef studies have all but ignored abiotic factors (e.g. time of day, season

and temperature) that are known to affect fish populations (Sanders et a!. 1985). Habitat

requirements change spatially and temporally as fish grow (Gibson et al. 1996). The

habitat itself may also change over time. Organisms vulnerable to predation may

undertake horizontal, diel movements to occupy habitats with greater complexity during

periods when predators are more active (Stein 1979). Atlantic cod are primarily visual

11



predators (Brawn 1969) and hence adults, which are potential predators ofjuvenile

conspecifics, may be more efficient during daylight hours. Therefore, juvenile Atlantic cod

should associate with habitat complexity to reduce predation risk during the day. At night,

visual ability becomes restricted, reducing the efficiency of older conspecifics and other

predators. Juvenile Atlantic cod may therefore rely less on refugia at night (e.g. Linehan et

al. 200 I). The abundance and distribution ofjuvenile Atlantic cod may change in relation

to habitat complexity due to seasonal behaviour panernS. Wigley and Serchuk (1992)

studied seasonal and temporal distributions ofjuvenile Atlantic cod <37 cm in the Georges

Bank-Southern New England region and found that juvenile Atlantic cod changed depth

seasonally to maintain preferred temperatures. Seasonal distribution panerns may also

affect predator-prey relationships. Examination of the diel and seasonal use of artificial

reefs could lead to better understanding of species predator- prey relationships with respect

to predator avoidance.

Ecological knowledge ofjuvenile Atlantic cod, juvenile rock cod, and cunners can

be gained by determining how these species use common habitat. Rock cod and cunners

are predators ofjuvenile Atlantic cod (Linehan et at 2001) and have been observed

together in several habitats (personal observation), but how these species share a common

habital has not been examined. There have been few ecological studies on rock cod (but

see Mikhail & Welch 1989, Morin et al. 1991) and no ecological studies ofthis species in

Newfoundland. Age 0 rock cod and age 0 Atlantic cod c<H>Ccur in eelgrass, Zostera

marina (Linnaeus), beds during much of the summer and autwnn periods in nearshore

Newfoundland waters (lngs et a1. manuscript, personal observation). Diet overlap occurs

within the nearshore fish community (Salvanes et a1. 1992). Competition for food and
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cannibalism can both be important in regulating fish production (5alvanes et al. 1992).

Juvenile rock cod may compete with juvenile Atlantic cod for food and shelter.

I hypothesized that (I) artificially increasing substrate complexity will increase

densities of demersal species; (2) fish density will attenuate with distance from reefs; (3)

the association ofjuvenile Atlantic cod will be stronger during the day than during the

night; and (4) seasonal and temperature differences affect densities of species near

artificial reefs.

2.2 Materials aDd Methods

2.2.1 Studyarea

I conducted this study in Newman Sound. (48°35' N, 53'55' W) Terra Nova

National Park, Bonavista Bay. Newfoundland (Fig. 2.1) as part ofa larger project on

habitat associations ofjuvenile Atlantic cod. Newman Sound was a suitable location to

conduct research on habitat complexity because (1) there were large areas of low

complexity substrate; (2) these areas were accessible by scuba divers; (3) previous

literature exists for juvenile cod in this area (Keats 1990, Keats & Steele 1992, Linehan et

al. 2001, Cote et a1. 2oola, 200lb); and (4) financial resources and personnel were both

available.
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2.2.2 Reef design and conlltruction

Five tetrahedral artificial reefs were constructed from welded rebar frames 2.0 m

high and 2.0 m wide at the base in ]999. The vertical relief, measured as a straight line

from the lop of the reef 10 the centre of the recfbase, was 1.9 m. The size ofeach reef

was comparable to artificial reefs available commercially (e.g. Artificial Reefs Inc. 2001.

Reef Ball Development Group Ltd. 2001); though my reefs were lighter in weight. Sides

ofold car tires were cut off and attached to this frame with rebar wire (Fig. 2.2). Only the

sides of the tires were used, to enable divers to survey within the reefs. Each side ofa

reef had a different pattcrn of tires (Fig. 2.2a-e) to detennine by observation whether fish

preferred one particular pattern. However, fish observed near artificial reefs were not

observed predominantly near anyone pattern of tires. Fish observed near reefs swam

around and through the reefs

2,2.3 Siteselectioo

In August 1999, scuba divers scouted outer Nev.man Sound for large areas of

relatively noncomplex substrate (sand, gravel or small cobble), with little or no vegetation

at the 15 m depth contour. This substrate had to extend for at least 80 m for distant

control transects and 200 m for reef transects paired with adjacent control transects.

Suitable locations were marked with a surface buoy attached to a cement construction, or

"cinder~ block

"
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Fig. 2.2. Artificial reef design. (a) side facing forward left; (b) side facing
forward right; and (c) side facing away from the observer.

2.2.4 Reef and transect deployment

Reefs were transported by boat and released over the marked sites in August 1999.

Releasing the reefs from the surface helped randomize reef placement, because they

landed within 15 m of the previously deployed cinder blocks. Reefs were positioned at

15 m depth and anchored by cinder blocks attached to each bottom comer.

Three types of transects were used in this study: reef transects, adjacent control

transects and distant control transects. All transects were 80 m of yellow polypropylene

rope marked every 5 m with orange flagging tape. These transects were placed on the

substrate with L-shaped rebar spikes. Artificial reefs were placed at the midpoint of reef



transects. The substrate of adjacent and distant control transects were left unmanipulated.

Each adjacent control transect was placed 40 m from its paired reef transect. Distant

control transects were used to control for the proximity of adjacent control transects to the

artificial reef transects. Fish present over adjacent control transects may have been

attracted by the artificial reefs but a distant control transect, > 100 m from reeUadjacent

control sites, was expected to be less influenced by the reef placement. Small submerged

floats were attached by a 2 m rope at the ends of the reef and adjacent control transects

closest to one another so that divers could easily find their way from one transect to its

paired transect (Fig. 2.1). Forty metre 'spacer' lines were laid out between the reef and

adjacent control transects at each site in 2000 (Fig. 2.1) to allow direct movement

between transects during night surveys. A small red surface buoy marked each end of

reeUadjacent control and distant control sites.

In 1999 there were four reef/adjacent control transects, and one distant control

transect. One other reef transect was placed without an adjacent control transect in 1999.

This reef transect was inadvertently placed in a bed of kelp, Laminaria longicruris (de la

Pylaie). tleft this reef in place due to logistical constraints and used it to investigate

whether the reef altered species densities on kelp substrate. Surface buoys were

submerged at the end of October 1999 so that ice would not destroy or move them. The

reefs and transects were deep enough that ice would not affect them.

There were a total of five reef/adjacent control transects and three distant control

transects in 2000. In the beginning of the 2000 season (late June· early July) divers

relocated transects and reefs and assessed them for overwinter damage. The rebar wire

holding the tires in place on the reefs had rusted through on mosl reefs and was replaced



with plastic "cable" lies. Two additional distanl control transects were deployed in late

July, and an adjacent control transect was placed for the reef in the kelp bed.

Ten thermographs were deployed on July 18, 2000, near the middle of the study

area (48' 34' 57" N, 53' 53' 24" W, Fig. 2.1) to obtain a continuous hourly temperature

record for outer Newman Sound that year. Thermographs were attached to a rope

anchored by cinder blocks with a large surface buoy. Starting at the surface, each probe

was spaced -1.5 m aJong the rope to a depth of -13.7 m. Thermographs were also

attached to the middle ofone side ofeach reef during the first 2000 surveys (JuJy 18-26).

Three thermographs were subsequently lost from the array, and the temperature probe at

9.2 m stopped recording on August 25 so data below 8 m depth were missing after this

date.

2.2.5 Scuba surveys

All transects were surveyed by divers three times in 1999 (Sept. 27·30, Oct. II·

22, Oct. 28.29) and four times in 2000 (July 17.27, Aug, 6.15, Aug. 28· Sept. 5, Sept.

21.22). Two divers swam along each transect and recorded the number and location of

Atlantic cod, rock cod and cunners on plastic slates. Divers swam parallel 10 one another

on opposite sides of the transect, which divided their fields of view. Each diver scanned 2

m horizontally from the transect (estimated by armspan) for each 5 m oftranseet (10 m2

each). Data observed within the 0-5 m marks on the transects were recorded llt the 5 m

mark,data from 5·10 m were recorded at the 10 m mark and so on. During the first

survey period in 1999 only one diver recorded data. The diver swam directly over the

transect and recorded species present within I m ofeach side of the transect,
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approximately 2 m horizontally (estimated by armspan), for every 5 m section ofthe

transect (10 ml
). During the latter two survey periods in 1999 and all the 2000 day

surveys, two divers Ttx:orded observations.

Cod were identified as Atlantic cod or rock cod but were recorded as Gadus spp.

when it was not possible to differentiate between the two species. Atlantic cOO were often

identified by their prominent lateral line, which becomes apparent as series of elongated

white marks towards the caudal peduncle at age I and is unmistakable at ages~ years

(Methven & McGowan 1998). Juvenile Atlantic cod were identified to age classes of 0,

1,2, 3, and 4+ years. Age I Atlantic cod were defined as 120-190 mm, a composite of

that described by Methveo and Schneider (1998) where those 120-140 mm SL likely

represented age I cOO that had overwintered and those 148-190 mm SL likely

corresponded 10 the upper limit of age 1 cod. Age 1 Atlantic cod also have a relatively

mottled colour (Gregory & Anderson. 1997). Cod smaller than 12 em were categorized

as age O. These were omitted from the final analysis because they could not be identified

to species during surveys. Age 2-3 juveniles are more uniform in colour (Gregory &

Anderson 1997). Age was estimated by sight based on the length groups 190-270 mm SL

for age 2 and 270-370 mm SL for age 3 juveniles (Methven & Schneider 1998). Juvenile

cOO>370 mm were determined as age 4+ but were omined from the final analysis

because they were rarely observed. Bogstad et al. (1994) found that Atlantic cOO ranging

from 30 em upward are conspecific predators on juvenile cod, but Atlantic cod larger than

40 em are seldom prey to cod larger than themselves. Therefore, age 4+ juveniles may

behave more like predators to younger conspecifics than as prey themselves to older

conspecifics.
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Age of observed rock «xl was estimated based on the agl:: -length categoril::s used

for Atlantic cod (Methven & Schneider 1998). The actual age· length distributions for

rock cod are not likely identical to Atlantic «xl. Therefore, no age estimation finer than

the grouping of ages O. 1-3, and 4+ was attempted. Juvenile rock cod estimated as age 0

or 4+ were omitted from the final analysis. Cunners were counted but no age

determination was attempted. In two instances, counts ofcunners were omitted from the

final analysis when it appeared they had been attracted by the pr~ence ofthe divers.

This behaviour was not observed for the two «xl species.

The first three survey periods conducted during the day in 2000 were paired with

night surveys initiated after twilight. Typically two sites were surveyed during a day and

the same sites were surveyed lhal nighl, or within a few nights. During night surveys,

only one diver recorded observations. The recording diver (P. Sargent) used a small dive

light attached to the side of his dive mask to scan across the lransect for fish. Fish

observed within 1 m of each side of the transect were recorded. The second diver swam

behind and above the recording diver holding an aluminum pole with two large dive

lights attached to each end This configuration illuminated the bottom in front of lhe

recording diver.

To address the concern that divers may have "herded" fish ahead of them, the

direction in which the surveys were recorded was reversed from one survey to the next

This reversal of direction was accounted for during dala analysis so that patterns in fish

distributions associated with particular substrate features of each site could be examined.

During this study, fish showed no behavioural reactions of attraction or repulsion to the

presence of divers and lights al night unless divers attempted to move within
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approximately 0..5 m of the fish. When divers moved closer than 0..5 mjuvenile cod

retreated to a greater distance from the diver

During the first surveys in 1999 one diver videotaped the substrate along the

transects to identify substrate characteristics with which certain species may have

associated. Substrate was categorized as sand, small cobble (rocks <10 em diameter).

medium cobble (rocks 10-2.5 em diameter), large cobble (rocks >2.5 cm diameter). kelp

(1.. longicruris), DesmLlresria aculeara (Linnaeus) or as a combination of these substrates.

Before the transects were removed, the reef7adjacent control site at Heffems Cove East

was videotaped a second time because it was observed that at this site the kelp, L

longicruris, had grown considerably from 1999 to 2000.

Two artificial reefs were removed on September 21-22. 2000. These two sites and

the two sites where reefs were still present were surveyed once again on September 26 to

allow qualitative comparisons of before and after effects of reef removal.

2.2.6 Substrate complexity measurements

The complexity of reef and control transects was measured using five scales (step

sizes) ranging two orders of magnitude (0.035, 0.175. 0.35, 1.75 and 3.5 m). Rugosity

indices (Luckhurst & Luckhurst 1978) were calculated for the 1.7.5 and 3..5 m step sizes at

both 10 and 80 m scales. The number of steps taken by each step size over the 10m or 80

m distance aJong the transect multiplied by the step size determined the surface distance

covered. This distance was then divided by the linear distance over which it was

measured (10 or 80 m) to produce a substrate rugosity index. The higher the index, the

higher the complexity A rugosity index is only an estimate of the surface area of a



substrate (Luckhurst & Luckhurst 1978). However, these estimates have been used in the

past to make comparisons. Rugosity indices <1.00 are due to measurement error or

misspecification of the true linear distance covered by the transect. The transects

sometimes sank into the substrate or twisted around the rebar spikes keeping them in

place so that the linear distance over which complexity was measured was not precisely

10 m or 80 m respectively.

Fractal dimensions were calculated as a measure ofsubstrate complexity for each

transect by measuring distance with all five step sizes over a 10 m linear distance of the

transects. This method was equivalent to the "dividers method" described by Mark

(1984). Ln (II steps) x step size was regressed against In (step size),

L(l)=Kl 1
•
D

, (I)

where L is the length measured using the step size A, K is a constant, I - D is the slope of

the regression, and the fractal dimension is D (Mandelbrot 1982). The boundary

dimensions are 1 <0< 2 (Gee & Warwick 1994). The larger the value ofD the more

complex the object measured.

Several different devices were used for each step size to measure surface

distances. The smallest step size (0.035 m) was measured with a small aluminum chain

(6.3 m long). Each ehain link had an inside diameter 0£3.5 em. The next two step si7..cs

were constructed from sections of PVC piping cut to appropriate lengths and strung on

short sections of polypropylene rope. This created short chains of PVC piping with link

sizes of 17.5 cm and 35 cm respectively. The 1.75 m step size was made from one
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continuous length of pvC piping, The largest step size (3.5 m) was made ofa 3.5 m

aluminum pole. The 17.5 em and 35 em step sizes were marked at 2 em intervals while

the larger 1.75 m and 3.5 m step sizes were marked at 25 em intervals. Divers were able

to estimate the distance that a measuring device extended beyond the end of the 10m

section being measured within approximately 0.5 em on the 17.5 and 35 em PVC piping

and 5 em on the larger poles.

Entire 80 m transects were measured with the two larger step sizes (1.75 and 3.5

m), producing two data points when at least three points are needed for regression in

fractal dimension calculations. Therefore, fractal dimensions were estimated at the scale

of 80 m from the slope of the line plotted between the two distances measured from these

step sizes,

(2)

where ~ is the slope of the line, L1 is the length measured using step size Aj, (1.75 m), and

~ is the length measured using step size ~ (3.5 m). One minus the slope (I - D), in this

case I - ~ equaled the fractal dimension (D).

To make direct comparisons of complexity between the 10 m transect sections and

the full 80 m transects, equation 2 was also used to calculate fractal dimensions for the

two large step sizes at the scale of 10 ffi. This allowed me to determine whether

complexity estimated at the scale of 10m differed from that estimated at the scale of 80
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Complexity was only measured using all five step sizes fora 10 m section in the

middle ofeach transect This approach allowed comparison of the complexity where the

artificial reef was present on the reef transects to equivalent sections on adjacent and

distant control transects. Beginning at one end of the 10 m section of transect, each

measuring device was laid along the substrate under the transect to confonn as closely as

possible to all contours and depressions along the 10 m distance (Fig. 2.3). If the transect

curved horizontally the measuring device was pivoted along that curve until the

measuring device came back in line with the transect. The number of times each step size

was flipped within the 10 m section was recorded on undenvater slates.

Fig. 2.3. Measurement of substrate complexity on
arceftranscetusingthe3.5mstepsizc.

Due to the time constraints of using scuba at 15 m depth, complexity along the

reef transects was measured in two steps; first underwater and then on land. Divers could

only measure the complexity using the two largest step sizes for the full 10 m underwater.

The complexity of the substrate was measured with the smaller step sizes over the 10 m

section excluding the distance occupied by the reef itself. The complexity of the substrate

was measured up to the point where the transect touched the base of the reef and this was

repeated on the opposite side ofthe reef to the end of the 10 m section of transect After



the study the reefs were removed and taken to shore, where the complexity of one reef

was measured with the three smaller step sizes. Because of the reef design, two levels of

complexity within the reef were measured at once. A complexity measure ofthe tire

openings themselves would produce a measure equivalent to a series of tires lying flat on

the substrate. However, the open space within the reef had to be taken into account. As

shown in Fig. 2.4, the smaller step sizes, in the form of chains. were inserted into the

openings of the tires and allowed to drop to the substrate. The chains then followed the

substrate until the chain could extend vertically to touch the next part of the reef. This

process was continued across the entire reef. Because there were three different tire

patterns on the reefs, complexity was measured across each. pair of sides and the results

were averaged for each step size (Fig, 2.5). The averages were then added to each 10 m

reef transect complexity measure for each step size respectively. The first 10 m ofone of

the adjacent control transects (HefTems Cove East) was also measured at all step sizes as

it appeared more complex than other control transects and seemed to affect the density of

cunners. The full 80 m transects were measured with the two larger step sizes to make

overall comparisons of complexity among reef, adjacent control, and distant control

transects.

2.2,7 Data analysis

The mean density of each fish species within every 5 m section of transect was

calculated for each transect type in 1999 and 2000. The kelp bed site \vas averaged

separately and compared to other sites. SUlVeys from sites (reef7adjacent control transects

and distant control transect) with. no observations of a particular species were not used in

25



computing averages. Standard errors were calculated for the averages. When there was

only one observation for the entire year, no standard error could be calculated

Fig. 2.4. Longitudinal section oran anificial reerdemonstrating
how complexity was measured by weaving a chain (small dashed
lines) oflhe step size across and within the reef.

Fig. 2.5. Top view ofanificial reefs showing sections across which
comple:.dty was measured (arrowhead dashed lines) at scales 0.035, 0.175, and
0.350m.

The calculated data sets for average number of fish observed per m1 during the

day on reef transects in 1999 and 2000 were combined for each species to examine the
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attenuation of density with distance from reefs. I then computed the scale of attenuation

(SA) of the artificial reefs by plolting the avemge species densities with distance from the

reefs. SA is important in detennining optimal reef spacing. A preliminary estimate of

SA was made by regressing average number of fish observed with distance from reefs on

linear and log - linear plots. From this the most linear plot was accepted. All density

data were log (x + I) transfonned. Because the linear and log -linear plots were similar,

the log· linear plots were used for analysis because they allowed calculation of a rate of

percent decrease in fish density with distance from the reefs (rate ofattenuation). The

preliminary SA estimate was detennined visually as the distance from the reefat which

fish density converged on or near zero. Then beginning at 40 m from the reef, data from

each 5 m section of transect were removed progressively from the ovemll data plot

towards the estimated SA distance. Three regressions were then plotted: (I) the data

within the distance of the preliminary SA, (2) data from 5 m greater than the preliminary

SA from the reef. and (3) data from 5 m less than the preliminary SA. Predicted values

from each of these regressions ","'Cre plotted against their respective residuals. The model

was rejected if the residuals fonned a pattern. The estimate of attenuation parameter was

accepted when residuals were homogeneous as judged by a unifonn band from left to

right in residuals plots against fitted values. The distance at whieh the regression's

residuals showed no pattern was determined as the best estimate for the SA for that

particular species. The relation was expressed by

y=aeft.~
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where (); is the coefficient relating fish count per m2 10 distance, fJ is the slope and

expresses the percent decrease in density of each species with distance from the reef

within the SA, and x is the distance (m) from the reef. The rate al which a species

attenuates within lhe SA is the rate ofattenualion (RA) and is estimated by fJ

The distance at which 95% of the expected density of a species occurs within the

SA was estimated using equation (4), which gives the area under the regression line,

Proportion present '"
J.qe~l'b:

----=0.95
Cae~'"

(4)

where ~ is the slope ofthe regression, L is the distance at which 95% of the area under the

regression line falls, min is the minimum distance at which the regression line begins, and

max is the maximum distance at which the regression line ends (i.e. SA). The minimum

distance at which the regression line begins is 5 m because the first observations were

recorded 0-5 m away from the reefs.

Comparisons were made between 1999 and 2000 data (or each species I used late

September to late October (autumn), 1999, and late July 10 late September (summer),

2000, to make seasonal comparisons. To compare day and night artificial reef usage

patterns by fish, I used the first three day surveys and corresponding night surveys in

2000. To assess the effects of reef removal, I compared data from the last full set of

surveys (Sept. 21-22), when all the reefs were still in place. with data collected after two

reefs were removed (Sept. 26). The two reef removal sites (manipulations) were

28
































































































































































	0001_Cover
	0002_Inside Cover
	0003_Blank Page
	0004_Blank Page
	0005_Copyright Information
	0006_Title Page
	0007_Abstract
	0008_Abstract iii
	0009_Acknowledgements
	0010_Table of Contents
	0011_Table of Contents vi
	0012_List of Tables
	0013_List of Figures
	0014_List of Figures ix
	0015_List of Abbreviations
	0016_List of Abbreviations xi
	0017_List of Formulae
	0018_Chapter 1 - Page 1
	0019_Page 2
	0020_Co-authorship Statement
	0021_Chapter 2 - Page 
	0022_Page 5
	0023_Page 6
	0024_Page 7
	0025_Page 8
	0026_Page 9
	0027_Page 10
	0028_Page 11
	0029_Page 12
	0030_Page 13
	0031_Page 14
	0032_Page 15
	0033_Page 16
	0034_Page 17
	0035_Page 18
	0036_Page 19
	0037_Page 20
	0038_Page 21
	0039_Page 22
	0040_Page 23
	0041_Page 24
	0042_Page 25
	0043_Page 26
	0044_Page 27
	0045_Page 28
	0046_Page 29
	0047_Page 30
	0048_Page 31
	0049_Page 32
	0050_Page 33
	0051_Page 34
	0052_Page 35
	0053_Page 36
	0054_Page 37
	0055_Page 38
	0056_Page 39
	0057_Page 40
	0058_Page 41
	0059_Page 42
	0060_Page 43
	0061_Page 44
	0062_Page 45
	0063_Page 46
	0064_Page 47
	0065_Page 48
	0066_Page 49
	0067_Page 50
	0068_Page 51
	0069_Page 52
	0070_Page 53
	0071_Page 54
	0072_Page 55
	0073_Page 56
	0074_Page 57
	0075_Page 58
	0076_Page 59
	0077_Page 60
	0078_Page 61
	0079_Page 62
	0080_Page 63
	0081_Page 64
	0082_Page 65
	0083_Page 66
	0084_Page 67
	0085_Page 68
	0086_Page 69
	0087_Page 70
	0088_Page 71
	0089_Page 72
	0090_Page 73
	0091_Chapter 3 - Page 74
	0092_Page 75
	0093_Page 76
	0094_Page 77
	0095_Page 78
	0096_Page 79
	0097_Page 80
	0098_Page 81
	0099_Page 82
	0100_Page 83
	0101_Page 84
	0102_Page 85
	0103_Page 86
	0104_Page 87
	0105_Page 88
	0106_Page 89
	0107_Page 90
	0108_Page 91
	0109_Page 92
	0110_References
	0111_Page 94
	0112_Page 95
	0113_Page 96
	0114_Page 97
	0115_Page 98
	0116_Page 99
	0117_Page 100
	0118_Page 101
	0119_Page 102
	0120_Page 103
	0121_Blank Page
	0122_Blank Page
	0123_Inside Back Cover
	0124_Back Cover

