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Abstract

Synthetic marine habitats such as artificial reefs (ARs) are deployed to offset marine
habitat losses and aid conservation of marine communities, including species at risk. Though
environmental benefit is often assumed, AR’s ability to support northern temperate marine
fish communities has rarely been tested. The structural orientation and location of a reef can
strongly influence biodiversity and productivity of faunal communities inhabiting it. For
ARs, understanding how reef characteristics affect species and community composition are
key in optimizing their use in conservation initiatives. I used ROV and sonar to survey
threatened rockfish (Sebastes spp.) and other groundfish species associated with 18 ARs and

natural reefs (NRs) along the northeast Pacific coastal shelf, along the coast of BC, Canada.

In my second chapter, I investigate how ARs compare to NRs in achieving
conservation objectives as measured by fish abundance and species richness. I found that
community composition significantly differed between NRs and ARs. ARs had high
variability in rockfish abundance, while NRs consistently supported intermediate rockfish
abundances. Groundfish diversity was markedly greater on NRs. Depth and relief
significantly explained variability in abundance and species richness. Interestingly, rockfish

abundance was negatively associated with proximity to nearest rockfish conservation area.

In my third chapter, I assess variation between AR fish communities on six reefs to
better understand efficacy of meeting conservation objectives. I quantified structural
characteristics of each reef using high-definition sonar data to create three-dimensional
models and calculate measurements of reef structure. I also examined the effects of
surrounding habitat associated with reef locations. I found that depth, conservation status,
rugosity, and reef age significantly explained rockfish abundance. Groundfish species
richness was significantly associated with conservation status, relief, reef size, and an

interaction between depth and reef age.



This research is a first step in proposing underlying mechanisms for differences
between fish communities on ARs in BC, and which reef attributes facilitate successful
contributions to conservation. Though ARs show promise in the conservation of some
threatened species, the maintenance of diverse fish communities may depend on protection
of heterogeneous natural reef communities. Given that a critical component of AR success is
structure, using three-dimensional technologies can be used as a tool to understand species-

habitat association on existing reefs and help predict the success of future reefs.
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Chapter 1

An introduction to artificial reefs, conservation applications in
British Columbia

1.10cean Conservation and the Importance of Habitat
Across natural systems, organisms rely on the presence of suitable habitat for survival.
As human populations grow, anthropogenic disturbance is prolific and accompanied by
onset of physical, chemical and biological changes to ecosystems (Steffen et al. 2007,
Crain et al. 2008, Doney 2010). These changes raise concerns regarding the loss of
valuable habitat and species, often resulting in impaired function of ecosystem services
(Lotze et al. 2006, Sala and Knowlton 2006, Worm et al. 2006, Mora et al. 2011).
Conservation issues are especially difficult to manage in marine environments (Leslie
and McLeod 2007). Concerns of low map resolution, and limited quantity of species
abundance and distribution data impair the assessment of conservation strategy efficacy
(Anderson et al. 2005). Despite widespread knowledge of fisheries impacts, physical
habitat degradation and overfishing remain among the most concerning destructors of
marine ecosystems (Watling and Norse 1998, Turner et al. 1999). Considering most
human activities in the ocean impact marine life (Halpern et al. 2008), there is great
motivation to offset environmental losses.

Acrtificial reefs (ARs) are commonly implemented as a fisheries management
strategy (Baine 2001). For hundreds of years ARs have been used to improve fishing

conditions, but their use remains controversial (Bohnsack and Sutherland 1985). Despite
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a large body of literature informing AR development, great disparity exists in the efficacy

of ARs (Baine 2001, Becker et al. 2018). Common criticisms of AR planning include
lacking assessment plans, objectives, and monitoring (Seaman 2000). Given the
variability in environmental influences, structure, age, and conservation objectives
between ARs, each context must be researched thoroughly to deliver effective results.
There is great value in understanding which structures and conditions are situationally

appropriate for maximum conservation benefit.

1.2Species at Risk, Rockfish

Along the North American western coastal shelf, habitat is widely exposed to
human activity (Ban and Alder 2008) and fisheries declines are strikingly evident.
Rockfish Sebastes spp., are among a group of overexploited groundfish species suffering
the consequences of human impact (DFO 2000, Yamanaka and Logan 2010, DFO 2016).
Management plans have been implemented, but positive results for fish populations have
yet to be detected (Haggarty et al. 2016b, Burke 2018). Rockfish abundance relies
heavily on the distribution of physical habitat characteristics (Love et al. 2002, Yamanaka
et al. 2012), suggesting the provision of additional high-quality habitat may assist in
population recovery. As the abundance and diversity of fish inhabiting an area are a
function of the quantity and quality of nearby habitat, fish communities can be used to
evaluate the efficacy of ARs as suitable habitat (Anderson et al. 1989, Connell and Jones
1991, Yeager et al. 2011). The assessment of ARs as habitats for groundfish, including
rockfish provides an excellent opportunity to understand the conservation role of artificial

reefs in British Columbia (BC).
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1.3 Thesis Overview

This thesis evaluates the efficacy of ARs on the northeast Pacific coastal shelf. |
use ROV surveys, sonar, and mapping software to evaluate the fish communities of
Canadian artificial reefs. | aim to understand which variables most influence rockfish
abundance and groundfish diversity to inform conservation initiatives.

In my second chapter, | focus on understanding the degree to which artificial
habitat mimics natural habitat. I use diversity indices to compare groundfish communities
in artificial and natural reefs on BC’s south coast. Utilizing an information theoretic
approach, | identify habitat characteristics that influence rockfish abundance and
groundfish diversity.

My third chapter aims to understand which ARs are most effective and why. |
evaluate which features of ARs best explain variation in fish communities and suggest
how this may be incorporated into species of concern conservation initiatives. | use
advances in sonar technology to compare three-dimensional structures of temperate ARs
and their fish communities under different temporal and spatial conditions.

The fourth and final chapter summarizes findings from each data chapter,
contextualizes the results with implications for future research, discusses how ARs can be
used in Canadian conservation initiatives and how these principles may be extended
globally.

With this thesis, | provide a first step in evaluating ARs as a tool in meeting
Canadian groundfish conservation objectives. Results may be used to inform and
optimize the future design and establishment of conservation-focused ARs in BC, while

explaining variation in conservation efficacy between reefs.
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Chapter 2

Differences in fish communities on natural versus artificial
temperate reefs: groundfish conservation applications in British
Columbia

This chapter is in preparation for publication with co-authors John P. Volpe and Jason
T. Fisher

2.1 Introduction

Human-mediated disturbance leading to habitat loss and degradation is a widely
recognized driver of fisheries declines (Turner et al. 1999). Artificial reefs (ARS) are
synthetic structures, employed worldwide for recreation, fisheries enhancement, research,
and conservation (Seaman 2000). In a conservation context, ARs are intended to restore
marine populations through the provision of additional habitat and / or offset human
disturbance of natural habitats (Seaman 2000, Dafforn et al. 2015). However, restoration
of marine communities with ARs remains controversial, as initiatives often lack robust
assessment plans, objectives, and monitoring (Seaman 2000). AR literature is mixed and
suggests that ARs can contribute to positive outcomes in the right circumstances, with 50
- 60% of fisheries and conservation-focused ARs meeting their objectives (Baine 2001,
Becker et al. 2018). However, improperly designed ARs may displace valuable natural
habitat, or facilitate pollution or establishment of invasive species (George et al. 2005,
Sherman and Spieler 2006, Glasby et al. 2007). Assumed ecological benefits without
proper assessment are especially of concern when ARs may lead to a false sense of
security in fisheries conservation. ARs must have clearly defined and bounded objectives

supported by empirical evidence demonstrating goals are being met (Bortone 2011).
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Since 1991, nine ARs (eight ships, and one Boeing 737 airplane) have been

purposely established in southern BC marine waters by the Artificial Reef Society of BC
(ARSBC). ARSBC states its goal as, ... to create environmentally and economically
sustainable artificial reefs, for the protection and enhancement of sensitive marine
habitats, while also providing interesting destinations for the enjoyment of SCUBA
divers.” (ARSBC 2017). Formal AR research in Canadian waters is limited, with few to
no contributions in the past three decades (Lee et al. 2018). Because there are no
legislated monitoring regulations in British Columbia (BC), most AR information
consists of anecdotal observations by recreational divers (Jones et al. 1997, Smiley et al.
2006, OWCA 2018). These observations suggest that ARs may provide physical refuge
from fishers, deterring fishing due to a high likelihood of gear entanglement (REEF,
2017). If ARs are to be considered as future conservation tools, there is obvious need for

statistically rigorous analyses, testing assumed conservation benefits.

On the Pacific coastal shelf, several species of rockfish (Sebastes spp.), are listed
as Threatened or Special Concern by the Committee on the Status of Endangered
Wildlife in Canada (COSEWIC). Rockfish are typically associated with rocky reefs and
are and philopatric, maintaining small home-ranges throughout their lives (Love et al.
2002). These traits make them good candidate species to benefit from ARs, and thus foci
for testing hypotheses about AR efficacy. Rockfish are highly susceptible to overfishing
due to late reproductive maturity, susceptibility to barotrauma, and inconsistent
reproductive years (Love et al. 2002). Concerns of overexploitation prompted Fisheries
and Oceans Canada to implement 164 Rockfish conservation areas (RCAs) (DFO 2000,

Yamanaka and Logan 2010, DFO 2016) defined as areas in which rockfish harvest is
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limited or prevented through the control of conventional angling gear (YYamanaka and

Logan 2010). However, lack of fisher compliance and flawed RCA placement and
planning have resulted in limited, if any detectable benefit of RCAs to rockfish (Haggarty
et al. 2016a, Haggarty et al. 2016b, Lancaster et al. 2017). Several species of rockfish
including Quillback Rockfish, (S. maliger), Copper Rockfish ( S. caurinus), Black
Rockfish (S. melanops), Brown Rockfish (S. auriculatus), Tiger Rockfish (S.
nigrocinctus), China Rockfish (S. nebulosus), Yellowtail Rockfish (S. flavidus), and
Yelloweye Rockfish (S. ruberrimus)) inhabit shallow inshore rocky reefs (Kramer et al.
1986, Love et al. 2002). Other economically significant species of groundfish such as
lingcod (Ophiodon elongatus), are sympatric. If BC’s ARs are meeting their putative
conservation objectives, providing shelter habitat and refuge from fishing, we contend a
measure for this success is rockfish abundance and groundfish diversity comparable to
natural inshore rocky reefs (NRs). ARs with comparable fish communities to NRs may
provide a direct contribution to conservation, accompanying current RCAs and

groundfish conservation practices.

A widely-adopted measure of AR efficacy is biological and structural similarity to
proximate natural habitat (Carr and Hixon 1997, Seaman 2000, Perkol-Finkel et al. 2006,
Walker and Schlacher 2014, Granneman and Steele 2015, Mills et al. 2017). In rocky
reefs, structural habitat characteristics are known to affect community species
composition (Hayden-Spear and Gunderson 2007, Gunderson et al. 2008). For instance,
structural complexity is a significant predictor of community diversity and species
abundance in tropical rocky reefs, however its role is more poorly understood in northern

temperate environments (Willis and Anderson 2003, Gregor and Anderson 2016, Parsons
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et al. 2016). Further, community structure, species richness and density all vary with

depth on rocky reefs (Arreola-Robles and Elorduy-Garay 2002, Garrabou et al. 2002,
Tolimieri 2007, Zintzen et al. 2012). ARs provide hard, complex structures for fish
habitat, and fish community composition is expected to fluctuate with structural
characteristics as observed on NRs.

Remotely operated underwater vehicle (ROV) surveys are a useful method in
assessing underwater habitat conditions and sampling groundfish populations (Johnson et
al. 2003, Haggarty et al. 2016b, Laidig and Yoklavich 2016). As ROV cost and size
continue to decline, they are becoming popular tools deployed to survey data-poor AR
habitats. Concomitant performance improvements mean longer deployment times, larger
survey areas, and improved visual resolution leading to greater species identification
confidence relative to conventional SCUBA-based surveys (Rosen et al. 2016).

We used ROV surveys to compare groundfish communities in artificial and
natural habitats on BC’s south coast. We test the hypothesis that ARs and NRs support
similar abundances of rockfish targeted for conservation, as well as groundfish diversity.
Utilizing an information theoretic approach, we identify habitat characters that most
influence rockfish abundance and groundfish diversity. This is the first study to evaluate
ARs as a potential tool in meeting Canadian groundfish conservation objectives. Results
aim to inform and optimize the future design and deployment of conservation-focused

ARSs in BC waters.



2.2 Methods

2.2.1 Study Location

Surveys were conducted along the
South Coast of BC, Canada, between
Vancouver Island and mainland BC (Figure
2.2.1). Sample sites were selected within the
inshore waters within Discovery Passage
(Johnstone Strait) and the Strait of Georgia.
These areas are characterized by variable
benthic habitats, currents and nutrient inputs
creating a gradient of environmental
conditions across survey sites (Crawford and

Thomson 1991).

2.2.2 Study Design

Nine artificial reefs and nine

proximate reference natural nearshore rocky

18
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Figure 2.2.1 Natural and artificial reef survey
locations along the South Coast of BC, Canada.
18 sites were surveyed across a variety of benthic

habitats, currents and nutrient inputs in
September and early October 2017.

reefs were surveyed. A spatially paired design allowed for 13 independent comparisons

between proximate natural and artificial sites under similar environmental conditions

(Figure 2.2.2). Putatively relevant reef characteristics including local habitat variables

(Reef Type, Depth, Relief), surrounding habitat variables (dominant current, proportion

of nearby natural habitat), and conservation status (distance to nearest RCA,
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inside/outside RCA) (Appendix A, Table A.3.) were used to form competing hypotheses

regarding the effect of physical and contextual features of natural and artificial reefs on
rockfish abundance and groundfish diversity. We ranked support for these hypotheses
using multiple regression analyses in a model selection framework based on Akaike

Information Criterion (AIC) scores (Burnham and Anderson 2002).

2.2.3 Site Selection — Artificial Reefs

The nine ARs are located on the South Coast of BC. AR positions were derived
from DFO (2006), REEF (2017) and ARSBC (2017) databases. Seven of the ARs were
created through the intentional scuttling of ships by the ARSBC. In each of these cases,
Environment and Climate Change Canada’s “disposal at sea” permit was obtained before
sinking (DFO 2017). Two additional sites consist of older “accidental” wrecks that
permit investigation of effects of reef age. ARs composed of metal vessels were chosen
to control for substrate, composition and decomposition rates. The maximum survey
depth at a site was between 15 and 40 metres. Reefs ranged from 15 — 135m in length and

were established between 1915 and 2015 (Table 1).

2.2.4 Site Selection — Natural Reefs

To ensure AR sites were being compared to analogous natural rockfish habitat,
bathymetric ArcGIS (ArcMap 10.5) data were used to identify matching geophysical
profiles by combining seafloor features (substrate and rugosity) generated on a 70m grid

(BC Marine Conservation Analysis 2017). Our criteria for rockfish habitat were rocky
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substrates with high rugosity (defined as rugosity values in the top 20% of the dataset by

BC Marine Conservation Analysis 2017), though other biotic and abiotic features may

also define habitat (Love et al. 1991, Love et al. 2002, Yamanaka et al. 2012, Haggarty et

al. 2016b). Specific survey sites were identified within these habitats using coordinates of

documented SCUBA surveys that consistently identified rockfish occurrence (REEF,

2017). Final selection included preference for: sites with minimum distance to focal AR

sites, similar depth range to focal ARs (15 to 40 m) and maximum fish survey data

available at each citizen science-documented scuba site.
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Figure 2.2.2 Study Design - Example of compatisons between four neighbouring reef
sites. Locations between Vancouver Island and mainland British Columbia. Spatial design
allowed for some sites to be used in 2 comparisons. Blue arrows indicate pairwise AR — NR
comparisons within a study area subject to similar environmental conditions. Rings indicate
2 km buffers of adjacent suitable groundfish habitat at each site. NRs consisted of hard-
bottomed, rugose rocky reefs, while ARs consisted of repurposed human structures.

2.2.5 Data Collection

ROV surveys were conducted aboard the University of Victoria research vessel
Jolly Seber (10m) in Septembers and October 2017. A Saab Seaeye Falcon ROV,
equipped with a 400m fibre optic umbilical was used to carry out 100-300m roving
transects at all sites (Ajemian et al. 2015). All data were collected during daylight hours.
For NR sites, the ROV ran transects along depth contour lines, predetermined from
nautical charts and GIS, while transects at AR sites followed wreck landmarks to
maintain consistent depth (eg. Top deck, port side). A stratified sampling design was used
to ensure a balanced sample of depths on ARs and NRs, and that NR transects were
conducted on high rugosity, hard substrate. Video footage was spatially referenced by
estimating ROV position relative to the boat, by following floats affixed to the ROV
tether; and underwater using an onboard compass as well as visual landmarks. The ROV
was manually operated topside, accounting for the effects of current and to maintain a
position of ~2-3m away from substrate. Streaming video was constantly monitored
during piloting to look for navigation cues and to ensure the ROV stayed on transect.
Transect speed was estimated post hoc using sonar data and video timestamps (mean
speed 0.25 ms™). The ROV was equipped with two forward facing 75-watt Tungsten

Halogen flood lights. Onboard lights were used during all transects. Video was captured
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using a standard 480 TVL Seaeye camera with a 91° field of view. Data were recorded

onto external hard drives topside using a Dazzle analog to digital converter and open
source video recording software (AmarecTV; Appendix A, Figure A.2). An Imagenex
881L sonar system was positioned behind the camera and used in conjunction with
camera angle to estimate field of view. Sonar data were recorded in real-time with 881L
software on a separate laptop. To account for differences in sampling difficulty due to
ROV maneuverability, current speed and direction was recorded from the Fisheries and

Oceans Canada website preceding each survey (http://www.waterlevels.gc.ca/eng; FAO,

2017). Visibility was measured with sonar and defined as the distance (m) from the
camera at which the anchor line was no longer discernable.

Upon completion of surveys, video was annotated using Video Miner (Version
3.0.8), a Fisheries and Oceans Canada (DFO)-proprietary marine video annotation
program. All demersal fishes were counted and identified to the lowest taxonomic level
possible. Portions of unusable video, due to technical difficulties (eg. temporary loss of
resolution, tether entanglement, loss of maneuverability) were removed (~9% of total
footage). Transects were annotated in a random order to avoid bias due to observer
learning. Each transect was annotated in 30 second blocks to quantify within-transect
variance, then aggregated for final analysis. A pilot study evaluating fish turnover rate
within the field of view determined that 30 second blocks ensured independence in
samples. A subset of video clips (~ 10% total footage) was re-annotated by marine fish
identification professionals to confirm accuracy of identification. For each transect a
single relief value (high (> 2 m) or low (< 2 m)) and mean depth (m) were recorded

(Pacunski and Palsson 2001). Linear field of view was calculated using a combination of


http://www.waterlevels.gc.ca/eng
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camera and sonar data; trigonometry functions were applied to the distance of the camera

from substrate, and the 91° angle of view (typical linear field of view was ~2.2 m; Figure
2.2.3.). Because the ROV lacked GPS capability, field of view measurements were

combined with transect length to estimate the total survey area (m2).

Use Sonar Unit to measure
llh”

(distance from camera lens

to substrate)

Tan 6 = Opposite/Adjacent
Tan 45.5=r/h

“w.n
r

Solve for
and multiply by 2

to get linear
field of view

Figure 2.2.3 Field of View Calculations

We used a combination of camera and sonar data to estimate field of view and total sample
area. Using simple trigonometry functions and the 90 ° angle of view, we calculated the linear
tield of view. Field of view was calculated every 10 seconds throughout each transect.

To account for habitat features that may affect variability in fish communities, we
recorded site characteristics with potential to influence rockfish abundance or groundfish
diversity through fish movement and fish harvest (Appendix A, Table A.3). Groundfish
movement is influenced by a combination of currents, bottom topography, and habitat
preferences dependent on life-stage (Carlson and Straty 1981, Matthews 1990, West et al.
1994, Love et al. 2002, Johansson et al. 2008). To account for variability between sites,

maps of current speed and direction were created using a combination of ArcGIS
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software and the Webtide Tidal Prediction Model (version 0.7.1) (Bedford Institute of

Oceanography 2015; BC Marine Conservation Analysis 2017; Appendix A, Figure A.3).
To address potential source-sink relationships with adjacent habitat, proximity of the
focal reef to adjacent reefs was calculated via maps of suitable habitat (defined as
proportion of high rugosity-hard bottomed habitat within a two km buffer of the study
area) created in ArcGIS (ArcMap 10.2; (Pulliam 1988)). Buffer sizes were selected based
on recommended distances for potential fish attraction from neighbouring habitats in a
DFO report on BC’s ARs (Smiley et al. 2006). To account for possible effects of
conservation status on fish mortality, sites were overlayed with an RCA map to determine
whether they were ostensibly protected from the use of traditional angling gear. Each of
the recorded habitat features were included as explanatory variables in GLM modelling

(Table 2.1).
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Table 2.1 Explanatory variables grouped by model sets hypothesized to influence total
rockfish abundance and groundfish species diversity.

Mechanism

Hypothesis: Total

influencing fish Model Variables Rockfish Variable description
community Abundance(A) is
influenced by:
ReefType Natural or Artificial Categorical - classification of
Reef substrate. Human-made or
Local Habitat natural rocky features (site level)
Depth Continuous - mean depth for
Transect Depth transect (transect level)
Relief Categorical — High relief = steep
Slope of substrate slope, low relief = shallow slope
(transect level)
MaxCurrent Current Speed Continuous - Maximum cutrent
Surrounding speed in m/s derived from
Habitat mean current ebb/flow data
collected in the spring months
by BC Marine Conservation
Analysis (site level)
SuitableHabitat ~ Area of suitable Continuous - % Hard Bottom
habitat surrounding ~ High rugosity substrate - 2km
the site buffer. Radius derived from
DFO artificial reef spacing
recommendations based on
movement of adult fishes
(Smiley et al. 20006).
RCA Rockfish Categorical - Protected status. 1
Relationship to Conservation Area = within RCA boundaries, 0 =
conservation Status outside RCA boundaries
Areas
RCADist Continuous - Distance in metets

Distance to nearest
Rockfish
Conservation Area

from sampling area to edge of
nearest RCA. Calculated by
creating a near table in ArcGIS

Other Terms
Present in all
models

Offset (number)

Offset number of
samples per transect
(account for
differences in
transect area)
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2.2.6 Statistical Analysis

We calculated diversity metrics to compare fish communities between proximate
AR and NR sites using the R package vegan (Oksanen et al. 2017). Pairs of reefs were
compared using Bray-Curtis dissimilarity, species richness, Shannon-Weaver diversity
index, and Pielou evenness index (Bray and Curtis 1957; Shannon and Weaver 1949;
Pielou 1975). Summary statistics were calculated for aggregated data and within each
reef type.

We used regression analyses and diversity metrics to test whether artificial and
natural reefs have distinguishably different groundfish communities and if so, which
habitat characteristics most influenced observed patterns. Following an exploratory
analysis of data (Zuur et al. 2010), generalized linear models were created using R
statistical software ( ver 3.3.3; Ime4 and MuMIn packages; (Bates et al. 2015, Barton
2018, R Core Development Team 2018)). Response variables were rockfish abundance
and groundfish species richness with site and habitat characteristics as explanatory
variables (Table 2). Models of rockfish abundance used a negative binomial distribution
with a log link, as a Poisson distribution yielded variance in fish counts that exceeded the
mean, causing overdispersion; data were positive and non-normally distributed. An offset
function was included to account for differences in sampling effort due to varying
transect lengths. Though there were repeated samples within each “site”, limitations of
sample size prevented the inclusion of a random effect, as each level in a random effect
must have >15 data points (Bolker, 2009). To assess whether spatial pseudoreplication
potentially affected results, models were plotted individually by “site” to uncover

clustering of data points or trends within each site.
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Support for each competing hypothesis was assessed by ranking corresponding

models using an information theoretic approach (Burnham and Anderson 2002).
Continuous variables were standardized (mean = 0, s.d. = 1) to allow comparison of
effect sizes. Variables treated as fixed effects were combined into model candidate set
“blocks” of habitat and community covariates (Appendix A, Table A.5 — A.6). Empirical
support for each hypothesis was evaluated using Akaike Information Criterion scores
corrected for small sample sizes (AICc). When competing models differed by <2 AAICc,
we selected the most parsimonious model. Visual inspection of quantile-quantile plots,
residuals versus the fitted values plots, and correlation coefficients between variables,
were used to verify assumptions of normality and homoscedasticity of the residuals, and

independence of variables.

2.3 Results

We analyzed 81 transects: 40 in ARs and 41 in NRs. AR ages ranged from 2.5 to
102 years old (Appendix A, Table A.2). Artificial reef length ranged between 15 and
137.4 metres. All natural reef sites were hard bottomed, high rugosity habitats. Transects
at all sites occurred at depths between 10 and 40 metres. In total, we observed 14 species
of groundfish, with quillback rockfish the most abundant species at both ARs and NRs

(Appendix A, Table A2).
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Table 2.2 - Summary statistics for transects within artificial reefs, natural reefs and all reef groupings

Rockfish Density Groundfish Species Richness
Artificial Natural Al Reefs Artificial Natural All Reefs
Mean (Standard | 10.45(3.23) | 5.29(1.18) | 7.84(1.71) 2.30(0.24) 3.14(0.26) | 2.73(0.18)
Error)
Variance 417.99 57.13 239.08 2.32 2.83 2.73
# of transects N = 40 N =41 N =81 N =40 N =41 N =81

Mean rockfish density was greater on ARs was than on NRs, however ARs had

greater within-group variance (Table 2.2). Mean groundfish species richness was greater

on NRs than ARs (Table 2.2). Bray-Curtis dissimilarity tests found all comparisons of

AR-NR sites to have less than 50% community similarity (Figure 2.3). In nine of 13 reef

pairs, the NR site had greater Shannon-Weaver diversity. In seven of 13 pairs, the AR

site had greater rockfish abundance, however Bray-Curtis differences were often extreme

these cases.
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2.3.1 Effects of specific habitat characteristics on rockfish abundance

GLM models revealed that rockfish were more abundant with increasing depth (p
< 0.001). Variation in rockfish abundance was also explained by low relief and reef type,
although effect sizes were smaller. Unexpectedly, rockfish were more abundant farthest
from RCAs (p < 0.05). The best-fit model carried 60% of the AICc weight of evidence
(AICcw) and included reef type, depth, relief, and distance to nearest RCA (AlCcw =
0.595, Null deviance = 143.649 on 80 df, Residual deviance = 94.011 on 76 df, theta =
0.735). The second ranked model, including only depth and relief, was the most
parsimonious model being within two AlCc points of the top model, explaining variance
with the least degrees of freedom (Table 2.3). There were no trends observed between
rockfish abundance and adjacent suitable habitat or current speed. Inspection of quantile-
quantile plots, residuals versus fitted values plots, and correlation coefficients between
variables confirmed assumptions of normality, homoscedasticity of the residuals, and

independence of variables were met.
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Table 2.2 Rockfish relative abundance top models in order within top 5 delta AICc including model estimates of fixed effects. Model 1 (AICcw
59.5%) included Reef Type, Depth, Relief, and distance from nearest conservation area as variables. Model 2 (AICcw 23.5%) shared variables of depth
and relief, as did model 3 (7.9%) with the addition of Reef Type. (Reef Type not significant). Model 2 was the most parsimonious model. Reef type,
depth and relief were consistently included in the highest ranked models. Standard error displayed in brackets. Significance: *** p < 0.001; ** p < 0.01; *

p < 0.05. models ranked by AlCc(x).

Model Rank  (Intercept) ReefTypeNR Depth Reliefl.ow RCADist N AICc Delta Weight df
1 2.28 #+* (0.23) 0.16 (0.29) 0.60 #*¢(0.14)  0.51 (0.28) 0.33* (0.14) 81 606.8 0 0.595 6
2 2.37 *** (0.20) 0.76 ¥€(0.14)  0.62 * (0.29) 81 608.6 1.85 0.235 4

3 2.38 kK (0.24) 0.02 (0.29) 0.75 *#£(0.15)  0.62 * (0.29) 81 610.8 4.04 0.079 5
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2.3.2 Effects of habitat on species richness

Groundfish species richness was higher at natural reefs (p < 0.05), deeper depths
(p < 0.05), and low relief areas (p < 0.05). The best-fit model carried 34% of the AICc
weight of evidence (AlCcw = 0.335, Null deviance = 95.924 on 80 df, Residual deviance
= 80.460 on 76 df). Reef type, depth and relief were consistent variables within the
highest ranked models (top 5 AICc; Table 2.4). Depth had the greatest effect size,
explaining the most variance in each of the top models. Surprisingly, conservation status
did not have a significant effect on species richness, nor did area of adjacent suitable
habitat or current speed. Quantile-quantile plots, residuals versus fitted values plots, and
correlation coefficients between variables confirmed assumptions of normality,

homoscedasticity of the residuals, and independence of variables were met.
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Table 2.3 Compatison of top models for groundfish species richness within top 5 delta AICc including model estimates of fixed effects. Model 1

(AICcw = 303.9) included Reef Type, Depth, Relief as explanatory variables. Model 2 (AICcw = 305.1) shared variables of depth and relief with the

addition of distance from nearest RCA, as did Model 3 (AICcw = 305.7) with the addition of RCA. Standard error displayed in brackets. Significance:

w0k b < 0.001; * p < 0.01; * p < 0.05.

Model (Intercept) ReefTypeNR Depth ReliefLow RCADist RCA Current Habitat
Rank
1 -2.30 0.34%(0.14)  0.15%(0.07)  0.29*%(0.14)
(0.12)
2 -2.31 0.39%(0.15)  0.14*(0.07)  0.26(0.14)  0.08(0.07)
*£0.13)
3 -2.38 0.36* (0.15)  0.16%(0.07)  0.34*(0.16) 0.12(0.17)
£0.17)
4 -2.35 0.45%*(0.16) 0.19%*(0.07)  0.27(0.16) 0.11(0.08) 0.02(0.10)  0.13(0.10)
%(0.13)
Model Rank N AlCc Delta Weight df
1 81 303.9 0 0.335 4
2 81 305.1 1.15 0.189 5
3 81 305.7 1.81 0.136 5
4 81 306.3 2.37 0.103 7
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2.4 Discussion
2.4.1 Do AR fish communities resemble those on NRs?

Groundfish communities in our study system were markedly different on ARs and
NRs. Bray-Curtis dissimilarity tests revealed that no spatially coupled artificial and
natural reef pair exceeded 50% similarity to one another. Both mean rockfish density and
mean groundfish species richness differed between AR and NR groups, suggesting the
number of rockfish and number of groundfish species were influenced by reef type.
Overall, ARs had greater mean rockfish abundance than NRs, while NRs had greater
groundfish species richness, implying that particular ARs may have species-specific
benefits relative to local NRs. However, there was much greater variation in rockfish
abundance values at AR sites than NR sites, suggesting AR rockfish conservation
benefits are inconsistent among reefs. Differences in site habitat characteristics may be
responsible for the observed variation in fish communities between ARs.
2.4.2 Rockfish Abundance, Habitat, and Conservation Applications

A common objective of AR deployment is to increase abundance and productivity
of fish by providing equivalent or better quality habitat than NRs (Seaman 2002). Our
analyses show some potential for ARs to meet this objective in BC coastal waters. ARS
had appreciably greater rockfish abundances in seven of 13 reef pairs, while NRs had
higher abundances in the remaining six. ARs had greater mean abundance across all
reefs, however GLMs showed NRs to have a small increase in rockfish abundance over
ARs. This discrepancy is likely due to the high variation in abundance on ARs, some
with contrastingly low abundances, while NRs were more consistent. Results from high

abundance ARs corroborate trends of high relative fish abundance associated with AR
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habitats across a variety of marine systems (Rilov and Benayahu 2000, Arena et al. 2007,

Folpp et al. 2013, Reubens et al. 2013).

Local habitat characteristics influenced rockfish abundance across both ARs and
NRs. Depth is a known determinant of rockfish abundance and demography (Richards
1986, Love et al. 2002, Johnson et al. 2003, Haggarty et al. 2016b), and was an important
variable in both natural and artificial habitats in our temperate northern system. This
implies that depth range of target rockfish species must be considered when creating new
ARs. Rockfish also descend in the water column as they mature (Love et al. 2002).
Because we were surveying the shallower extent of many species’ depth ranges, our
sample is likely reflective of younger individuals whose age classes are most responsible
for long-term viability of the population. Similarly, relief characteristics of ARs should
be considered during planning, as older rockfish typically show strong preference for
high relief habitat, while younger rockfish associate with low relief habitats (Matthews
1988, West et al. 1994, Love et al. 2002). As we observed a weak positive association
between rockfish abundance and low relief habitat, results may indicate a high proportion
of our observations were young rockfish. Higher abundance of young rockfish is
indicative of more recent successful recruitment at surveyed reefs.

Finally, and unexpectedly, rockfish were more abundant on ARs and NRs if they
were farther from the nearest conservation area (RCA). If RCAs are meeting their
objectives, theoretically rockfish within the boundaries should survive longer, reaching
sexual maturity, reproducing and acting as larvae sources for neighbouring habitats (Love
et al. 2002, Hilborn et al. 2004). However, if RCAs are acting as intended in our system,

it is not apparent in rockfish abundances at nearby NRs and ARs. This trend may be
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explained by RCAs having been established in unsuitable habitats (Haggarty &

Yamanaka 2018), or a lack of fishing compliance within conservation areas (Haggarty et
al. 2016a, Lancaster et al. 2017, Haggarty and Yamanaka 2018). Alternatively, there
may have been more rockfish further from RCA boundaries due to harvesters “fishing the
line”; where harvested species are depleted immediately outside a reserve boundary
(Kellner et al. 2007).
2.4.3 Groundfish Community Species Richness on ARs and NRs

Greater groundfish species richness and Shannon Diversity on NRs than ARs
suggests that some species in our study may benefit from ARs, while others do not. NRs
had greater numbers of spotted ratfish Hydrolagus colliei, yellowtail rockfish, tiger
rockfish, brown rockfish, and kelp greenling Hexagrammos decagrammus than ARs
(Table A.2). ARs and NRs in other systems typically differ in terms of community
composition, but mechanisms responsible for such differences remain unresolved,
(Bohnsack 1989, Becker et al. 2017). Some have identified ARs with superior species
richness and diversity relative to NRs (Rilov and Benayahu 2000, Arena et al. 2007,
Fowler and Booth 2013). However, such trends are by no means a consensus as ARs
have also been observed to support lesser species richness, similar to our findings (Burt et
al. 2009, Aguilera et al. 2014). The broad definition of ARs allows for different shapes,
sizes, environments, and target communities to be compared in conservation success.

We may have observed lower species richness on ARs for a variety of reasons.
NRs may offer greater habitat heterogeneity and spatial diversity, providing refuge for a
greater variety of species than ARs (Aguilera et al. 2014). The uniformly shaped ARs in

our study exhibited modest structural diversity, appealing to a smaller subset of species
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who prefer specific shared structural characteristics, resulting in lesser diversity than

surveys at NR counterparts (Paxton et al. 2017). Species specific preferences for substrate
may also be responsible for differences in species richness, as all ARs were composed of
metal, mainly steel, while NRs were composed of rock (Hanner et al. 2006, Santos et al.
2011). Alternatively, because ARs are intrinsically younger and smaller than NRs, they
are less likely to support the same number of species as NRs (Jan et al. 2003, Perkol-
Finkel et al. 2005, Hanner et al. 2006, Leitao et al. 2008, Burt et al. 2011). Though
correlation plots within the group of ARs did not show significant groundfish community
trends for reef age or size, more robust analyses are needed to fully eliminate these
variables as sources of variation (Appendix A, Figure A.5 — A.6). A greater sample size
and finer-scale habitat data would be useful in determining species specific responses to
AR or NR habitat.

Groundfish species richness was influenced by similar physical habitat
characteristics to rockfish abundance. Reef type, depth and relief were each significant
variables explaining species richness patterns. Groundfish species are known to segregate
by depth, and deeper transects of our surveys encapsulated more overlaps of groundfish
home ranges (ex. tiger rockfish occupy deeper waters than copper rockfish but both can
be found at 30 m), the observed pattern of increasing richness with depth was expected
(Richards 1986, Matthews 1990, Love et al. 2002, Yoklavich et al. 2002, Tolimieri 2007,
Zintzen et al. 2012). This result highlights a potential conflict between recreational
objectives (shallow ARs for recreational divers), and conservation objectives: greater
benefit at increasing depths. Greater species richness was expected in areas of high relief,

due to greater variation in depths (i.e. more varied habitat) in a smaller area, and
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increased potential for upwelling by vertical bottom topography in conjunction with

current (Crawford and Thomson 1991, Yanagi and Nakajima 1991, Rilov and Benayahu
2000). Counter to expectations, some of our most groundfish-species diverse natural sites
were boulder fields with low relief. Low relief boulder fields are often proximate to
mixed habitats of complex rock and mud — areas where rockfish diversity is highest
(Yoklavich et al. 2000).

Despite greater species richness on NRs, ARs may still be useful in conservation.
The same numerically dominant species were found at both reef types: quillback
rockfish, copper rockfish, yellowtail rockfish, and lingcod. However, ARs had greater
numbers of quillback rockfish (listed as Threatened) and yelloweye rockfish (listed as
Special Concern). Additionally increased productivity of bocaccio rockfish, Sebastes
paucispinis (an endangered species in BC ) have been demonstrated on ARs in
California (Love et al. 2006). With proper design and management, ARs could be
effective components in groundfish conservation.
2.4.4 Caveats

Some factors may have inhibited our ability to capture full ecological inference
from our data. Because our analyses were not robust enough to measure rockfish
productivity, we must be sensitive to the fact that greater abundance may not actually
indicate successful attainment of conservation goals. Our trends may instead be
suggestive of reef attraction, where fish have been redistributed from neighbouring
habitats (Lindberg 1997). To truly differentiate between abundance and productivity,
analyses considering total biomass, fish movement and mortality (both natural and human

harvest) should be included (Valentine-Rose et al. 2011, Claisse et al. 2014b).



39
High levels of variation in rockfish abundance among ARs may have been driven

by differences in age or size that we could not account for in modelling due to
collinearity with reef type. Coarse-grained examinations of correlation coefficients
suggest a weak positive relationship between age and rockfish density, and weak negative
relationship between vessel size and rockfish density, however more robust analyses
within the artificial reef grouping may suggest otherwise.

A lack of fishing compliance within RCAs may have also contributed to between-
site variation in rockfish abundance (Haggarty et al. 2016a, Lancaster et al. 2017,
Haggarty and Yamanaka 2018). Five of our AR sites lie outside of RCA boundaries and
four inside, however compliance with fishing closures was not measured. ARs may also
be susceptible to different fishing pressure than NRs. If fishers know the AR is likely to
support a high abundance of fish, an increase in fishing pressure could result (Brochier et
al. 2015), or alternatively the complex structure of ARs could promote gear
entanglement, reducing fishing pressure (Wilson et al. 2002, Gonzalez-Correa et al.
2005). Better monitoring of fishing compliance and enforcement of fishing closures is
necessary in understanding relationships between fish harvest and rockfish abundance on
ARs and NRs in RCAs.

Lessons learned from ROV sampling provide recommendations for alterations to
improve data quality, allowing for more fine scale questions and detailed data. A GPS
tracking system would have allowed for more precise transect tracking and area
measurements than sonar alone. Due to equipment limitations, the ROV was not
equipped with lasers for sizing individual fishes. Fish size data would have allowed for

biomass estimates, more informative data than abundance alone. Further research should
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use biomass to quantify primary and secondary productivity at northern temperate ARS

and model them against structural data to determine which sites are the most productive
and why. Other limitations of this study included our use of only one spatial scale for the
surrounding habitat analysis. Since fish movement varies by species, different species
were likely differentially influenced by external habitat availability and we may have
failed to see trends on other scales. Finally, our study would have benefitted from greater
resolution benthic data surrounding our sites. This would improve accuracy in the
estimation of neighbouring suitable habitat.
2.4.5 Conclusion

Northeast Pacific inshore ARs may not provide adequate habitat to support the
same diversity of fish species as NRs, however they appear to have the potential to
facilitate greater abundance than NRs. The variation between rockfish abundance on ARs
highlights the need for further research. These results have implications for AR planning,
and potential rockfish conservation strategies. If success of high-density ARs is better
understood, ARs may become a useful tool in boosting northern Pacific rockfish
populations. An adaptive management approach may be applied to ARs to understand
which are most effective at meeting their goals and why (Seaman 2000, Bortone 2011).
Dependent on specific conservation goals, purpose-built ARs should be created to
support target species for conservation objectives. This research is the first step to
understanding variability between fish communities on ARs in our study system, and
which reef attributes facilitate successful contributions to conservation. Though some
ARs may be useful in the conservation of threatened species, to get diverse fish

communities, preserving older, more heterogeneous NRs may be the best option.
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Chapter 3

Comparing structural habitat and variation in fish communities
on temperate artificial reefs: conservation implications in the
Northeast Pacific

This chapter is in preparation for publication with co-authors John P. Volpe and Jason
T. Fisher

3.1 Introduction

The abundance and diversity of organisms at a given location are largely a function of the
quantity and quality of nearby habitat (Anderson et al. 1989, Connell and Jones 1991,
Thrush et al. 2005, Yeager et al. 2011). As widespread human impact continues to
degrade fisheries, understanding which structural features best support the biotic and
abiotic requirements of species of conservation concern is imperative (Turner et al. 1999,
Halpern et al. 2008, Worm et al. 2009). Conservation initiatives rely on detailed species-
habitat association studies to understand how oceanic processes may relate to fish
abundance, species richness, and distribution across spatial scales and seascapes (Pickrill
and Todd 2003, Bostrom et al. 2011, Brown et al. 2012). However, less than 18% of the
ocean floor is mapped, and an even smaller amount at biologically-relevant high
resolutions (Mayer et al. 2018), generating difficulty in consistently evaluating fine-scale
habitat structure. Emerging technologies are beginning to resolve such challenges.
Optical and acoustic sensors create three-dimensional scans of the underwater

environment that can be transformed into bathymetric maps (Singh et al. 2007). While
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optical methods like photogrammetry are increasingly used in tropical environments, they

are less practical in deeper low-light habitats and temperate environments with variable
visibility. Advances in sonar technology allow for high resolution bathymetric data
without the visibility constraints of optical sensors (Brown et al. 2011). Finally,
corresponding advances in geographic information systems provide a platform for
performing structural measurements on bathymetry to explain species-habitat
relationships (Cameron et al. 2014, Hill et al. 2014, Walbridge et al. 2018).

Accurate fine-scale physical habitat measurements are prerequisite to
understanding habitat-diversity and abundance relationships in both natural and artificial
seascapes. Atrtificial reefs (ARs) are synthetic structures placed on the ocean floor, and
used worldwide for recreation, fisheries enhancement, research, and conservation
(Seaman 2000). AR implementation offers a unique opportunity to provide optimal
habitat for target species, providing species-habitat relationships in each situation is well
understood (Seaman 2002). The inherent complexities of such relationships are
evidenced by the fact that only 50-60% of fisheries and conservation-focused ARs meet
their objectives (Baine 2001, Becker et al. 2018), rendering AR-mediated restoration of
marine communities controversial. ARs are often opportunistically created from waste
material, are not exclusively designed for biological purpose, and may prioritize
economic benefits over conservation (Baine 2001); e.g., the sinking of derelict ships,
underwater sculptures. AR development often lacks consideration of successional change
in structural and biological features over time, which may translate to variations in

conservation performance (Svane and Petersen 2001, Santos et al. 2011, Farinas-Franco
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and Roberts 2014). Regular surveys and accurate measurements of performance are

important in goal assessment and future AR design or improvement (Baine 2001).

Several biologically meaningful metrics are used to assess habitat quality for fish
communities on temperate reefs and can be efficiently measured using three-dimensional
technology (Hayden-Spear and Gunderson 2007, Gunderson et al. 2008, Cameron et al.
2014). For example, structural complexity is a significant predictor of community
diversity and species abundance in temperate reef communities (Willis and Anderson
2003, Gregor and Anderson 2016, Parsons et al. 2016). Using conventional SCUBA
methods, complexity is measured using the “chain and tape method” to derive a rugosity
value (Risk 1972, McCormick 1994), however measurements from three-dimensional
habitat models are being adopted as an accurate and improved measure of surface
roughness (Du Preez 2015). Community structure, species richness and density all vary
with depth and relief on reefs (West et al. 1994, Arreola-Robles and Elorduy-Garay 2002,
Garrabou et al. 2002, Tolimieri 2007, Zintzen et al. 2012), Similarly, in artificial habitats,
size of the reef influences fish abundance and community structure (Jan et al. 2003,
Leitao et al. 2008). Relief is often measured categorically, while detailed variation in
depth and reef dimensions are difficult to capture on a reef-wide scale. Using three-
dimensional models, specific degree of incline for given locations on a structure can be
measured, and surface area of structures can be calculated and compared on multiple
scales (Walbridge et al. 2018). All of these measurements are efficiently and accurately
calculated using three-dimensional technology and can be used to inform conservation

initiatives.
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Rockfish (Sebastes spp.) are important recreational and commercial fish

worldwide. They are highly susceptible to overfishing due to late reproductive maturity,
susceptibility to barotrauma, and inconsistently successful reproductive years (Love et al.
2002). In the Northeast Pacific, several rockfish species are listed as Threatened or
Special Concern by the Committee on the Status of Endangered Wildlife in Canada
(COSEWIC). Long lifespan, philopatry, and association with specific substrate and
patchy distributions (Yoklavich et al. 2000, Love et al. 2002, Lowe et al. 2009), make
rockfish excellent candidates for testing hypotheses on AR efficacy, and highlight the
need for precise, fine scale habitat monitoring to come to biologically relevant
conclusions (Love et al. 2002, Anderson et al. 2005). At present, Fisheries and Oceans
Canada (DFO) has implemented 164 Rockfish conservation areas (RCAs) (DFO 2000,
Yamanaka and Logan 2010, DFO 2016) attempting to mitigate concerns of overfishing.
RCA:s are defined as areas in which rockfish harvest is reduced or eradicated through the
restriction of conventional angling gear (Yamanaka and Logan 2010). However, failure
to adhere to fishing regulations and flawed RCA spatial planning have resulted in
inadequate, if any detectable benefit of RCAs to rockfish (Haggarty et al. 2016a,
Haggarty et al. 2016b, Lancaster et al. 2017). Several species of rockfish inhabit shallow
inshore rocky reefs of British Columbia, Canada (BC) (Kramer et al. 1986, Love et al.
2002). These include quillback rockfish, (S. maliger), copper rockfish ( S. caurinus),
black rockfish (S. melanops), brown rockfish (S. auriculatus) , tiger rockfish (S.
nigrocinctus), china rockfish (S. nebulosus), yellowtail rockfish (S. flavidus), and
yelloweye rockfish (S. ruberrimus)) along with other economically significant species of

groundfish such as lingcod (Ophiodon elongatus). If RCAs are effective in contributing
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to AR efficacy, effects of RCAs on fish mortality should be evident in the fish

communities on ARs as indicated by abundance and diversity. Alternatively, if ARs
consistently have abundant rockfish and diverse fish communities, regardless of RCA
status, they may provide a direct contribution to conservation where RCAs are lacking.

Remotely operated underwater vehicle (ROV) surveys are a favourable tool in
evaluating underwater habitat and sampling groundfish populations (Johnson et al. 2003,
Haggarty et al. 2016b, Laidig and Yoklavich 2016). Sampling with ROVs enables longer
deployment times, larger survey areas, leading to greater species identification
confidence in comparison to conventional SCUBA-based surveys (Rosen et al. 2016). As
cost and size continue to decline, ROV surveys become a more accessible and popular
method to survey data-poor AR habitats.

We used ROV surveys to measure groundfish abundance and diversity on ARs,
with the goal of understanding which were most successful at meeting conservation
objectives. We created three-dimensional models to overcome challenges associated with
fine-scale surveying of AR structures in temperate environments. Using shipwreck ARs
as a case study, we ask which features are most important in future AR design with a
rockfish and groundfish conservation focus. We hypothesize that variability in spatial,
structural and temporal characteristics on ARs will explain variation in the fish
communities inhabiting them. This is the first quantitative comparison of reef structure
and fish communities associated with BC ARs. Marine conservation policy depends on a
clear resolution of whether BC’s ARs are providing their assumed conservation benefits,
and how future ARs may meet conservation objectives. We contend a measure for this

success is rockfish abundance and diversity, comparable between ARs.
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3.2 Methods

3.2.1 Study Location

Surveys were conducted along the South Coast of BC, Canada, between
Vancouver Island and mainland BC (Figure 3.1). Sample sites were selected within the
inshore waters within Discovery Passage (Johnstone Strait) and the Strait of Georgia.
These areas are characterized by variable benthic habitats, currents and nutrient inputs,
creating a gradient of environmental conditions across AR sites (Crawford and Thomson
1991).

All ARs used in the final analysis were created through the intentional scuttling of
vessels by the Artificial Reef Society of BC (ARSBC). AR positions were derived from
DFO (2006), REEF (2017) and (ARSBC 2017) databases. Only shipwreck ARs
composed of steel were chosen to control for gross structure, composition, and
decomposition rates. Survey depths at each site ranged between 15 and 40 metres. Reefs
ranged from 15 — 135m in length and were sunk between 1991 and 2015 (Appendix B,

Table B2).
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Figure 3.1 Study Area maps, artificial reef survey locations along the South Coast of BC, Canada. 18 sites were surveyed across a variety of benthic

habitats, currents and nutrient inputs in September and early October 2017.
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3.2.2 Sampling Methods

We surveyed nine ARs in September and early October of 2017. ROV sampling
was conducted aboard the University of Victoria research vessel Jolly Seber (10m). A
Saab Seaeye Falcon ROV, equipped with a 400m fibre optic umbilical was used to
collect roving video data at varying depths (Ajemian et al. 2015). The ROV followed
wreck landmarks to maintain consistent depth (e.g. top deck, port side). We employed a
stratified systematic sampling design to ensure a balanced sample of depths. We spatially
referenced video footage by estimating ROV position relative to the vessel, by following
floats affixed to the ROV tether; and underwater using an onboard compass as well as
visual landmarks. The ROV was manually operated topside, accounting for the effects of
current and to maintain a position of ~2-3m away from the vessel. We constantly
monitored streaming video during piloting to identify navigation cues and to ensure the
ROV remained on course. Speed was estimated post hoc using sonar data and video
timestamps (mean speed 0.25 ms™). The ROV was equipped with two forward facing 75-
watt tungsten halogen flood lights that were used during all surveys which occurred
during daylight hours between 7:00am and 7:00pm. We recorded video using a 480 TVL
Seaeye camera with a 91° field of view. Video data were saved onto external hard drives
topside using a Dazzle analog to digital converter and open source video recording
software (AmarecTV; Appendix B, Figure B.2). An Imagenex 881L sonar system was
positioned behind the camera and used in conjunction with camera angle to estimate field
of view. We recorded sonar data in real-time with 881L software on a separate laptop.
We measured visibility with sonar and defined it as the distance (m) from the camera at

which the research vessel’s anchor line was no longer discernable.
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Upon completion of surveys, video was annotated using Video Miner (Version

3.0.8), a DFO-proprietary marine video annotation program. All groundfish were counted
and identified to the lowest taxonomic level possible. We removed portions of unusable
video, due to technical difficulties (ex. temporary loss of resolution, tether entanglement,
loss of maneuverability; ~10% of total footage). An initial pilot study determined 30
second blocks ensured fish turnover rate sufficient to render independence of sampling
units, therefore we annotated video from each site in 30 second blocks to capture fish
community variation across each site. Blocks were randomized for annotation order to
avoid bias due to observer learning. A random subset of video clips (~ 10% total
footage) was re-annotated by Pacific groundfish identification professionals to confirm
accuracy of identification. For each video segment, a single relief value (high (>2 m) or
low (< 2 m)) and mean depth (m) were recorded (Pacunski and Palsson 2001). Linear
field of view was calculated using simple trigonometry functions using the camera-vessel
distance and 91 ° angle of view (mean linear field of view was ~2.2 m; Appendix B.1.).
Field of view measurements were combined with survey length at each site to estimate

the total survey area (m?).
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Slope
High : 81.0853

Low : 0.101686

Ruggedness
M High : 0.623291

Low: 0

Elevation
M 34.15 - 37.12
M 31.18- 34,15
28.21-31.18
25.24 - 28.21
22,269 - 25.24
19,299 - 22.269
16.329- 19,299
B 13.359- 16329
W 10.389 - 13.359

Figure 3.2 Artificial reef visualizations of the Annapolis wreck in Howe Sound, BC. Images created
in ArcGIS starting from raw multibeam sonar point data: a) Slope b) Terrain Ruggedness (VRM) c)
Elevation (Triangular Irregular Network) d) 3D Image (Hillshade)

To quantify structural characteristics at each site, we used high resolution multi-
beam sonar data (courtesy of Canadian Hydrographic Services) to create 3D models of
each wreck in ArcGIS (ArcMap 10.2; Figure 3.2). Because data were collected at varying
resolutions (between 0.25 m and 5 m), the raster processing Resample tool was used
convert all data to the coarsest resolution using cubic convolution. Polygons were created
to denote the extent of each wreck, then used to clip the surrounding sandflat bathymetry

from each site. We then used the benthic terrain modeler 3.0 toolbox to calculate
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structural data for each site (Walbridge et al. 2018). Arc-chord ratio (Du Preez 2015),

depth statistics (mean, variance, standard deviation, interquartile range), slope models,

terrain ruggedness models, and surface area were derived for each site.

We recorded spatial characteristics that may influence rockfish abundance or
groundfish diversity for each reef (Table 3.1). Direction and speed of currents as well as
topography surrounding ARs affect the likelihood of landing in an environment suitable
for settlement (Gaines et al. 2003). Rockfish dispersal is influenced by currents and
habitat preferences dependent on life-stage (Carlson and Straty 1981, Matthews 1990,
West et al. 1994, Love et al. 2002, Johansson et al. 2008). To account for this variability,
we calculated proximity of the focal reef to adjacent reefs using maps of suitable habitat
(defined as proportion of high rugosity-hard bottomed habitat within a 2km buffer of the
study area) generated in ArcGIS (ArcMap 10.2) using bathymetry derivatives from BC
Marine Conservation Analysis (2017). We also created maps of current speed and
direction using a combination of ArcGIS software and the Webtide Tidal Prediction
Model (version 0.7.1) (Bedford Institute of Oceanography 2015; BC Marine
Conservation Analysis 2017; Figure 3.3). Groundfish species are known to segregate by
depth (Richards 1986, Matthews 1990, Love et al. 2002, Yoklavich et al. 2002, Tolimieri
2007, Zintzen et al. 2012), we recorded mean depth for each video segment to account for
this variability. To account for effects of fishing closures on fish mortality, we overlayed
sites with an RCA map to determine whether fish communities showed effective

protection from traditional angling gear.
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Figure 3.3 Example of current mapping around the Columbia Wreck (black ship symbol), located

near Campbell River, BC. Arrows denote direction of dominant current, shading indicates current

strength.
To account for changes in groundfish communities over time, reef age in years

from sink date was recorded for each site. Interaction terms were included with time and
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each of the other variables to determine whether relationships with explanatory variables

were different between old and new wrecks.

3.2.3 Statistical Analysis

We used regression analyses to test whether ARs of different ages, locations and
physical characteristics had distinguishably different groundfish communities, and which
habitat characteristics most influenced these patterns. Three of nine reefs were ultimately
removed from analysis due to data deficiency, leaving six AR sites for comparison
(Table). Following an exploratory analysis of data as per Zuur et al. (2010), generalized
linear models were created using the Ime4 and MuMIn packages in R statistical software
(Bates et al. 2015; Barton 2018; R Core Development Team 2018). Rockfish abundance
and groundfish species richness were response variables with habitat characteristics as
explanatory variables (Table 2). We calculated total rockfish abundance by summing all
rockfish observations within each 30 second video block. Species richness was calculated
using the vegan package in R (Oksanen et al. 2017). Data were positive and non-normally
distributed. A negative binomial distribution with a log link was used to model rockfish
abundance, as a Poisson distribution resulted in overdispersion (variance of fish counts
that exceeded the mean). Species richness was plotted using a Poisson distribution.
Though there were repeated samples at each vessel site, we presume all pertinent
environmental variables that may influence the response variables were accounted for,
and thus a random effect was not included. Models were plotted by “Site”” and examined

for clustering of datapoints to assess for spatial pseudoreplication within results.
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Next, we used Burnham and Anderson’s (2002) information theoretic approach to
compare directly competing hypotheses. To standardize continuous variables, we
subtracted the mean and divided by standard deviation. Multiple explanatory models
were tested for each response variable, including single predictor models and a global
model representing cumulative effects. Hypotheses were ranked using Akaike
information criterion (AIC) to compare goodness of fit of each model. When competing
models differed by less than 2 delta AIC, we selected the most parsimonious model.
Visual inspection of residuals versus the fitted values plots, quantile-quantile plots, and
correlation coefficients between variables were used to verify assumptions of normality

of the residuals and independence of variables.
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Table 3.1 Explanatory variables grouped by model sets hypothesized to influence total rockfish abundance and groundfish diversity.

Mechanism Hypothesis: Total
influencing fish Model Rockfish Abundance (A) Variable description
community Variables is influenced by:
Relief Slope of substrate Categorical — High relief = steep slope, low relief = shallow slope
Structural
Features Continuous — arc-chord ratio — measure of surface roughness de-coupled
Rugosity Complexity/Roughness from slope
Surface Area  Reef Size Continuous — Surface area calculated from 3D model
MaxCurrent  Current Speed Continuous - Current speed in m/s detived from mean current ebb/flow
Spatial Features data collected in the spring months by BC Marine Conservation Analysis
(site level)
SuitableHabitat Area of suitable habitat Continuous - % Hard Bottom High rugosity substrate - 2km buffer. Radius
surrounding the site derived from DFO AR spacing recommendations (Smiley et al. 2000).
Depth Depth Continuous - mean depth for video clip
RCA Rockfish Conservation Area  Categorical - Protected status. 1 = within RCA boundaries, 0 = outside RCA

Boundary boundaries
Temporal Continuous - Time in years between ship sink date and survey date
Features Age Reef Age min = 2.5, max = 26.8
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3.3 Results

We analyzed 595 video segments from 6 ARs. Artificial reef ages ranged between
2.5 and 26.8 years old (Appendix B, Table B.2). Artificial reef length ranged from 15 to
137.4 metres. Video collected at sites occurred at depths between 10 and 40 metres. In
total, we observed 11 species of groundfish with quillback rockfish being the most

abundant species (Appendix B, Table B2).

Rockfish had greater abundance with increasing depth and rugosity (p < 0.001).
Reef age had the greatest effect size with more rockfish on older ARs (p < 0.001). ARs in
RCAs had higher rockfish abundance (p < 0.05), and more rockfish were found on low
relief areas of the ship. The best fit model carried 33.3% of the AIC weight of evidence
(AICw), with approximately twice as much explanatory power as the next top models
(AICw =832.84, Null deviance = 428.13 on 594 df, Residual deviance = 284.45 on 589

df ; Appendix B, Table B.3).
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Table 3.2 Comparison of top models for rockfish abundance

Rockfish relative abundance top models in order within top five delta AIC, including model
estimates of fixed effects. Model 1 (AICw 33.3%) included depth, RCA, relief, rugosity and
age as predictors. Model 2 (AICw 18.2%) shared variables of RCA, relief and rugosity, with
the addition of current, surface area, and an interaction between time and depth. Model 3
(14.3%) shared variables of depth, RCA and relief with the top model with the addition of
current, surface area and an interaction between rugosity and age. Standard error displayed in
brackets. Significance: *** p < 0.001; ** p <0.01; * p < 0.05. models ranked by AIC(x).

Top model for rockfish abundance: RF Abund ~ Depth + RCA + Relief + Rugosity + Age

Model Rank: 1 2 3 4 5
(Intercept) -2.38 Hxk -2.44 Ak -1.85 ek -2.49 Hrk -2.44 Hkx
(0.41) (0.33) (0.39) (0.43) (0.43)
Depth 0.66 *** 0.96 *** 0.66 *** 0.74 **
0.19) 0.27) (0.19) 0.24)
RCA 0.85 * 1.80 -0.03 1.01 * 0.94 *
(0.40) (0.43) (0.49) (0.43) 0.44)
ReliefLow 0.58 0.81 ** 0.90 ** 0.61 * 0.66 *
(0.30) (0.30) (0.33) (0.30) (0.33)
Rugosity 0.71 #¥* 0.42 ** 0.69 *** 0.69 ##x
0.11) (0.13) (0.11) 0.11)
Age 1.24 ¥k 1.25 ek 1.15 ek
(0.30) (0.30) (0.34)
MaxCurrent -0.17 0.80 ##* -0.14
0.17) 0.22) (0.16)
Surf_Area -0.46 * -0.84 *** -0.10
0.19) (0.22) 0.19)
Depth:Age 0.92 **
0.29)
Rugosity:Age 1.80 ##
(0.28)
N 595 595 595 595 595
AIC 832.84 862.19 840.09 834.05 834.57
Delta 0 1.21 1.73 2.62 3.05

Weight 0.333 0.182 0.140 0.090 0.072
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Table 3.3 Comparison of top models for groundfish species richness

Groundfish species richness top models in order within top five delta AIC, including model
estimates of fixed effects. Model 1 (AICw 32.5%) included RCA, relief, current, surface area,
rugosity and an interaction between depth and age as predictors. Model 2 (AICw 12.2%)
shared variables of RCA, relief, current and rugosity, but lacked an interaction between time
and depth variables. Model 3 (12.1%) contained a similar suite of variables but excluded
current. Standard error displayed in brackets. Significance: *** p < 0.001; ** p <0.01; * p <
0.05. models ranked by AIC(x).

Top model for groundfish species richness: Richness ~ RCA + Relief + Current + Size
+Rugosity + Depth: Age

Model Rank: 1 2 3 4
(Intercept) -2.73 ek -2.75 Hoek -2.66 *F* -2.76 Fkx
(0.29) (0.39) (0.36) (0.40)
RCA 1.50 0.87 * 0.78 * 0.87 *
(0.37) (0.30) (0.36) (0.30)
ReliefLow (.88 *kx 0.67 ** (.83 #ot* 0.65 *
(0.23) 0.23) (0.25) (0.28)
MaxCurrent -0.23 -0.30 * -0.33
(0.14) 0.13) (0.24)
Surf Area -0.46 ** -0.28 0.05
(0.14) (0.15) (0.29)
Rugosity 0.05 0.24 ** 0.23 ** 0.24 **
(0.10) (0.08) (0.08) (0.09)
Depth:Age 0.62 *
(0.24)
Depth 0.43 * 0.62 ** 0.39
0.17) (0.20) (0.25)
Age 1.16 *%* (0.85 ** 1.22 **
(0.27) (0.29) (0.46)
N 595 595 595 595
AIC 641.59 643.55 643.56 643.58
Delta 0 1.96 1.97 1.97

Weight 0.325 0.122 0.121 0.121
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GLM modelling for species richness demonstrated positive and significant

relationships with RCA (p < 0.001), relief (p < 0.001), and depth-age interaction (p <
0.05). A negative and significant relationship was observed with surface area (p < 0.01),
and a weak positive relationship with rugosity. The best-fit model carried 32.5% of the
AIC weight of evidence (AICw= 0.325, Null deviance = 468.07 on 594 df, Residual
deviance = 395.35 on 588 df; Appendix B, Table B4). The second model differing by
only 1.96 AIC, was more parsimonious with the exclusion of the surface area variable.
RCA, relief, current and rugosity were consistent variables within the highest ranked
models (top 5 AIC; Table 2.3). Quantile-quantile plots, residuals versus fitted values
plots, and correlation coefficients between variables confirmed assumptions of normality,

homoscedasticity of the residuals, and independence of variables appeared to be met.

3.4 Discussion

3.4.1 Artificial reef attributes and groundfish conservation success

We used advances in sonar technology to compare three-dimensional structures of
temperate ARs and their fish communities under different temporal and spatial
conditions. We aimed to understand which variables most influence rockfish abundance
and groundfish diversity to inform conservation initiatives. Our survey provides evidence
that a combination of structural, spatial, temporal and regulatory characteristics influence
groundfish communities on temperate ARs. We found that depth, conservation status,
rugosity, and reef age significantly explained variation in rockfish abundance. Groundfish

species richness was significantly associated with conservation status, relief, reef size,
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and an interaction between depth and reef age. Together, these variables may help guide

AR planning decisions, and explain variation in conservation efficacy between reefs.
3.4.2 Effects of spatial decisions and surrounding AR habitat on rockfish abundance and
groundfish richness

Rockfish abundance: Several variables associated with selected reef location may
affect the fish communities inhabiting a temperate AR. The positive relationship between
rockfish abundance and depth in our results suggests that placing ARs at deeper depths
may increase conservation benefits for rockfish species. This finding is consistent with
previous literature suggesting depth is predictor of rockfish abundance (Richards 1986,
Love et al. 2002, Johnson et al. 2003, Haggarty et al. 2016b).

A lack of apparent RCA efficacy as measured by rockfish abundance has been
reported in recent years (Marliave and Challenger 2009, Haggarty et al. 2016b, Burke
2018), with one prominent critique being the potential deficiency of suitable habitat
within boundaries (Haggarty and Yamanaka 2018). We found rockfish abundance to be
greater at ARs within RCAs suggesting AR decision-making processes should take
conservation area boundaries into consideration. Establishment of ARs within
conservation area boundaries may augment conservation performance through provision
of additional habitat to target species. Conversely, the abundance of suitable habitat
within a two kilometer radius offered no additional explanatory power in our rockfish
abundance models. This result calls into question assumed source-sink dynamics of
marine protected areas, however it may also suggest that using a single spatial scale did

not adequately reflect fish movement, which varies by species in our study (Matthews
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1988, Yeager et al. 2011). Current speed likewise offered little explanatory power in

rockfish abundance models.

Groundfish richness: The distribution of groundfish species across reefs revealed
differential responses to spatially mediated characteristics of each reef. There were
significantly more species observed in samples taken from ARs located within RCA
boundaries, than in those outside boundaries. This suggests that ARs may be more
effective if used in conjunction with protected areas, conclusions which align with other
work (Claudet and Pelletier 2004, Brochier et al. 2015). As previously mentioned, a
recent critique of RCAs is a potential lack of high-quality habitat within boundaries due
to low resolution habitat maps (Haggarty and Yamanaka 2018). Our work shows
potential to remedy this situation through the creation of finer scale natural habitat maps
to improve RCA planning, or the implementation of artificial habitats in protected areas
to ensure high-quality habitat where confidence in map resolution is low. Our work also
indicated higher groundfish species richness in areas of lower current. Many species of
larval groundfish initially depend on currents to disperse to new habitats for settlement
(Kashef et al. 2014). Our results parallel other literature, where some species of
groundfish had lower recruitment success in areas of high tidal current (Markel et al.
2017), however more research should be done across species. Instead, areas of high fetch
affecting surface currents may positively influence larval groundfish influx, and current-
topography interactions may affect entrainment of larvae to settle on a reef (Gaylord and
Gaines 2000). Further research is necessary to understand the complex role of current in

explaining variance in patterns of groundfish species richness.
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3.4.3 Effects of AR structural characteristics on rockfish abundance and groundfish

richness

We overcame challenges associated with fine-scale surveying of AR structures in
poor-visibility temperate environments. As a result, while other studies have classified
AR structure based on categorical criteria (Perkol-Finkel et al. 2006, Ajemian et al.
2015), we used new technologies to provide an efficient method for quantitatively
measuring AR attributes. Using fine scale sonar data to create three-dimensional models
allowed us to measure reef rugosity, slopes and surface areas to include in analyses.
These measures are applicable to a variety of reef structures and can be extended to
compare natural reefs and non-shipwreck ARs.

Rockfish abundance: The distribution of rockfish across reef features revealed
several responses explained by structural attributes. As expected, we found higher
abundances of fish on ARs with higher rugosity, consistent with other rockfish habitat
association studies (Love et al. 2002, Haggarty et al. 2016b, Frid et al. 2018), and global
trends of positive fish abundance-complexity relationships (Luckhurst and Luckhurst
1978, Charbonnel et al. 2002, Willis and Anderson 2003, Hunter and Sayer 2009,
Trebilco et al. 2015). We found low relief areas to have higher rockfish abundance. This
may be explained by the possibility of our observations being dominated by younger
adult rockfish, who show preference for low relief areas (Matthews 1988, West et al.
1994, Love et al. 2002), though this cannot be confirmed without fish size data.

Groundfish richness: We found more groundfish species in low relief areas,
suggesting that the low relief features on vessel wrecks are more attractive to not only

rockfish but a variety of groundfish species. These areas were often located on the top
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deck of the ship. For upper level trophic species like rockfish and lingcod, this elevation

may be perceived as a better vantage point for locating prey or other predators. The
steepest (high relief) areas of the vessels tended to be the vertical walls, which often
lacked complexity in comparison to the rest of the structure. Avoidance of these areas
may reflect a lack of predator refuges (Gregor and Anderson 2016), which may be
resolved by adding complex structures to vessel walls. We also found more species of
groundfish on smaller vessels with less surface area. Smaller ARs tended to have fewer
large expanses of flat featureless deck space, areas which may be perceived as dangerous
due to a lack of hiding places from predators. Similarly, predators may be less successful
at foraging in areas with less complex features (Willis and Anderson 2003, Warfe and
Barmuta 2004), and less likely to inhabit open spaces during daylight hours when all of
our sampling was carried out (Petrie and Ryer 2006). Because sampling was carried out
evenly across sites regardless of size, a higher proportion of area on smaller wrecks was
surveyed which may have influenced species richness patterns. We also found a weak
positive relationship between groundfish diversity and rugosity, indicating there were
more groundfish species on reefs with more complex features. This finding is consistent
with expectations of more complex habitat providing a wider variety of habitats to
support fish diversity (Ferreira et al. 2001, Hunter and Sayer 2009). Specific GPS
locations of each fish observation to compare with mapped structural data would be
useful in disentangling habitat associations on this scale.

3.4.4 Temporal effects on rockfish abundance and groundfish diversity across artificial

reefs
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Temporal effects on AR fish communities were apparent in both rockfish

abundance and groundfish diversity models. The observed relationship between reef age
and increasing rockfish abundance and groundfish diversity was consistent with our
expectations based on successional processes and patterns in other systems (Sousa 1979,
Golani and Diamant 1999, Anderson 2007, Santos et al. 2011, Lowry et al. 2014, Becker
et al. 2017). However, abundance and species richness should stabilize once carrying
capacity is reached, patterns we did not observe. This is likely due to a lack of replicates,
or alternatively an absence of successionally mature reefs in our study. The positive
interaction between reef age and depth, suggests the effect of AR age on groundfish
species richness was more pronounced at deeper depths. Because many of the species
involved in our study descend within the water column as they mature (Love et al. 2002),
older ARs may have increasing numbers of species living deeper in the water column as
more fish age with the reef (Richards 1986, Matthews 1990, Love et al. 2002, Yoklavich
et al. 2002, Tolimieri 2007, Zintzen et al. 2012). Similarly, groundfish species segregate
by depth, and deeper surveys on the wrecks captured more overlaps of groundfish depth
ranges.
3.4.5 Caveats

Some aspects of our project design may have inhibited our ability to capture full
ecological inference from our study. Due to the limited availability of high-resolution
acoustic data, we were only able to include six ARs in our work. Future work should
continue mapping ARs to gain a broader dataset, and more statistical power for
influencing management decisions. Though we only included one measure of structural

complexity in our analyses, three-dimensional technology provides the opportunity to
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look at species-complexity relationships in greater detail (Gonzalez-Rivero et al. 2017).

New measures of complexity should be included in future analyses to better understand
which specific aspects of structural complexity drive the increased rockfish abundance
patterns and how to incorporate these features into AR design and rockfish conservation.
New mapping approaches may be applied to classify different areas of an AR to make
more readily comparable to NRs (Appendix B, Figure B1).

Our analyses lacked the power to measure rockfish productivity, and so we must
be cognisant of the fact that greater abundance may not actually indicate successful
achievement of conservation goals. Our trends may instead suggest redistribution of fish
from neighbouring habitats, reef attraction (Lindberg 1997). To confidently differentiate
between abundance and productivity, analyses considering total biomass, fish movement
and mortality (natural and human induced) should be included in future analyses
(Valentine-Rose et al. 2011, Claisse et al. 2014b).

ROV field methods could be improved to obtain higher quality, detailed data,
allowing for more fine scale questions to be asked. A GPS system would have enabled
more precise sample tracking and georeferenced species observations to be recorded.
Further studies should conduct fine scale spatial analyses with georeferenced fish
observations to better understand within-reef fish distribution. GPS would also allow for
more precise area measurements than sonar alone. Fish size data would have allowed for
biomass estimates, more informative data than relative abundance. Due to equipment
limitations, the ROV was not equipped with lasers for sizing individual fishes. Further
research should use biomass to quantify primary and secondary productivity at ARs and

model them against three-dimensional structural data to determine which AR are the most
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productive and why. Since fish movement varies by species, different species were likely

differentially influenced by external habitat availability and we may have failed to see
trends on other scales due to our use of only one buffer size for the surrounding habitat
analysis. Our research would benefit from conducting species specific analyses and
testing a variety of buffer sizes for explanatory power. Because we sampled each site
equally regardless of size, a higher proportion of the structure on smaller wrecks was
surveyed than on larger wrecks, this may have influenced the result of higher species
richness on wrecks with lower surface area and should be considered when interpreting
results.
3.4.6 Conclusion

This research is a first step in understanding causal mechanisms for differences
between fish communities on shipwreck artificial reefs, and which reef attributes
facilitate successful contributions to conservation. Our work suggests that ARs should
be placed deeper in the water column, within conservation area boundaries to achieve
maximum groundfish conservation benefits. High current areas may negatively affect
groundfish species richness. Our study species were associated with features on the
high rugosity, low relief areas of ARs. Smaller vessels worked better per unit of area
to conserve species diversity than larger ones. Older reefs were more highly effective
at supporting both high rockfish abundance and groundfish diversity.

Given that a critical component of artificial reef success is structure, using
three-dimensional technologies can be used as a tool to understand species-habitat
association on existing reefs and help predict the success of future reefs. The structural

measurements used in this study are not exclusive to shipwrecks as artificial reefs and can
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be extended to other AR structures in efficacy assessments and fish habitat association

studies to further our understanding of which structural criteria species of concern need to

survive.
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Chapter 4

Conclusions on the conservation efficacy of British Columbia’s
ARs

4.1 Review of Findings

Though artificial reefs (ARs) have long been regarded as a fisheries management
tool, controversy remains surrounding their efficacy (Baine 2001, Becker et al. 2018).
Conservation initiatives may employ ARs to offset marine habitat losses and aid in
restoration of species at risk, however caution must be used when assuming positive
environmental benefits (Seaman 2000, Seaman 2002). Understanding how reef
characteristics affect species and community composition are key in enhancing AR use
in conservation initiatives. | tested the ability of northern temperate ARs to support
marine fish communities of conservation interest. My research assessed rockfish
abundance and groundfish diversity on artificial and natural reefs to meet two goals: 1)
evaluate the conservation efficacy of artificial reefs in comparison to natural reefs (NRS),
and 2) understand habitat characteristics that contribute to the variation in AR
conservation success. My research contributes to the sparse body of literature on northern
temperate ARs and aims to inform future conservation initiatives that may employ the

use of ARs to support species of concern.

In my second chapter, | investigated differences between reef types and found that
ARs differed from NRs in their ability to support fish communities. ARs had high

variability in rockfish abundance, while NRs consistently supported intermediate rockfish



69
abundances. This chapter suggests that ARs do not consistently replicate the habitat of

NRs, and each reef type has its strengths with respect to groundfish conservation
objectives. Responses of rockfish abundance and groundfish diversity to habitat
characteristic models indicated that AR implementation should strongly consider relief
and depth profile of the AR to ensure successful fish conservation. However, this work
was limited to a small sub-sample of faunal communities on ARs, highlighting the need

to conduct community-wide comparisons between ARs and NRs.

In my third chapter, | quantified structural characteristics of ARs via three-
dimensional models and their relative contributions to explaining rockfish abundance and
groundfish diversity. | also considered spatial and temporal factors associated with reef
location and time since sinking. | found that AR planning should consider depth,
conservation status, rugosity, and reef age if reef objectives plan to enhance rockfish
abundance; while initiatives to maximize groundfish species richness should consider
conservation status, relief, reef size, and an interaction between depth and reef age. My
findings indicate that multiple variables are important in conservation success of an AR.
However, this study was subject to small sample sizes, emphasizing the need for more

fine-scale data and detailed habitat-association studies.

My results have local management implications and contribute to a growing body
of AR literature. | compare the relative conservation contributions of ARs and natural
rocky reefs in a northern temperate system. | propose causal mechanisms for differences
between groundfish communities on ARs and NRs. This is a first step in understanding
which reef attributes facilitate successful contributions to Canadian groundfish

conservation and furthers the knowledge of ARs as fish habitat along the northeast
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Pacific coastal shelf. More broadly, my work outlines how future AR monitoring may be

conducted and the potential for using three-dimensional technologies as a tool to
understand species-habitat association on existing reefs. ARs may positively influence
conservation of some threatened species, however, to sustain diverse fish communities,
protection of heterogeneous NRs may be the best option. Rigorous planning and
monitoring must be employed to understand differences between current ARSs, to improve
conservation success and maintain a high quality of AR habitat. With long term research
and adaptive management, monitoring may be used to predict the success of future

ARs and refine each reef for its specified objectives.

4.2  Future Research

ARs have the potential to be used as invaluable conservation tools. However,
effectively offsetting human disturbance with ARs requires purposefully thought-out
research to inform defined conservation objectives, and continued monitoring of marine
communities. Future studies seeking to evaluate the efficacy of artificial reefs should
employ thorough monitoring designs, focusing on ecosystem-wide effects and longevity
of AR efficacy. This will be most effectively accomplished through long term research,
and increased sample sizes using marine technology to minimize costs and maximize
quantity of data. When AR objectives include conservation of species of concern, reef

design should be guided by species-specific habitat requirements.

While my research suggests that ARs and NRs provide different habitat for
groundfish communities, driven by a combination of habitat characteristics, future studies
should evaluate fish distributions at finer spatial scales and with sharper analyses. Further

work on specific dimensions of complexity may expose ecological mechanisms for fish
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distribution that we were unable to evaluate without fine-scale fish location data

(Gonzalez-Rivero et al. 2017). Special focus should be given to confidently assessing
conservation contribution of ARs through the calculation of conservation-targeted
species’ productivity (Valentine-Rose et al. 2011, Claisse et al. 2014b). Data should be

collected to consider total fish biomass, movement and mortality.

Effectively extending current knowledge of temperate AR efficacy requires
research across different spatial and temporal contexts. As depth was an important
variable in both data chapters, groundfish or rockfish -targeted ARs should be tested for
success at deeper depths. The ideal purpose-designed AR structure may involve a variety
of platforms at different depths to support various rockfish life-stages (Love et al. 1991,
Love et al. 2002, Claisse et al. 2014a). Future AR implementation should involve
baseline community surveys prior to deployment so detailed cost-benefit community
analyses can be conducted. The strong relationship between reef structure and fish
abundance and diversity highlights the need to study a broader range of AR structural
configurations including purpose-built ARs to match the habitat preferences of target
species.

Although ARs are frequently used with the intent of supporting biological
functions, socio-economic drivers are catalysts for AR deployment. The balance between
achieving environmental, economic and socially positive results is precarious and
requires synergy of expertise between different research fields. This work aims to inform
how to best achieve environmental results in the hopes that ecosystem services will be
restored to improve human systems. However, further research is needed in optimizing

economic and social benefits, while maintaining biological goals.



72
If we intend to conserve the oceans, we must look to effective solutions to offset

human-inflicted damages. ARs may be a useful tool in mitigating ecosystem collapse and
restoring marine populations in a changing environment. The health of our oceans is
critical in not only for worldwide ecosystem balance, but to support humans’ economic,
social and physical wellbeing (Sala and Knowlton 2006, Worm et al. 2006, Mora et al.
2011). Understanding how conservation initiatives can be met in a changing and heavily

human-impacted world, is critical to ensure a positive future for the planet.
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Appendix A
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Figure A.1 Technology setup for recording data using a Saab Seaeye Falcon ROV,
Imagenex Sonar, and topside recording equipment during surveys in Fall 2017.
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Figure A.2 Example of current mapping around the GB Church Wreck and the corresponding natural reef, located near Sidney, BC.
Arrows denote direction of dominant current, shading indicates current strength.



Table A.1 Artificial Reef Site Characteristics, located between VVancouver Island and mainland British Columbia Canada

Reef Name Latitude Longitude Age(yrs) Length (m) | Material
M.V. G.B. Church - coastal

freighter 48.72205 -123.35565 26.8 15 Steel
HMCS Mackenzie - navy

destroyer 48.668233 -123.286167 22.3 111.5 Steel
HMCS Columbia - navy

destroyer 50.13385 -125.335833 21.3 111.5 Steel
HMCS Saskatchewan - navy

destroyer 49.216 -123.8845 20.3 111.5 Steel
HMCS Cape Breton - Navy

Liberty ship 49.211667 -123.885833 16 134.7 Steel
Boeing 737 48.9357 -123.718317 11.7 30 Aluminum
Annapolis 49.449117 -123.330433 2.5 113 Steel
Wreck of Shamrock (Vivian

Island) 49.84 -124.700167 90.8 23.2 Steel/Iron
Wreck of the Capilano 49.870267 -124.816117 102 37.2 Steel
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Table A.2 Total groundfish counts and species observed across nine artificial and nine natural reefs
along the south coast of British Columbia.

Phylum Genus Species Common Total Fish
Name Observed
Chordata
AR NR
Class Actinopterygii
Otder Scorpaeniformes
Hexagrammos
H. decagramus Kelp Greenling 9 58
H. stelleri Whitespotted 0 1
Greenling
Ophiodon
O. elongatus Lingcod 75 40
Oxylebius
O. pictus Painted 1 2
Greenling
Scorpaenichthys
S. marmoratus Cabezon 1 0
Sebastes Rockfish 25 42
S. anriculatns  Brown Rockfish 2 20
Copper Rockfish 254 191
S. caurinus
S. emphaens Puget Sound 65 3
Rockfish
S. flavidus Yellowtail 68 149
Rockfish
Quillback
8. maliger Rockfish 064 234
S. nigrocinctus Tiger Rockfish 0 7
Yelloweye
S. ruberrimus Rockfish 5 1
Order Chimaeriformes Hydrolagus

H. colliei

Spotted Ratfish 0 3
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Surrounding habitat characteristics at each reef, recorded for modelling exercises to
understand how site location influences groundfish abundance and diversity.

Site SuitableHabitat (0-1)  MaxCurrent (m/s) RCA (1=yes, RCADist
0=no) (m)
Annapolis 0.38 0.05 0 3964.7
Arbutus 0.25 0.5 0 3187.8
Atrevida 0.31 0.2 0 693.4
BarePoint 0.28 0.1 0 306.6
Boeing 0.19 0.1 0 868.4
Bowyer 0.61 0.05 1 0
CapeBreton 0.22 0.09 1 0
Capilano 0.41 0.2 0 9627.3
Columbia 0.06 1.8 1 0
CopperCliffs 0.03 1.8 0 2654.6
GBChurch 0.02 0.5 1 0
Graham 0.1 0.8 1 0
Jesse 0.04 0.09 0 131
Mackenzie 0.29 0.8 1 0
Mystery 0.41 0.2 0 2635.1
Saskatchewan 0.23 0.09 0 144.8
Shamrock 0.28 0.2 0 8398.2
WestSnake 0.26 0.09 0 97.9
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Figure A.3 : Total number of rockfish observed in each transect across sites and depth and
relief. Size of point indicates length of transect (offset). Blue = high relief, Red = low relief.
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Table A. 4- Table A.5: Competing model sets of variables that may influence rockfish
abundance or species richness.

Response Variable Block | Rockfish abundance is influenced by:
Variable
Total Rockfish Global ReefType + Depth + Relief + MaxCurrent +
Abundance SuitableHabitat + RCA/ RCADist

Local Habitat Depth + Relief

Reef Type ReefType

Surrounding MaxCurrent + SuitableHabitat

Habitat

Conservation RCA/RCADist

Status

No local habitat | MaxCurrent + SuitableHabitat + RCA/ RCADist

No surrounding | ReefType + Depth + Relief + RCA/ RCADist

habitat

No RCA ReefType + Depth + Relief + MaxCurrent +

SuitableHabitat
No Reef Type Depth + Relief + MaxCurrent + SuitableHabitat + RCA/
RCADIst

Response Variable Block | Groundfish species richness is influenced by:
Variable
Total Global ReefType + Depth + Relief + MaxCurrent +
Groundfish SuitableHabitat + RCA/ RCADist
Species Richness | Local Habitat Depth + Relief

Reef Type ReefType

Surrounding MaxCurrent + SuitableHabitat

Habitat

Conservation RCA/RCADist

Status

No local habitat | MaxCurrent + SuitableHabitat + RCA/ RCADist

No surrounding
habitat

ReefType + Depth + Relief + RCA/ RCADist

No RCA ReefType + Depth + Relief + MaxCurrent +
SuitableHabitat
No Reef Type Depth + Relief + MaxCurrent + SuitableHabitat + RCA/

RCADist
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Figure A.4: Positive trend between rockfish density and reef age, possibly responsible for
variation in AR abundance, buffers are 95% confidence interval
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Figure A.5: Negative trend between rockfish density and vessel length, possibly responsible
for variation in AR abundance, buffers are 95% confidence interval
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Appendix B

Figure B.1 Example of potential methods for qualitative
analysis of artificial reefs. The Annapolis artificial reef located in
Howe Sound, British Columbia, classified using natural reef
parameters (map created using the benthic terrain modeler
toolbox in ArcGIS).
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30 second
block

]

Figure B.2 T employed a stratified systematic sampling design to ensure a balanced sample

of depths. Video was annotated and aggregated to 30 second intervals to ensure
independence between samples.
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Table B.1: Artificial Reef Site Characteristics, shaded cells were excluded from final analysis.

Length
Reef Name Latitude Longitude Age(yrs) | (m) Material
M.V. G.B. Church - coastal
freighter 48.72205 -123.35565 26.8 15 Steel
HMCS Mackenzie - navy
destroyer 48.668233 -123.286167 22.3 111.5 Steel
HMCS Columbia - navy
destroyer 50.13385 -125.335833 213 111.5 Steel
HMCS Saskatchewan - navy
destroyer 49.216 -123.8845 20.3 111.5 Steel
HMCS Cape Breton - Navy
Liberty ship 49.211667 -123.885833 16 134.7 Steel
Annapolis 49.449117 -123.330433 2.5 113 Steel
Boeing 737 48.9357 -123.718317 11.7 30 Aluminum
Wreck of Shamrock (Vivian
Island) 49.84 -124.700167 90.8 23.2 Steel/Iron
Wreck of the Capilano 49.870267 -124.816117 102 37.2 Steel
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Table B.2: Total groundfish counts and species observed across nine artificial reefs along
the south coast of British Columbia.

Phylum Genus Species Common Name | Total Fish Observed
Chordata
Across ARs
Surveyed | In final
ARs analysis
Class
Actinopterygii
Order
Scorpaeniformes
Hexagrammos

H. decagramuns

H. stelleri

Ophiodon
O. elongatus
Oxylebius
O. pictus
Scorpaenichthys

S. marmoratus

Sebastes

S. auriculatus

S. caurinus

S. emphaens

S. flavidus

S. maliger

Kelp Greenling
Whitespotted
Greenling

Lingcod

Painted
Greenling

Cabezon

75 11

Rockfish 25 2

Brown Rockfish

Copper Rockfish 254 135

Puget Sound 65 65
Rockfish

Yellowtail Rockfish 68 7

Quillback
Rockfish

664 75
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S. nigrocinctus Tiger Rockfish 0
Yelloweye
S. ruberrimus Rockfish 3
Order Hydrolagus
Chimaeriformes
Spotted Ratfish 0

Table B.3: Spatial habitat characteristics at each reef, recorded for modelling exercises to
understand how site location influences groundfish abundance and diversity.

Site SuitableHabitat (0-
D

Annapolis 0.38
Boeing 0.19
CapeBreton 0.22
Capilano 0.41
Columbia 0.06
GBChurch 0.02
Mackenzie 0.29
Saskatchewan 0.23

Shamrock

0.28

MaxCurrent

(m/s)

0.05
0.1

0.09
0.2
1.8
0.5
0.8

0.09
0.2

RCA (1=yes,
0=no)

0

O O =R =) = O = O




