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1 | INTRODUCTION

In recent decades, the combined anthropogenic stressors of climate
change and overfishing have negatively impacted oceans world-
wide, resulting in widespread species loss and changes to ecosys-
tem structure, resilience, and function. One of the most common
conservation strategies used by resource managers to safeguard
against these and other negative outcomes is the implementation
of marine protected areas (MPAs), designated areas of the ocean
that restrict extractive human activities. A variety of conservation
goals are addressed by the creation of MPAs and ecologically con-
nected MPA networks, such as enhancing biodiversity, preserving
ecosystem structure and function, and replenishing fished stocks
(Sullivan-Stack et al., 2022). Although often controversial upon im-
plementation, research shows that properly designed and managed
MPAs are capable of driving increases in the abundance and biomass
of targeted (defined here as ‘fished’) species both within and out-
side of their boundaries (Caselle et al., 2015; Giakoumi et al., 2017;
Hackradt et al., 2014; Hamilton et al., 2010; Lenihan et al., 2021;
Stobart et al., 2009; Ziegler et al., 2022). As a result, initiatives that
call for the global expansion of protected areas have gathered in-
creased support, such as the ‘30x 30’ initiative, which calls for glob-
ally increasing protections on land and at sea to at least 30% by the
year 2030 (Dinerstein et al., 2019).

As the number of global MPAs increases in response to such ini-
tiatives, so too will the number of resource managers engaging in
adaptive management, an iterative approach to resource manage-
ment that aims to address conservation goals through a system-
atic feedback loop (Allen et al., 2011). While there are a variety of
factors that contribute to adaptive management, long-term moni-
toring is key for the iterative process to be successful (Day, 2008;
Hughes et al., 2017; Nickols et al., 2019). Effective monitoring can
be challenging, as MPAs and MPA networks are often designed with
the overarching goal of ecosystem preservation, necessistating the
protection of a variety of habitats, each of which might require a
different methodology to monitor. Monitoring efforts are often
constrained by the availability of technologies, expertise, and fund-
ing; hence MPA managers are required to weigh a variety of factors
when designing a management plan.

Three methods commonly utilised to monitor benthic fish as-
semblages in global MPAs are diver-based underwater visual cen-
sus (UVC; Dickens et al., 2011), baited remote underwater videos
(BRUVSs; Willis & Babcock, 2000), and collaborative fisheries surveys
(Yochum et al., 2011). A large body of research in a variety of coastal
marine systems has documented the benefits and biases of each of
these methods (Colton & Swearer, 2010; Gillett et al., 2012; Hernan
et al., 2022; Karnauskas & Babcock, 2012; Lowry et al., 2012; Murphy
& Jenkins, 2010); Pelletier et al., 2011; Rassweiler et al., 2020; Starr
et al.,, 2010; Watson et al., 2005; Watson & Huntington, 2016).
However, the majority of these studies were purely methodological,
for the purpose of refining the use of a given tool or method, and
most are short in duration and occured at single locations or small
spatial scales. While some studies compare one tool to another,

notably few have compared multiple methods through the lens of
a particular management question, such as MPA effectiveness, and
fewer still have looked at species-specific responses to management
action. This is counterintuitive to real-world applications of these
methods, where data from monitoring programs are analysed across
a variety of temporal and spatial scales and resource managers are
often interested in species-specific trends.

In this study, we compare results from three long-term MPA mon-
itoring programs used in the state of California, USA, to monitor fish
assemblages across a range of depths throughout a large MPA net-
work: UVC, BRUVs and collaborative, citizen science hook-and-line
fishing. For the context of this study, UVC are diver-based transect
surveys performed within recreational self contained underwater
breathing apparatus (SCUBA) diving depth limits, BRUVs are baited,
stationary video surveys that operate beyond recreational scuba
diving limits, and collaborative fisheries surveys are timed hook-
and-line, catch-and-release fishing surveys (see Table S1). Prior re-
search on MPA effectiveness and ecosystem resilience has utilised
data from each of these or similar monitoring programs in California
separately (Eisaguirre et al., 2020; Hamilton & Caselle, 2015;
Pondella et al., 2015; Starr et al., 2016; Wendt & Starr, 2009; Ziegler
et al,, 2022), but rarely together (but see Claisse et al., 2018; Smith
et al., 2023). First, we ask if each method surveys the same species
assemblage within MPAs of interest. Because many of the species
encountered can be found across the depth range sampled by all
three methods, we expect each surveys a similar groundfish assem-
blage. We then ask if each method detects similar MPA effects for
groundfish abundance, biomass, and diversity, three common met-
rics of MPA assessments. We hypothesise that MPA responses for
these metrics are similar across methods for each island.

2 | MATERIALS AND METHODS
2.1 | California's MPA network

In 1999, the state of California passed the Marine Life Protection
Act (MLPA), mandating the creation of an ecologically con-
nected, state-wide MPA network (Botsford et al., 2014; Gleason
et al., 2013; Saarman et al., 2013). Scientists, resource manag-
ers, and regional stakeholders undertook an intense planning and
implementation process over the following 13years that trans-
formed the state's existing, scattered MPAs into what is now one
of the largest MPA networks in the world, encompassing 16% of
state waters and a diverse assemblage of coastal habitats rang-
ing from sandy beaches to deep rocky reefs (Gleason et al., 2013).
In addition to expanding existing MPAs, the MLPA laid out a
framework for the adaptive management of the network to en-
sure that policy and conservation goals are met (CDFW, 2016;
Gleason et al., 2013). In response to such a vast undertaking, the
state developed an MPA Action Plan (CDFW, 2016) which formed
habitat-specific research groups to monitor the different habitat
types found in the network (e.g. sandy beach, rocky intertidal,
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nearshore rocky reef and kelp forests, and deep reef) and resulted
in multiple MPA monitoring programs with differing methodolo-
gies that overlap spatially across the network (Marine Protected
Area Monitoring Action Plan, 2018).

2.2 | Study area

The Channel Islands MPA network consists of 13 MPAs covering
just over 20% of the Northern Channel Islands' waters. We ana-
lysed data from MPAs and associated reference areas at two islands:
Carrington Point State Marine Reserve (SMR; no-take) and South
Point SMR at Santa Rosa Island, and Anacapa Island SMR and State
Marine Conservation Area (SMCA,; limited-take) at Anacapa Island
(Figure 1). Reference areas are similar to their associated MPA sites
in habitat, depth and biogeographic influence but open to fishing.
The NCI experiences a wide range of environmental conditions over
a relatively small spatial scale, namely in sea surface temperature

Journal of Applied Ecology [ e Bilkakd

(SST), exposure, and productivity, resulting in each island being in-
fluenced by distinct biogeographic processes (Figure 1; Hamilton
et al., 2010). In the Western channel, Santa Rosa Island (Carrington
Point SMR and South Point SMR) is characterised by cooler tem-
peratures and direct exposure to the productive California current,
while in the Eastern channel, Anacapa Island SMR/SMCA s influ-
enced by the warmer and less productive waters of the Southern
California Countercurrent. Exposure to fishing pressure also differs
between MPAs and their associated reference sites at each island,
with MPAs at Santa Rosa being located 50-69 km away from port,
while MPAs at Anacapa Island are located 15km away from port.
At Santa Rosa Island both Carrington Pt. SMR and South Pt. SMR
are no-take State Marine Reserves with associated reference areas
open to fishing directly adjacent to MPA boundaries. Anacapa Island
consists of three distinct management zones correlating with small
breaks in the island (Caselle et al., 2018). On the north side there is
the no-take SMR and the limited-take SMCA (where only the com-
mercial and recreational take of CA spiny lobsters and recreational
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FIGURE 1 (a) The Northern Channel Islands with marine protected areas, underwater visual census (UVC) sites and 2019 mean sea
surface temperature overlaid. (b) Carrington Point SMR and (c) Anacapa Island SMR/SMCA with California Collaborative Fisheries Research
Program (CCFRP) sampling cells and baited remote underwater video (BRUV) survey locations overlaid.
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take of pelagic finish is allowed), while the entire south side of the

island is open to fishing.

2.3 | MPA monitoring techniques

In this study, we compare fish density and biomass from three MPA
monitoring programs designed to survey different but overlapping
depth strata of rocky reef habitat: BRUVs (30-100 m), collabora-
tive hook-and-line fishing (CCFRP) (10-50m) and UVC (0-20m).
All fieldwork was conducted under California Department of Fish
and Wildlife scientific collecting permits SC-397, S-191210002-
19126-001, and S-183620009-19134-001. In order to make the
abundance and biomass metrics collected by each method com-
parable, we converted these metrics to response ratios, diversity
indices, and community dissimilarities. We then compared the di-
rection and strength of each metric across monitoring methods at
each island.

2.3.1 | Baited remote underwater video

BRUYV surveys consisted of stereo-video baited camera rigs de-
ployed inside and outside of the Anacapa Island SMR/SMCA
and Carrington Pt. SMR using a stratified random sampling ap-
proach. Using habitat and bathymetry maps, a fishnet grid of
100mx 100m cells was created (in ArcGIS Pro 2.1) and applied
across each MPA and its adjacent reference areas. Grid cells were
classified based on the amount of hard bottom and allocated into
three depth bins (30-50, 50-70 and 70-100m). Grid cells meet-
ing baseline hard bottom criteria (>15% for surveys shallower than
70 m and >5% for surveys deeper than 70 m) were haphazardly se-
lected to be sampled on a given survey day. BRUVs were deployed
by hand to hard bottom habitats for a minimum of 30 min (Harasti
et al., 2015).

SeaGlIS EventMeasure (www.seagis.com.au) was used to log ob-
servations and record 3D measurements for each video. Prior to the
start of each BRUV season, stereo video systems are calibrated using
a SeaGlS calibration cube and CAL software program until an accu-
racy of <1cm is achieved against known length models at various
distances from the camera. To quantify fish abundance, we recorded
the maximum number of individuals of a species present within a
single video frame (MaxN) (Willis & Babcock, 2000). MaxN is consid-
ered a conservative estimate of relative abundance and has become
the standard metric used in BRUV analysis worldwide (Langlois
et al., 2020; Shortis et al., 2008). The total length was measured for
every fish observed in the MaxN frame, except for individuals un-
able to be accurately measured due to camera angle, visibility, or
other obstructions. Measurements were converted to biomass using
an allometric length-weight conversion: W=dTL’, where parameters
a and b are species-specific constants, TL is the total length in cm
and W is weight in grams. Parameters and constants were obtained
from the literature and FishBase (Froese & Pauly, 2023; Love, 1990),

and the sum of all individual weights in the MaxN frame for a given

species was used to measure biomass per BRUV survey.

2.3.2 | Collaborative hook and line surveys

Catch and release, hook and line MPA monitoring surveys at Anacapa
Island SMR/SMCA and Carrington Pt. SMR were conducted by the
California Collaborative Fisheries Research Program (CCFRP) using
a stratified random sampling design developed in collaboration
with local fisherman and academic scientists (Bonney et al., 2021;
Wendt & Starr, 2009; Wilson, 1999; Yochum et al., 2011). Utilising
a combination of habitat maps (distributed by the Seafloor Mapping
Lab, CSU Monterey Bay) and Commercial Passenger Fishing Vessel
(CPFV) captain expertise, 500mx500m grid cells were placed (in
ArcMap 10.5) on rocky reef habitat inside each MPA and associated
reference areas. Grid cells were constrained between depths of 10
and 50 m to limit fish barotrauma and mortality (Yochum et al., 2011).
Surveys were conducted from 2017 to 2020 onboard local CPFVs
using volunteer anglers recruited from various fishing clubs, websites
and organisations. Each day, we randomly selected four grid cells for
sampling (2 inside the MPA and 2 in reference areas) at a given island.
Once inside a grid cell, captains were instructed to complete three
15-min drifts over suitable rocky reef habitat, with a goal time of
45min of fishing per cell. We evenly distributed standardised tackle
(double dropper loop with squid bait, double shrimp fly with squid
bait, and plastic swimbaits) among anglers and collected data on
time spent fishing, location, depth and other environmental factors.
Caught fishes were identified to species, measured, and sometimes
tagged with a T-bar anchor tag (only if larger than 25cm and not ex-
hibiting signs of barotrauma) before being released. All lengths were
recorded as total length (TL) to the nearest cm. Ethical approval for
this work was granted by UC Santa Barbara's Institutional Animal
Care and Use Committee (IACUC), protocols #856.1 and #856.2.

Groundfish density was calculated as catch per unit effort
(CPUE) by dividing the total number of fishes caught by the total an-
gler hours per grid cell per day. TL measurements for each fish were
converted to biomass as described above. Biomass per unit effort
(BPUE) was then calculated by dividing biomass by total angler hours
per grid cell per day.

2.3.3 | Underwater visual census fish surveys

From 2017 to 2020, the Partnership for the Interdisciplinary
Study of Coastal Oceans (PISCO) conducted fish community sur-
veys on rocky reefs shallower than 25m at South Pt. SMR and
Anacapa Island SMR/SMCA (Malone et al., 2022). Between July
and November, PISCO divers characterised fish community struc-
ture across three levels of the water column: benthic, midwater
and kelp canopy (if present). For each 30x2x2m transect, di-
vers identified and sized all fishes encountered to the nearest cm
(except for small-bodied, cryptic species that are not surveyed).
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Transects were replicated 12 times at each site, with transect lay-
out depending on the extent of the reef. Typically, three transects
were distributed end to end at least 5m apart for four (5, 10, 15
and 20m) isobaths. The average fish density for a site is measured
as a volume (fish per m®). Biomass density (kg per m®) was cal-
culated from length data using the conversions described above.
Data were used from 12 sites at Anacapa Island and 6 sites from

Santa Rosa Island.

2.4 | Analysis
241 | Data standardisation

In order to compare species diversity and community structure
among methods, abundance data from each project (CCFRP: CPUE
per grid cell; UVC: density per site; BRUV: MaxN per drop) was
standardised into a range between 0 and 1 in R version 4.0.2 using

the ‘decostand’ function from the Vegan package (version 2.5-7).

2.4.2 | Community structure

To compare fish community structure across methods at each is-
land, we applied non-metric multi-dimensional scaling (nMDS) to
the range standardised abundance dataset. We removed species
complexes, schooling bait fishes and young of the year (YOY) to
reduce variation unrelated to MPA performance before separating
the data by island. Species complexes removed from this analysis
include olive and yellowtail rockfish, young-of-year (YOY) gopher,
copper, and kelp rockfishes, and any bait fishes that are difficult to
identify to species during UVC and video surveys but can be iden-
tified to species during hook and line surveys. YOY fishes were
excluded because (a) their density is more likely to be determined
by settlement processes than MPA effects, (b) they preferentially
settle in habitats not sampled by each method (e.g. kelp canopy),
and (c) they are too small to be sampled by hook and line surveys.
We then created a Bray-Curtis dissimilarity matrix for each island
and conducted nMDS using the ‘metaMDS’ function in ‘R’ to dis-
play differences in fish community structure across techniques by
year and tested for significance using a one-way analysis of similar-
ity (ANOSIM, R ‘Vegan' 4.0.2). We then used a similarity percentage
analysis (SIMPER, R ‘Vegan' 4.0.2) to determine which fish species
contributed the most to dissimilarity across methods at each island.
These analyses were conducted with 54 fish species for Anacapa,

and 52 fish species for Santa Rosa (see Table S2).
2.4.3 | Diversity and richness
Shannon diversity and species richness were calculated in R using

the ‘diversity’ function (‘Vegan’ 4.0.2). The data were then split by is-
land and tested for differences in the mean between methods and
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between MPA and reference areas for each method. The variance in
Shannon diversity between BRUVs, CCFRP, and UVC at both Anacapa
and Santa Rosa were significantly different from one another, so
we employed a Welch's t-test to compare each method using the
Bonferroni p-value adjustment for multiple comparisons. We then
tested for differences in mean Shannon diversity between MPA and
reference areas within a particular method using Welch's t-test. The
species richness data between all three methods were significantly
different from normal, so we employed a pairwise Wilcoxon signed-
rank test to test for differences in species richness. We then tested
for differences in mean species richness between MPA and reference
areas for each method using a Wilcoxon signed-rank test. All statisti-

cal tests were done in R version 4.1.3 using the ‘stats’ package.

244 | MPA effects

We used log-response ratios to compare the effect of MPA protec-
tion using each monitoring method's respective metric for fish density
and biomass. Log-response ratios for each species were calculated in R
using the formula Response Ratio=|n(% ), where X\, is the mean
value of a variable (density or biomass) for a given method inside the
MPA, and Xp¢ is the corresponding mean value of that variable for the
associated reference area. Response ratios were calculated for com-
mercially or recreationally ‘targeted’ (i.e. ‘fished’) and ‘non-targeted’
species groupings as well as individual species that were among the
top drivers of dissimilarity from the SIMPER analysis. We summed the
density and biomass for non-targeted and targeted species as we hy-
pothesise that positive MPA effects should be greater for species that
are fished relative to those that are not (Caselle et al., 2015; Hamilton
& Caselle, 2015; Malone et al., 2022; Ovando et al., 2021). For visu-
alisation purposes, the frequency of occurrence for each species per
island per method was calculated by dividing the number of UVC sites,
CCFRP grid cells, or BRUV surveys at an island that encountered a
given species by the total number of sites, cells, or drops at that island.

3 | RESULTS

Our comparative analyses show that each monitoring method de-
tects a different fish community and diversity values, despite the
overlapping depth ranges of most of the species surveyed. However,
each method generally detects similar trends in overall MPA re-
sponse for targeted species when aggregated together. When
considering aggregated non-targeted species, individual targeted
species, and individual non-targeted species, MPA responses in both
density and biomass differed among methods and islands.

3.1 | Community structure

We found that each method captured a unique groundfish assem-
blage at both Anacapa (2D stress 0.094, Figure 2a) and Santa Rosa
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FIGURE 2 nMDS ordination and species vector overlays for Anacapa (a, b) and Santa Rosa (c, d) generated using Bray-Curtis dissimilarity
matrices of range standardised abundance data. The stress values of 0.09 (a) and 0.076 (c) indicate a fair representation of dissimilarity
between techniques by year. (a, c) Shaded polygons represent marine protected area (MPA) monitoring techniques: Baited remote
underwater video (BRUV, red), collaborative fisheries research (CCFRP, green) and underwater visual census (UVC, blue) while point shape
indicates management strategy (MPA =square and reference=circle). (b, d) The vector length is proportional to the effect each species has
on matrix dissimilarity. Values adjusted for clarity. Species shown were chosen from the top drivers of dissimilarity among methods from a

SIMPER analysis.

(2D stress 0.076, Figure 2c). An analysis of similarity (ANOSIM) sup-
ported these results, indicating that the fish community structure
surveyed by each method was significantly different at both islands
(Anacapa R=0.87, p=0.0001, see Figure S1; Santa Rosa R=0.92,
p=0.0001, see Figure S2). Analysis with SIMPER identified the top
drivers of dissimilarity in pairwise comparisons of the methods at
both islands (Figure 2b,d; Tables S3-S8).

3.2 | Diversity and richness

At both islands, we found that the mean Shannon diversity index
was significantly different across methods (Table 1; Figure 3a). For
both islands, UVC surveys generally had the highest diversity, while
the lowest diversity levels were associated with BRUV surveys. We

also tested for differences in mean Shannon diversity index between
MPA and reference areas for each method-island pair. Diversity was
significantly different between MPA and reference areas for BRUV
data from Santa Rosa Island (t(113)=2.25, p=0.02, Table 1) and mar-
ginally significant for UVC data from Santa Rosa Island (t(20)=1.85,
p=0.07, Table 1).

We found mean species richness was significantly different be-
tween each pair of monitoring methods with the exception of BRUV
vs. CCFRP at Anacapa Island (Table 2; Figure 3b). At both islands,
mean species richness was highest in the UVC data and tended
to be lowest in the BRUV data. We also tested for differences in
mean species richness between MPA and reference areas for each
method. We found that mean species richness in the UVC data was
significantly different between MPA and reference areas for both is-

lands (p-value=0.02 for Anacapa and p-value=0.05 for Santa Rosa,
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TABLE 1 p-values from Welch's t-tests
comparing Shannon H-index between
monitoring methods and Wilcoxon Signed
Rank tests of species richness between
MPA monitoring methods.

Comparison
SCUBA vs. CCFRP
SCUBA vs. BRUV
BRUV vs. CCFRP

Shannon diversity

Species richness

Journal of Applied Ecology EEﬁEF?FJW 2708

Anacapa
<0.0001
<0.0001

0.0005

Santa Rosa
<0.0001
<0.0001
<0.0001

Anacapa

<0.0001

<0.0001
0.10

Santa Rosa
<0.0001
<0.0001
<0.0001

Note: Values less than 0.05 are significant.

Abbreviations: BRUV, baited remote underwater video; CCFRP, California Collaborative Fisheries
Research Program; MPA, marine protected area; SCUBA, self contained underwater breathing
apparatus.
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FIGURE 3 (a) Shannon Diversity Index by island and monitoring method. (b) Species Richness by island and monitoring method. For both
plots, data from marine protected areas are shown in red and data from reference areas in blue.

Table 2), while CCFRP and BRUV did not show any significant differ- 3.3 | MPA effects
ences. However, species richness between the MPA and reference
areas were marginally significant for BRUV surveys at Anacapa (p-
value=0.07, Table 2).

All three methods detected positive MPA response ratios for aggre-
gated commercially and recreationally targeted fish species density
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(Figure 4) and biomass (Figure 5) at both islands. MPA responses for
aggregated non-targeted species density and biomass varied across
methods and islands. At Anacapa, we found that BRUVs and CCFRP
both detected more negative density and biomass response ratios for
individual species when compared to UVC. This was not the case at
Santa Rosa, where both BRUVs and CCFRP generally detected more
positive density and biomass response ratios. BRUVs and CCFRP
generally detected similar results for most rockfish (Sebastes spp.)

and ocean whitefish (Caulolatilus princeps) response ratios at both

TABLE 2 p-values from Welch's t-tests comparing Shannon
H-index between MPA and Reference areas for each monitoring
method and pairwise Wilcoxon Signed Rank tests of species
richness between MPA and reference areas for each method.

Shannon diversity Species richness

Method Anacapa Santa Rosa Anacapa Santa Rosa
SCUBA 0.20 0.07 0.02 0.05
CCFRP 0.86 0.5 0.45 0.83
BRUV 0.75 0.02 0.75 0.07

Note: Values less than 0.05 are significant.

Abbreviations: BRUV, baited remote underwater video; CCFRP,
California Collaborative Fisheries Research Program; MPA, marine
protected area; SCUBA, self contained underwater breathing
apparatus.

islands, whereas response ratios from UVC surveys notably differed.
For a given island, all three methods only agreed for a few individual
species, detecting positive density and biomass response ratios for
kelp bass (Paralabrax clathratus) at Anacapa, California sheephead
(Semicossyphus pulcher) and copper rockfish (Sebastes caurinus) at
Santa Rosa, and negative density and biomass response ratios for
blacksmith (Chromis punctipinnis) at Anacapa. For other species, both
targeted and non-targeted, there was high disagreement in the sign
of the density and biomass response ratios between monitoring
techniques and islands, although, for many of these species, there
was a very low frequency of occurrence at particular islands.

4 | DISCUSSION

We found strong evidence to support the concept that there is
no ‘one-size-fits-all’ approach to comprehensive MPA monitor-
ing. While all three of our methods detected positive density and
biomass responses for targeted fish species when aggregated, the
strength and direction of species-specific responses varied by both
method and island. Additionally, each sampling method was found to
survey dissimilar species assemblages at both islands. Our compari-
son adds to a growing body of work showing species selectivity to
be an important driver of variation among sampling methods (Parker

Species Density Response Ratios by Island by Method
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FIGURE 4 Fish density log response ratios by island by method. Species in bold are targeted. Horizontal lines represent standard error.
The size of each point is scaled to the frequency of occurrence for that species per technique per island, ranging from O (not seen) to 1 (seen

on every survey).
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Species Biomass Response Ratios by Island by Method
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FIGURE 5 Fish biomass log response ratios by island by method. Species in bold are targeted. Solid horizontal lines represent standard
error. The size of each point is scaled to the frequency of occurrence for that species per technique per island, ranging from O (not seen) to 1

(seen on every survey).

etal., 2016; Starr et al., 2010), and provides compelling evidence that
multiple sampling techniques are required to design a comprehen-
sive, effective, and adaptable MPA monitoring regime.

Community structure analysis indicates that each technique sur-
veyed distinct fish assemblages at both islands, an interesting re-
sult considering surveys were often conducted on the same reefs
by multiple methods. Variation in sampling methodology is likely
the main driver of these differences, in particular, the presence or
absence of bait, as suggested by a large body of prior work on the
selectivity of fishing techniques and baited camera systems (Jessop
et al., 2022; Starr et al., 2010; Watson et al., 2010). Our two baited
methods, CCFRP and BRUVs, detected more similar but less rich
and diverse fish species assemblages than UVC surveys. These dis-
crepancies appear mostly driven by the presence of larger-bodied,
carnivorous fishes and the absence of small-mouthed herbivores
and micro-invertivores on CCFRP and BRUV surveys. Conversely,
divers performing UVC were more likely to encounter a more rich
and diverse fish species assemblage, as many resident kelp forest
fishes are either herbivorous, small-bodied, or small-mouthed and
therefore unattracted to bait, unable to take a fishing hook, or in
fear of larger predatory fishes at the bait. Although not of direct con-
sequence to local fisheries, these primarily non-targeted species fill
important niches in kelp forest ecosystems, such as clearing space
for kelp recruitment, controlling invasive species, and acting as prey
for fishes that are of commercial and recreational interest (Bredvik

et al., 2011; House & Allen, 2022). In addition, a common analytical
design used to evaluate MPA effectiveness is to compare an MPA
site or sites to ‘reference’ sites using response ratios on some metric
such as density or biomass, primarily on targeted species as those
are the most likely to respond to the removal of fishing pressure.
Reference sites are assumed to be similar in all regards except for
fishing pressure, yet this assumption is likely untrue in most cases.
A more robust inference of an MPA effect will not only include an
evaluation of targeted species inside and outside of an MPA but
also include a comparison of targeted to non-targeted species re-
sponses with the non-targeted species acting as controls for chang-
ing environmental conditions independent of MPA effects (Ovando
et al., 2021). If an MPA is implemented with the intent to preserve
ecosystem structure, function, or biodiversity, being able to account
for both targeted and non-targeted species is critical to properly as-
sessing MPA success (Day et al., 2002; Grorud-Colvert et al., 2014;
Jessop et al., 2022). By utilising multiple techniques, managers can
account for the biases of one with the strengths of another, resulting
in more confident measures of MPA effect than one technique alone
could provide.

Each technique detected positive density and biomass re-
sponse ratios for aggregated targeted species at both islands.
Inversely, we found no discernible pattern for grouped non-tar-
geted species. Prior work has shown that targeted species stand
to benefit more from MPAs than non-targeted species due to
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the direct release from fishing pressure MPAs provide (Caselle
et al., 2015; Giakoumi et al., 2017), and these results show that any
of these monitoring techniques should provide managers with ac-
curate results on general MPA effectiveness. However, our analy-
sis indicates that differences in the community structure sampled
by each method likely impact species-specific biomass and den-
sity measurements. This, in turn, results in the techniques show-
ing conflicting patterns for a variety of important species at the
same island, presenting potential issues for species-specific man-
agement. For example, C. princeps, a tilefish commonly encoun-
tered across the NClI, is known to be wary of divers, highly mobile,
and is generally encountered on the sand-rock ecotone of rocky
reefs (Bellquist et al., 2008). A voracious carnivore often found
schooling in high densities, response ratios for C. princeps from
both BRUVs and CCFRP indicated greater density and biomass in-
side MPAs at both islands. However, response ratios from UVC
indicated there was no MPA effect at Anacapa and even greater
density and biomass of C. princeps outside MPAs at Santa Rosa.
A resource manager who chooses to only consider UVC data may
make decisions based on the assumption that MPAs are not bene-
ficial to C. princeps, despite evidence from other methods support-
ing the opposite conclusion. By taking into account the frequency
of occurrence for C. princeps, we can parse out the influence of
sampling methodology, as this species was encountered on the
vast majority of BRUV and CCFRP surveys (>75%), but less than
half of UVC surveys at both islands (<46%). This indicates that ei-
ther baited method would provide a better measure of MPA effec-
tiveness for C. princeps than UVC. Our analysis uncovered multiple
examples of this phenomenon with a variety of both targeted and
non-targeted species, highlighting the importance of considering
multiple data sources and species-specific biology when designing
an MPA monitoring plan. For example, in ecosystems where larg-
er-bodied, highly mobile carnivorous fishes like sharks are import-
ant, such as in the seagrass meadows of the Caribbean (Gallagher
et al., 2022), managers stand to benefit most from some type of
BRUV monitoring, as larger-bodied predators are more frequently
encountered on this technique than UVC. In contrast, in tropical
MPA networks such as the Great Barrier Reef, where parrotfishes
and other herbivores are crucial to mediating coral-macroalgae
competition (Cheal et al., 2010) managers would likely benefit the
most from an extensive UVC monitoring regime, as herbivores are
less likely to be encountered on baited surveys.

Variation in our analyses on the island scale (i.e. Anacapa vs. Santa
Rosa) was expected and is easily explained by biogeographic condi-
tions, as previous work has shown there to be a strong environmen-
tal gradient across the NCI due to the mixing of the warm Southern
California Countercurrent and the cold California Current (Hamilton
etal., 2010). Prior analysis of UVC data has shown that many resident
groundfish species at the NClI exhibit consistent thermal preferences
(Freedman et al., 2020) and our results support this conclusion, as
these methods encountered species where we expected them to be
based on these classifications. For example, known cool water asso-
ciates were encountered far more frequently in the colder waters of

Santa Rosa than they were in the relatively warm waters of Anacapa.
If these species were encountered at Anacapa, it was more likely
to be on the colder, deeper reefs surveyed by BRUVs and CCFRP,
with multiple cool water associates in our dataset not encountered
at all on UVC at Anacapa, despite being targeted and caught there
by commercial and recreational anglers. In contrast, warm water as-
sociates such as herbivores were encountered far more frequently
at Anacapa on UVC than by BRUVs or CCFRP, as well as by any of
the methods at Santa Rosa, indicating that without all three tech-
niques, resource managers would be receiving an incomplete picture
of groundfish community structure, species-specific biomass, and
species-specific density inside their MPAs.

We were surprised to find BRUVs to be the least diverse sam-
pling method, given that they provide a visual reference of the
reef similar to UVC. Previous work in temperate ecosystems found
this method to sample a more diverse fish community than an-
gler-based surveys (Parker et al., 2016) and prior work from the
Great Barrier Reef found BRUVs measured similar levels of spe-
cies richness to UVC (Cheal et al., 2021). This was not the case
with our analysis, indicating that factors such as visibility, current,
and equipment limitations (e.g. camera rigs tipping) may limit the
utility of this method in our particular system. While both CCFRP
and UVC face subsets of these limitations, samplers for both can
assess conditions in real-time, deciding whether or not a survey
should be performed, whereas BRUV survey success cannot be
assessed until the footage is reviewed. Over a quarter (27%) of
BRUV deployments were discarded before analysis for various
reasons (e.g. missed habitat, rig tipped), an issue not seen with
either of the other methods (Jainese, 2023). Additionally, BRUV
surveys are the most spatially constrained of these methods as
they are conducted from a single point, whereas UVC and CCFRP
surveys cover a greater area of the reef to gather each data point.
However, each method is not without limitations. UVC has a high
barrier to entry, requiring extensively trained SCUBA divers and
expensive equipment, and CCFRP is unable to provide detailed in-
formation on habitat structure and groundfish behaviour, which
may help contextualise results. It is important for resource man-
agers to be aware of the strengths and weaknesses of each tech-
nique, as they will ultimately decide which method is the most

appropriate for a given MPA management regime.

4.1 | Impacts on future management

As global resource managers opt to protect more of the world's
oceans in the coming years, many will engage in adaptive man-
agement to ensure conservation goals are being met. Prior work
has demonstrated the importance of defining management goals,
expectations, and metrics of success before adopting a monitoring
regime (Nickols et al., 2019), as many managers may be resource,
time, or personnel limited. If resources are limited, MPAs designed
solely around protecting targeted fish biomass should consider
prioritising either a hook-and-line or similar fisheries-dependent,
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non-consumptive monitoring technique (e.g. catch and release
trapping). Conversely, MPAs implemented to protect biodiver-
sity or ecosystem structure, such as those in an eco/dive-tour-
ism economy, might benefit most from a UVC-based monitoring
scheme, while managers concerned about the indirect effects of
fishing on community structure, particularly at depths beyond rec-
reational SCUBA diving limits, could benefit from a BRUV based
monitoring scheme. However, our analysis suggests that the most
effective way to comprehensively monitor global MPAs and MPA
networks may be to deploy a suite of complementary monitoring
techniques. This study builds upon prior assessments of monitor-
ing methodologies and provides compelling evidence that man-
agers must consider factors such as species-specific biology and
sampling selectivity when both designing monitoring regimes and

analysing data resulting from monitoring efforts.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1: Results from a one-way analysis of similarity (ANOSIM)
run on the Bray-Curtis dissimilarity matrix of range standardised
groundfish abundance data from Anacapa Island. An R-value of
0.872 and p-value of 0.0001 indicate the fish community structure
surveyed by each method is significantly different.

Figure S2: Results from a one-way analysis of similarity (ANOSIM)
run on the Bray-Curtis dissimilarity matrix of range standardised
groundfish abundance data from Santa Rosa Island. An R-value of
0.929 and p-value of 0.0001 indicate the fish community structure
surveyed by each method is significantly different.

Table S1: Table comparing each of the MPA monitoring methods
compared in the manuscript. For each method, approximate depth
ranges and a selection of pros and cons are given. Methods are listed
on the left-hand side.
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Table S2: Table providing the scientific classifications and common
names of groundfish included in the community structure analysis
for both Santa Rosa and Anacapa Islands. This table includes
information on trophic classifications, targeted status and thermal
preferences for each species, as well as which MPA monitoring
techniques it was observed on.

Table S3: The top 10 drivers of dissimilarity between BRUVs and
CCFRP at Anacapa Island ordered by cumulative contribution from
SIMPER analysis. Species names are listed on the left, with the
cumulative contribution to dissimilarity on the right.

Table S4: The top 10 drivers of dissimilarity between BRUVs and
SCUBA at Anacapa Island ordered by cumulative contribution from
SIMPER analysis. Species names are listed on the left, with the
cumulative contribution to dissimilarity on the right.

Table S5: The top 10 drivers of dissimilarity between CCFRP and
SCUBA at Anacapa Island ordered by cumulative contribution from
SIMPER analysis. Species names are listed on the left, with the
cumulative contribution to dissimilarity on the right.

Table Sé6: The top 10 drivers of dissimilarity between BRUVs and

CCFRP at Santa Rosa Island ordered by cumulative contribution

from SIMPER analysis. Species names are listed on the left, with the
cumulative contribution to dissimilarity on the right.

Table S7: The top 10 drivers of dissimilarity between BRUVs and
SCUBA at Santa Rosa Island ordered by cumulative contribution
from SIMPER analysis. Species names are listed on the left, with
the cumulative contribution to dissimilarity on the right.

Table S8: The top 10 drivers of dissimilarity between CCFRP and
SCUBA at Santa Rosa Island ordered by cumulative contribution
from SIMPER analysis. Species names are listed on the left, with

the cumulative contribution to dissimilarity on the right.
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