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INTRODUCTION

Marine protected areas (MPAs) are implemented
to restore and conserve depressed populations of
marine fishes and to support the sustainability of fish-
eries (Sale et al. 2005, Gaines et al. 2010). Worldwide,
evidence is mounting that biomass of fishes and
invertebrates increases inside well-designed re -
serves (Hamilton et al. 2010, McCook et al. 2010,
Russ & Alcala 2011, Edgar et al. 2014). However, the
effectiveness of marine reserves varies widely. Re -

serves need to be evaluated because ineffective
reserves can lead to a false sense of security and
hamper or prevent other effective management
actions (Allison et al. 1998, Sale et al. 2005).

Because an MPA must receive sufficient new re -
cruits or migratory individuals for populations with in
the reserve to be sustained (Carr & Reed 1993, Planes
et al. 2000, Halpern & Warner 2003, Gaines et al.
2010), spatial variability in the supply of young-of-
the-year (YOY) may contribute to the effectiveness
of MPAs and determine how quickly populations
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rebound in response to protection (Grorud-Colvert &
Sponaugle 2009, Wen et al. 2013). Wen et al. (2013)
found that the adult densities of 2 targeted fish spe-
cies were 2 to 3 times higher in reserves in Australia
that included YOY recruitment ‘hotspots’ than in
reserves that did not include hotspots. Situating
reserves in areas receiving large inputs of recruits
may be important to their success at promoting pop-
ulation recovery.

On the other hand, post-recruitment density-
dependent factors, such as movement, growth, and
mortality, can dampen the effect of recruitment (Carr
& Syms 2006). If recruitment limitation is a major
determinant of population variation, adult population
size should track recruitment intensity with some lag
in time for growth. Alternatively, if post-recruitment
processes obscure the signal of recruitment intensity,
adult population size should be independent of
recruitment intensity (Caley et al. 1996), although
apparent correlations may arise if variables that
influence post-recruitment mortality also influence
adult abundance, such as temperature. Uncertainty
about how recruitment of YOY and post-recruitment
processes influence fish populations complicates the
management and conservation of reef fishes. Post-
settlement processes dampened the effects of high
recruitment in hawkfish Paracirrhites arcatus in Ha -
waii, USA (DeMartini et al. 2013), as well as bicolor
damselfish Stegastes partitus in marine reserves in
the Florida Keys, USA (Grorud-Colvert & Sponaugle
2009). Spatial scale is also an important considera-
tion. Caselle et al. (2010a) found that abundance of
adult kelp bass Paralabrax clathratus was predicted
by larval supply at regional levels, but this relation-
ship broke down at finer scales where recruitment
and adult survivorship were density-dependent. Abun -
dances of larval (Ralston & Howard 1995) or YOY
rockfishes (Laidig et al. 2007) have been related to
strong cohorts evident in the fishery at very broad
scales; however, recruitment signals in adult temper-
ate reef fish populations at finer scales has not been
well studied (Carr & Syms 2006). Research is needed
to tease apart the relative importance of YOY recruit-
ment and post-recruitment processes to the spatial
distribution of adult populations, especially in the
context of the efficacy of marine reserves.

Between 2004 and 2007, a network of 164 rockfish
conservation areas (RCAs) was implemented in Brit -
ish Columbia, Canada, to help conserve overfished
populations of inshore rockfishes (genus Sebastes)
(Yamanaka & Logan 2010, Lotterhos et al. 2014). The
age structure of rockfish populations is generally
characterized by overrepresentation of a few strong

recruitment cohorts because they are long-lived,
slow- growing, and late to mature, with sporadic
reproduction (Love et al. 2002). This pattern of popu-
lation dynamics is known as the ‘storage effect,’
whereby strong recruitment events are ‘stored’ in the
adult population and disproportionally contribute to
future generations (Warner & Chesson 1985). Cap-
turing spatial and temporal variation in recruitment
in space and time may therefore be particularly
important to the design of conservation areas for the
protection of rockfishes.

In this study, we tested predictors of adult black
rockfish S. melanops abundance at sites where juve-
nile recruitment had been previously quantified in
Barkley Sound, British Columbia. Predictors inclu ded
habitat, previous YOY abundance, and previous 1 yr
old (OYO) abundance. Black rockfish can live to be
50 yr old, reach 50% maturity at 6 to 7 yr of age, and
occupy relatively small home ranges of 0.55 km2

(Love et al. 2002, Parker et al. 2007). Juvenile black
rockfish settle into nearshore habitats such as kelp
forests and eelgrass meadows and move into deeper
rocky habitats as they grow (Love et al. 2002). Lotter-
hos & Markel (2012) and our companion study
Markel et al. (2017 this Volume) monitored YOY
rockfish recruitment at kelp forest sites in Barkley
Sound from 2006 to 2009. Sites were distributed
throughout the sound in 6 different regions, including
inside the Broken Group Islands RCA (Markel et al.
2017). Recruitment was highly variable among sites
and years, and strong in 2006 when mean abundance
of YOY recruits was 2 to 8 times higher than in other
years (Markel 2011). Genetic analysis of the 2006 co-
hort showed that despite the high abundance of re-
cruits, genetic diversity was low and the incidence of
siblings was high, indicating a ‘sweepstakes’ recruit-
ment event whereby a few adults achieved high re-
productive success (Lotterhos & Markel 2012). In ad-
dition, sites sampled inside the RCA had lower
recruitment rates in 2006 than those outside of the
RCA (Markel et al. 2017). However, it remained un-
known whether the large 2006 cohort recruited to the
adult population or if post-settlement processes re-
duced its impact on the population dyna mics. In addi-
tion, it remained unknown whether the spatial
pattern of recruitment intensity throughout Barkley
Sound corresponds to variability in adult pop ulation
density, especially in the context of the RCA.

In this study, we tested the hypothesis that year-class
abundance is a predictor of adult black rockfish popu-
lations. To evaluate this hypothesis more explicitly, we
measured the variance in adult abundance explained
by habitat, geography, YOY abundance, and OYO
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abundance. Finally, we tested the hypothesis that
adult rockfish abundance inside the Barkley Sound
RCA would be lower than outside the RCA, based on
the low recruitment observed in that area in 2006.

MATERIALS AND METHODS

Study system

This study took place in Barkley Sound (48° 50’ N,
125° 22’W) on the southwest coast of Vancouver
Island, Canada. In the center of the sound lies the
Broken Group Islands (BGI), within the Pacific Rim
National Park Reserve as well as an RCA (Fig. 1).
Sampling sites were distributed across Barkley

Sound in the following 5 regions, at a density of 6
sites per region in each year: George Fraser Island
(GF), Loudoun Channel (LC), Broken Group Islands
(BGI), Deer Group Islands (DG), and ‘Prasex’ (PE,
from Prasiola Point to Execution Rock on Vancouver
Island; Fig. 1). Regions are separated from each other
by at least 2 km and by 3 deep water channels, viz.
Loudoun, Imperial Eagle, and Trevor Channels
(Fig. 1).

Recruitment of YOY and OYO

In this study, recruitment is defined as the mean
number of YOY or OYO rockfish caught in Standard
Monitoring Units for the Recruitment of Fishes
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Fig. 1. Sampling sites in Barkley Sound, British Columbia, Canada. Standard monitoring units for the recruitment of fish
(SMURF) sites (grey) were sampled in 2005 to 2008. Dive sites were sampled in 2010 (orange circles) and 2011(black
 triangles). GF: George Fraser Island, LC: Loudoun Channel, BG: Broken Group Islands, DG: Deer Group Islands, PE: Prasex, 

RCA: rockfish conservation area, NPR: National Park Reserve



Mar Ecol Prog Ser 574: 113–126, 2017

(SMURFs; Ammann 2004). These have been used to
measure coastal fish recruitment in British Columbia
(Markel 2011, Lotterhos & Markel 2012) and Califor -
nia (Ammann 2004, Caselle et al. 2010a,b). SMURFs
consisted of a 1.0 m × 0.35 m cylinder of plastic gar-
den fencing material (2.5 cm × 2.5 cm mesh), stuffed
with strips of plastic snow-fence material that serves
as habitat for juvenile fishes. SMURFs were placed in
physical contact with kelp and sampled in all 5
regions from 2006 to 2009, approximately every 2 wk
between May and August (Markel et al. 2017). Note
that because of their placement in kelp, in this study
SMURFs measured a snapshot of juvenile fish den-
sity in the kelp forest, rather than being deployed in
minimal habitat in order to measure settlement (as in
Ammann 2004). Furthermore, OYO black rockfish
were caught un expectedly in SMURFs in May and
June (before YOYs started to recruit; in June they
moved into deeper habitat) and we leveraged these
data for analysis. OYOs and YOYs could be distin-
guished by body shape and pigmentation (Fig. S1 in
Supplement 1 at www. int-res. com/ articles/ suppl/
m574 p113 _ supp1. pdf) as well as by size and time of
catch (Fig. S2). We also found a strong correspon-
dence in year-class strength between SMURF and
visual surveys for both YOY and OYO, indicating
that OYO abundance in SMURFs was representative
and unbiased (Fig. S3). For YOY, we calculated the
mean abundance at that site for each sampling year
between 2006 and 2008 (June to July) and for OYO
between 2007 and 2009 (mean black rockfish per
SMURFSite,Year in May to June). There were 3 sites in
the BGI that were only monitored in 2006 (Hand, Tur-
rett, and Chalk).

Site-level analysis of recruitment (YOY) to OYO

We analyzed the relationship between YOY and
OYOs for each cohort (2006−2008) with a general
 linear mixed model (function ‘lmer’ in R, R Devel-
opment Core Team 2008). The model included log-
transformed OYO as a response variable, and the
predictor variables of log-transformed YOY as a co -
variate, Cohort as a fixed effect, and Site as a ran-
dom effect. We examined the residuals using fitted
vs. observed plots and using the autocorrelation
function (function ‘acf’ in R) to ensure that there
was no autocorrelation in the dataset. If an inter -
action was present, we examined the relationship
between OYO and YOY for each cohort separately
using Region as a random effect. Linear mixed
models were fit by re striction maximum likelihood

t-tests using Satter thwaite approximations to the
degrees of freedom (lmerMod in R, see R Mark-
down in Supplement 2 at www. int-res. com/ articles/
suppl/ m574 p113 _ supp2. pdf).

Because patterns of migration of YOY are gener-
ally unknown, in addition to this site-level analysis
we also plotted the overall abundance of each cohort
from the YOY to the OYO stage to see if they were
congruent with the strength of YOY year classes.

Adult and habitat surveys

In 2010 and 2011, we measured adult rockfish den-
sity using SCUBA surveys close to the locations sam-
pled for recruiting rockfishes with SMURFs (Lotter-
hos & Markel 2012, Markel et al. 2017). In Barkley
Sound, kelp forests are largely constrained to waters
shallower than 6 m. We sampled the rocky reef habi-
tat between 6 and 18 m deep in closest proximity to
each recruitment sampling location. The median dis-
tance between pairs of adult survey sites and recruit-
ment sampling locations was 244 m (83−1990 m). The
most distant pairs arose from a gradual depth gradi-
ent and inappropriate adult habitat adjacent to the
recruitment sites at 4 locations (Fig. 1; 1 site in DG:
Kirby; and 3 sites in the BGI that were only moni-
tored with SMURFs in 2006: Hand, Turret, and
Chalk). At 3 of these locations, different dive sites
were surveyed in 2010 and 2011 in order to target
better habitat (Hand) or to sample closer to the
SMURF site (Kirby and Chalk). Rocky reef habitat
was identified based on rocky shoreline characteris-
tics, depth contours on nautical charts and depth
sounder, and visual observations of the habitat while
SCUBA diving.

SCUBA divers sampled 2 (in 2010) or 4 (in 2011)
30 m × 3 m transects per site distributed between
6 and 18 m of depth. Upon descending, divers
searched for rocky habitat within this depth range.
Trained divers identified, counted, and estimated the
length of black rockfish as well as all rocky-reef fish
found within the transect. The second diver followed
the transect line to record depth (measured every
2 m), substrate type, and relief and habitat complex-
ity modified from classifications based on Pacunski &
Palsson (2001). From these data, the percent cover of
(1) rock (total of bed rock and rocks >20 cm in diame-
ter), (2) high complexity (moderate to high irregular-
ity, >25% of habitat with crevices), and (3) high relief
(vertical relief >2 m or walls) habitat was measured.
These 3 habitat variables were summed over each
transect, divided by the number of observations (15),
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and calculated as a percent for each transect. We also
calculated the mean depth of each transect. The
divers swam back to the start while reeling in the line
and completed a second transect 3 to 7 m shallower
following the opposite compass bearing. In 2011,
divers completed 4 transects per dive following the
same procedure, ex cept that subsequent transects
were 1.5 to 3 m shallower and 2 transects were per-
formed in each compass bearing.

To calculate density for each species, we summed
the number of observations per transect, divided by
the area of the transect (90 m2), and multiplied by 100
to give the density per 100 m2. Only fish greater than
8 cm in length were included in the density estimates.

Adult and habitat transect-level analysis

We used a general linear mixed model to analyze
overall adult abundance as a function of habitat vari-
ables at the level of individual transects. We used a
principal components analysis (PCA) to summarize
the relationships among habitat variables, some of
which were highly correlated with each other (here-
after: habitat-PC). The general linear mixed model
included adult abundance as the response variable,
the principal components that explained the majority
of the variance as predictor variables, and the ran-
dom effects of site and survey year. The model was fit
by REML t-tests using the Satterthwaite approxima-
tions to the degrees of freedom (lmerMod in R). We
performed model selection using Akaike’s informa-
tion criterion (AIC) and used chi-squared tests to test
for significant differences among models.

Site-level analysis of adult abundance

The purpose of this analysis was to determine
whether any YOY or OYO year class could signifi-
cantly explain adult abundance at any site. For this
analysis, we used a linear model to analyze adult
abundance in each survey year as a function of mean
habitat at each site, geography of each site, mean
abundance of YOY at that site for each cohort, and
mean abundance of OYO at each site for each cohort.
Mean habitat at each site was included as the signifi-
cant PC axes averaged over replicate transects at that
site from the transect-level adult and habitat analysis.

For geographic variables, we estimated exposure
as fetch, tidal velocity, and distance from the mouth
of the sound using ArcGIS 10.2.2 (ESRI). We ran an
ArcGIS fetch tool (E. Gregr pers. comm.) to estimate

the mean northwest (winter) and southeast (summer)
exposure for each dive site. For each sampling site
(point), the fetch tool draws a full circle of 72 lines
spaced every 5° and measuring up to 200 km long
and calculates the distance to the nearest land for
each line. For northwest fetch, we summed the dis-
tance for bearings 295 to 335° and calculated the
mean of the 9 observations. For southeast fetch, we
summed the distance for bearings 90 to 130° and cal-
culated the mean of the 10 observations. Northwest
fetch represents the exposure of a site to the predom-
inant winter winds on the west coast of Vancouver
Island, while southeast fetch represents a site’s expo-
sure to the dominant summer wind direction. To cal-
culate the distance between each site and the mouth
of the sound, we drew a line across the mouth of the
sound and calculated the nearest planar distance
between each site and the line in ArcGIS. To esti-
mate the tidal speed per site, we extracted the mean
bottom tidal speed from a tidal model (Foreman et al.
2008). We again used principal components analysis
to summarize relationships among these correlated
variables (hereafter: ‘geography-PC’) for inclusion in
the linear model.

For each survey year, the full linear model included
mean adult abundance at each site as a response
variable, and the covariates of the following variables
at each site: mean abundance of each YOY cohort
(2006−2008), mean abundance of each OYO cohort
(2006−2008), the first principal component of the
habitat-PCA (which explained variance in adult
abundance, see ‘Results’), and the first principal com-
ponent of the geography-PCA (which explained the
majority of variance in the geography-PCA, see
‘Results’). All fish abundances were log(x + 1) trans-
formed for analysis. We again used AIC for model
selection. If given a choice between dropping one of
the YOY predictor variables versus another predictor
variable (i.e. dropping each variable would give a
similar AIC less than the full model), then we drop -
ped the YOY first based on the principle that the
OYO predictors should be more predictive of adult
abundance.

Adult size analysis from visual surveys

To complement the linear mixed model, we calcu-
lated the frequency distribution of size classes in the
adults to infer if any given cohort was overrepre-
sented in the adult population. In addition to count-
ing fish, SCUBA divers visually estimated the lengths
of the rockfish. Before conducting the surveys, divers
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were trained in length estimation using laminated
model fish of known length until their length esti-
mates were within 10% of the true length. To con-
duct a length-at-age analysis, we collected black
rockfish in Barkley Sound in 2010 using hook and
line methods and sampled fish for length, weight, sex
(when possible), and otoliths using standards ap -
proved by the Canadian Council on Animal Care.
Some additional black rockfish samples (lengths and
otoliths) were obtained from a local sports fisher.
Black rockfish samples (n = 51) were aged at Fish-
eries and Oceans Canada’s Fish Ageing Lab at the
Pacific Biological Station (PBS) using the otolith
burnt cross section method of age estimation (Mac -
Lellan 1997). A second sample of 41 black rockfish
collected in 2006 from the west coast of Vancouver
Island and aged using the same methods at PBS
(Markel 2011) were also used in the analysis of
length-at-age for black rockfish.

RCA evaluation

Previously, we found that the BGI RCA experi-
enced low recruitment during the exceptionally
strong recruitment year of 2006 (Markel et al. 2017).
Such recruitment limitation may limit the effective-
ness of the RCA. Marine reserves are often evaluated
using a response ratio (RR) that compares the mean
density of fish inside to outside of a reserve (Hedges
et al. 1999, Russ et al. 2005, Claudet et al. 2010,
Hamilton et al. 2010, Edgar et al. 2014, Haggarty et
al. 2016):

(1)

While the focus of this study is on black rockfish, if
multiple species have higher abundance inside the
RCA, this lends more support to the hypothesis that
the RCA is working. We calculated the mean density
of black rockfish, quillback rockfish Sebastes mali -
ger, copper rockfish S. caurinus, and all inshore rock-
fishes combined (those 3 species plus China rockfish
S. nebulosus and tiger rockfish S. nigrocinctus), as
well as lingcod Ophiodon elongatus and kelp green-
ling Hexagrammos decagrammus observed on all
transects inside and outside of the BGI RCA.

RESULTS

We sampled 65 transects at 32 sites in 2010 and 119
transects at 30 sites in 2011. In 2011, we only sampled
3 of the 5 sites at GF, since the sites were all close

together. In both years, black rockfish were the most
commonly observed rockfish, followed by deacon
rockfish Sebastes diaconus (recently identified as a
sister species of the blue rockfish S. mystinus: Frable
et al. 2015), copper rockfish, and quillback rockfish.
The mean depth sampled was consistent between
the 2 years, with a mean ± SD depth of 10.6 ± 2.6 m in
2010 and 10.2 ± 2.4 m in 2011.

Recruitment of YOY and OYO

We found that although 2006 had the overall high-
est recruitment of YOY, 2008 had the highest overall
recruitment of OYOs (Fig. 2). We used an ANCOVA
to examine the relationships between OYO and YOY
at each site with cohort as a fixed effect, and this
model had a significant interaction (Table 1: full
model). Therefore, we analyzed this relationship for

RR ln
X
X

in

out
= ⎛

⎝⎜
⎞
⎠⎟
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Fig. 2. (a) Average abundance of young-of-the-year black
rockfish Sebastes melanops in each cohort across all 30 sites
in Barkley Sound. (b) Average abundance of 1 yr olds of
the respective cohort (from surveys in the next season). The
thick horizontal line represents the median; box limits
 represent the 25% and 75% quantiles; whiskers represent
data range exluding outliers; circles represent outliers as 

determined by the R function boxplot
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each cohort separately (Table 1: single models). The
2006 and 2007 cohorts had non-significant relation-
ships between YOY abundance in one year and OYO
abundance in the next season (Fig. 3, Table 1: Cohort
2006 and 2007 single models). Although 2008 had a
significantly positive slope between OYO and YOY
abundance (Fig. 3, Table 1: Cohort 2008 full model),
this positive relationship was driven entirely by a sin-
gle site that had high YOY abundance in one year
and high OYO abundance in the next (Table 1:
Cohort 2008 model without outlier). While we can
think of no a priori reason to ex clude this single out-

lying site from the model for 2008,
these results suggest that the rela-
tionship be tween YOY and OYOs
at the site level is weak. No auto-
correlation was ob served in the
residuals of these models when
site was in cluded as a random
effect (see R Markdown in Supple-
ment 2).

Adult and habitat transect-level
analysis

The first 3 PC axes cumulatively
explained 41, 64, and 85% of the
variance in habitat variables, res -
pec tively. The proportion of high
complexity, high relief, and rock
were highly correlated with each
other and loaded strongly onto the

first PC axis (habitat-PC1), while mean depth loaded
strongly onto the second PC axis (habitat-PC2,
Fig. 4). The third PC axis (habitat-PC3) separated
rock and high complexity (Table 2). We used a linear
mixed effect model to study the relationship between
adult abundance as a function of habitat-PC1, habi-
tat-PC2, and habitat-PC3, with the random effects of
year of adult survey and site. No autocorrelation was
observed in the model residuals when these random
effects were included (Supplement 2). The best
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Parameter Estimate SE df t p(>|t |) H0

Full model
Cohort 2006 Slope −0.076 0.06 76.22 −1.24 ns Slope = 0

Cohort 2007 Slope 0.064 0.13 74.66 0.49 ns 2007 slope 
= 2006 slope

Cohort 2008 slope 0.23 0.10 76.65 2.374 0.02* 2008 slope 
= 2006 slope

2006 Model
Slope −0.06 0.068 8.86 −1.00 ns Slope = 0

2007 Model
Slope 0.004 0.057 24.89 0.07 ns Slope = 0

2008 Model
Slope 0.21 0.10 26.71 2.09 0.047* Slope = 0

2008 Model without outlier
Slope −0.07 0.11 17.16 −0.65 ns Slope = 0

Table 1. Results of fixed effects from linear mixed model explaining abundance of
1 yr old (OYO) black rockfish Sebastes melanops at the site level (OYO ~ YOY ×
Cohort + [1|Site], where YOY indicates young of the year) and subsequent linear 

mixed models for each cohort separately; ns: not significant, *p < 0.05

Fig. 3. Relationship between abundance of young-of-the-
year black rockfish Sebastes melanops and abundance of
1 yr olds at each site for the 3 cohorts. The slope for 2008 is 

heavily influenced by a single data point

Fig. 4. Visualization of the loadings for the habitat principal
components analysis on proportion of rock, high relief, and 

high-complexity habitat
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model based on AIC included all 3 habitat PCs, but
only PC1 was significant (Table 2). Adult abundance
increased significantly with PC1 (habitat complexity
and percent rock, Fig. 5), and there was a nonsignifi-
cant positive trend for abundance to increase with
depth (Table 2).

Adult abundance site-level analysis

We used a second linear mixed effect model to
examine whether mean adult abundance at the site
level in each year of the adult surveys could be
explained by abundance of YOY of that site for each
cohort, abundance of OYOs at that site for each
cohort, site-level geographic variables, and average
habitat variables for that site. The geographic vari-
ables included bottom tidal velocity, distance from
the mouth of the sound, northwest fetch (winter

exposure), and southeast fetch (summer exposure).
We summarized these geographic variables with a
PCA, and the majority of variance (72%) was ex -
plained by the first PC axis which was positively cor-
related with tidal velocity and southeast fetch, and
negatively correlated with northwest fetch and
 distance from the mouth of the sound (hereafter ‘geo-
PC1’, Fig. S4 in Supplement 1). Habitat variables
were summarized as the mean habitat-PC1 for all
transects at that site in the survey year, because of
the significance of this predictor in our transect-level
analysis. Thus, the full starting model for each adult
survey year included the predictors of YOY-2006,
YOY-2007, YOY-2008, OYO-2006, OYO-2007, OYO-
2008, Habitat-PC1, and Geo-PC1 (note that OYO-
2006 refers to the abundance of fish from the 2006 co -
hort observed in 2007 when they were 1 yr old, etc.).

For the adult surveys in 2010, the best model
included OYO-2007 (p = 0.12), habitat-PC1 (p =
0.046), and geo-PC1 (p = 0.32, Table 3). The 2010
model only explained 11% of the variation in adult
abundance, and the model itself was not significant
(p = 0.12, Table 3). Removing OYO-2007 from this
model only increased the AIC by 0.863, demonstrat-
ing that it does not substantially improve the ex -
planatory power of the model.

For the adult surveys in 2011, the best model
included YOY-2007 (p = 0.12), OYO-2007 (p = 0.059),
OYO-2008 (p = 0.037), habitat-PC1 (p = 0.008), and
geo-PC1 (p = 0.10). The 2011 model explained 52%
of the variation in adult abundance and was highly
significant (p < 0.001, Table 3). Removing YOY-2007

or geo-PC1 from this model only increased
the AIC by 1.1 or 1.5, respectively, demon-
strating that they do not substantially im -
prove the information content in the model.
However, removing OYO-2008 or OYO-2007
increased AIC by more than 2, indicating that
they did contribute information content to the
model. The significant relationship between
OYO abundance of the 2008 cohort and adult
abundance in 2011 was positive, although
there were some sites where OYOs were not
observed and still had high adult abundance
in 2011 (Fig. 6, see Fig. S5 for all OYO
cohorts). The mean square of OYO-2008 was
about twice that of habitat-PC1 (1.18 vs. 0.57)
and the slope with adult abundance was over
4 times that of habitat PC-1 (1.01 vs. 0.23),
indicating that the abundance of OYOs from
the 2008 cohort explained more of the varia-
tion in adult abundance than habitat did in
2011 (Table 3).
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Estimate SE df t p(>|t |)

Habitat-PC1 0.16 0.03 176.47 4.846 <0.001
Habitat-PC2 0.08 0.04 177.67 1.799 0.0736
Habitat-PC3 0.06 0.04 179.13 1.314 ns

Table 2. Results from the linear mixed effects model analyz-
ing adult black rockfish Sebastes melanops abundance as a
function of habitat principal components (PCs) at the tran-
sect level: Adult density ~ (habitat-PC1 + habitat-PC2 +
habitat-PC3 + (1|Site) + (1|Year), where (1|X) indicates a 

random effect; ns: not significant

Fig. 5. Relationship between adult black rockfish Sebastes melanops
abundance and the first principal component from the habitat prin-

cipal components analysis
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Length analysis

To examine whether the results from
these models were consistent with the
large 2006 year class being underrepre-
sented in the adult population and the
moderate 2008 year class being overrep-
resented in the adult population, we
examined the distribution of fish lengths
estimated by trained divers and com-
pared this to the expected length-at-age
from the von Bertalanffy growth curve
(Fig. S6). The expected mean size of a 1,
2, 3, 4, and 5 yr old black rockfish is 11,
16, 24, 27, and 32 cm, respectively
(Fig. S6). In 2010, the size frequency of
fish inside and outside of the RCA were
very similar, and no size classes domi-
nated either distribution (Fig. 7a). In
2011, we ob served a peak in the length
histogram for 20−25 cm black rockfish
inside the RCA and 20−30 cm outside the
RCA, which is consistent with 2008 being
a strong year class (Fig. 7b). In 2011 we
did not observe a peak in the length fre-
quency histogram at 30−35 cm, which is
consistent with the lack of representation
of the 2006 year class in the adult popula-
tion (Fig. 7b).

RCA RR analysis

The average RR of all rockfishes (black, quillback,
copper rockfishes and inshore rockfishes combined)
was >0, indicating higher densities inside the RCA
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Estimate SE t p(>|t |)

2010 best model
OYO_2007 3.27 2.03 1.607 ns
Habitat-PC1 0.18 0.09 2.110 0.0455
Geo-PC1 0.06 0.06 1.021 ns
Adj. R2: 0.11
F-statistic: 2.16 on 3 and 24 df, p = 0.12

2011 best model
YOY_2007 0.56 0.35 1.59 ns
OYO_2007 −2.31 1.15 −2.00 0.059
OYO_2008 1.02 0.45 2.23 0.037
Habitat-PC1 0.23 0.08 2.96 0.008
Geo-PC1 0.06 0.03 1.70 ns
Adj. R2: 0.529
F-statistic: 6.615 on 5 and 20 df, p < 0.001

Table 3. Results from general linear mixed models of site-
level adult black rockfish Sebastes melanops abundance as
a function of young-of-the-year (YOY) abundance of each
cohort, 1 yr old (OYO) abundance of each cohort, habitat
variables, and geographic variables. Note that OYO-2007,
for example, refers to the abundance of fish from the 2007 

cohort caught 1 yr later in 2008; ns: not significant

Fig. 6. Relationship between abundance of 1 yr old black
rockfish Sebastes melanops from the 2008 cohort (observed
in 2009) across all sampling sites in Barkley Sound. See Fig. S5
in Supplement 1 at www. int-res. com/ articles/ suppl/ m574 

p113 _ supp1. pdf for this relationship for all cohorts

Fig. 7. Length distributions of adult black rockfish Sebastes melanops
both inside and outside the rockfish conservation area (RCA), in the
adult survey years of (a) 2010 and (b) 2011. The arrows indicate the ex-
pected size of a fish from the indicated cohort, based on length-at-age 

relationships

http://www.int-res.com/articles/suppl/m574p113_supp1.pdf
http://www.int-res.com/articles/suppl/m574p113_supp1.pdf
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than outside. The RRs of kelp greenling and lingcod
were <0, indicating lower densities of these species
inside the RCA than outside (Fig. 8).

We tested whether this result was only a habitat
effect, i.e. not a direct effect due to reduced fishing
pressure but an indirect effect due to more suitable
habitat within the RCA. We found that sites inside
the RCA had slightly less suitable habitat than sites
outside the RCA, but the difference was not signifi-
cant (Welsh 2-sample t-test with habitat-PC1: mean
of Inside = −0.31, mean of Outside = 0.06, t = −1.27, p
= 0.21), suggesting that the higher RR was a direct
result of reduced fishing pressure.

DISCUSSION

Understanding how processes that determine the
spatiotemporal variability in YOY recruitment inter-
act with processes that determine the variability of
sub-adults and adults has implications for the design
and assessment of MPAs. In Barkley Sound, post-
recruitment processes such as mortality and move-
ment into suitable habitat dampened any signal of
YOY recruitment strength in black rockfish. The
level of YOY recruitment generally did not explain
spatial variation in adult densities, and in the year of
highest recruitment (2006), a negative relationship
between the abundance of YOY and adults was
observed. Our results illustrate how post-recruitment

mortality and ontogenetic movements of fish may
erase the legacy of a strong YOY cohort, particu-
larly at finer scales (e.g. Gillanders et al. 2003).
However, we did find that a strong OYO cohort
can explain spatial variation in adult density at a
fine scale.

Recruitment of YOY to adult population

Oceanographic conditions, specifically warmer
temperatures at parturition and during the
pelagic phase, and strong upwelling during set-
tlement that affects larval transport, have been
related to variation among years in black rockfish
YOY recruitment (Lotterhos & Markel 2012).
These findings were consistent with other studies
in the US, which have led some to suggest that
year-class strength for rockfishes is primarily set
during the larval phase (Ralston & Howard 1995,
Yoklavich et al. 1996, Laidig et al. 2007). Laidig et
al. (2007) used a 20 yr dataset of YOY rockfish

surveys to show that levels of recruitment of black
and blue rockfishes as well as yellowtail rockfish
Sebastes flavidus in northern California (USA) varied
synchronously and were largely determined by
oceanographic conditions in February and March.
Furthermore, in northern California, year-specific
adult yellowtail rockfish landings at nearby ports
were significantly correlated to levels of YOY recruit-
ment. However, we found no relationship between
YOY recruitment and the abundance of adults at a
much higher latitude in Barkley Sound. Our data
indicate that cohort strength may be set at the OYO
stage.

A number of processes may obscure the relation-
ship between the abundance of YOY and OYOs.
 Little is known about ontogenetic movements over
the first year of life in juvenile rockfishes, and migra-
tion to different habitats may obscure the correlation
between YOY and older year classes. OYOs were
caught in SMURFs, especially in the late spring and
early summer, which led us to conclude that they are
probably occupying the same nearshore habitat as
YOY during the first year of life. Density-dependent
processes such as competition or predation can ob -
scure the relationship between YOY and older year
classes (Forrester 1995, Caley et al. 1996, Hixon &
Webster 2002, Samhouri et al. 2009, Hixon et al.
2012). Indeed, large year classes can attract dispro-
portionate predation (Hobson et al. 2001). Our data
were not consistent with a pattern of density depend-
ence, which would predict a positive logistic or satu-
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Fig. 8. Mean response ratio of reef fish species in the Broken
Group Islands rockfish conservation area (RCA) as compared to
all sites in Barkley Sound outside of the RCA (n = 2). A ratio of 0
(red dashed line) indicates no difference. Error bars are SE
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rating relationship between YOY abundance and
abundance of older year classes (e.g. Fontes et al.
2009). Despite the large number of YOY observed in
2006, this cohort was characterized by a low effective
number of breeders and a large number of  siblings
(Lotterhos & Markel 2012). Lack of genetic diversity
has been linked to decreased performance of a pop-
ulation (e.g. Hughes et al. 2008), and in a rocky reef
fish, a recent study found that low- diversity popula-
tions experienced stronger density dependence in
population growth rates than high-diversity popula-
tions (Johnson et al. 2016).

Another explanation for our data may be winter
mortality. Surviving the first winter of life is a
critical stage in fish as well as in a diverse array of
other taxa (Munch et al. 2003, Carlson et al. 2010).
Storms and high wave energy may cause higher
mortality or movements of juvenile and sub-adult
black rockfish to deeper sites (Carr 1991, Green &
Starr 2011). In addition, wave height can be an indi-
cator of the mortality of the kelp forest habitat that
is an important refuge for juveniles (Seymour et al.
1989, Johnson 2007). Our data are consistent with
the hypothesis that winter conditions experienced
by YOY fish determine their survival to the OYO
stage. Following the strong recruitment event of
2006, the winter of 2006−2007 was one of the worst
storm seasons on record in BC (DFO 2007). A meas-
ure of storminess for that winter, the sea surface
height (SSH) anomaly, measured at Point Atkinson,
British Columbia, and compared to data from 1963
to 2010, was the fourth highest on record (Tinis
2011, maximum SSH = 0.93 and 210 h of SSH above
0.4 m). The winter of 2007−2008 was also stormy,
with a maximum SSH of 0.82 m and 125 h with SSH
above 0.4 m. In contrast, favorable winter conditions
during the winter of 2008−2009 may have benefited
survival for the 2008 cohort. 2008−2009 was the
calmest winter on record between 1963 and 2009
(Tinis 2009, maximum SSH = 0.45 m and only 8 h
above 0.4 m). Although 2008 YOY recruitment lev-
els were only slightly above average, the number of
OYO fish caught in the SMURFS after that very
calm winter was much greater than in any other
year. More years of data will be needed to support
this hypothesis.

Importance of habitat complexity

Habitat complexity was a significant predictor of
adult abundance in our system. Our results are con-
sistent with those of Efird & Konar (2014), who found

substratum rugosity to be a significant predictor of
fish assemblages in Alaska, USA. In other studies,
black rockfish have been found on complex rock
 bottoms, near vertical bedrock walls, and inside or
around kelp forests in high- and low-relief rocky ter-
rain (Leaman 1976, Love et al. 2002, Johnson et al.
2003, Parker et al. 2008, Efird & Konar 2014). Juve-
niles or sub-adults in our study may have migrated
from shallow kelp forests into suitable (rockier)
 habitat.

Structurally complex habitat may also reduce mor-
tality of juveniles by providing refuge space from
predators (Johnson 2007). Johnson (2007) found that
although recruitment did not vary with habitat com-
plexity, complexity altered the mortality rates of blue
rockfish recruits with a decrease in both density-
dependent and density-independent mortality as
complexity increased. Mortality of other YOY rock-
fishes has been shown to be density-dependent, as
predation increases with a shortage of refuge space
at high juvenile densities (Johnson 2006). Many sites
in Loudoun Channel, where the majority of 2006
YOY recruited (Markel et al. 2017), also had very low
levels of habitat complexity, and mortality or post-
recruitment migration may have been high at these
sites. Habitat complexity may therefore have positive
effects on fish abundance through a dampening of
density-dependent processes or because sub-adults
migrate into suitable habitat.

Efficacy of the RCA in Barkley Sound

Our data indicate that the abundance of inshore
rockfishes was higher in the RCA compared to sites
outside the RCA in both years of our survey. The BGI
RCA was designated in 2004, so it had been in place
for only 6 to 7 yr at the time of sampling and can
therefore be considered to be ‘young’ (Edgar et al.
2014). Although recruitment sites sampled in the BGI
RCA in 2006 showed low levels of recruitment com-
pared to sites outside, there was no significant differ-
ence in other years (Markel et al. 2017).

Although habitat quality is clearly an important
MPA design and evaluation feature (Parnell et al.
2006, Claudet & Guidetti 2010), several authors have
recommended the utility of determining physical
proxies of larval supply such as headlands that con-
centrate larvae (DeMartini et al. 2013) and recruit-
ment strength (e.g. indices of upwelling, Caselle et
al. 2010a) to inform conservation planning and fish-
eries management (Bode et al. 2012). The factors
affecting black rockfish recruitment in Barkley Sound
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have been shown to be highly complex at the larval
and settlement stage (Lotterhos & Markel 2012,
Markel et al. 2017) and as we have shown here, are
also complex during the post-recruitment phase.
Finding suitable indicators of recruitment to the adult
population may therefore prove to be challenging in
this system. However, adult black rockfish density is
positively related to habitat complexity. Habitat com-
plexity would therefore be an important criterion for
the design or evaluation of RCAs. Habitat complexity
and the proportion of rocky substrates are also easier
to measure than fish recruitment, since they are more
static, better understood, and can be modeled using
bathymetry and other remotely sensed data (i.e.
Iampietro et al. 2008, Haggarty 2015). Furthermore,
targeting protection on the life stages that are vulner-
able to fishing may maximize conservation gains
(Grüss et al. 2011). Our results show that the BGI
RCA is effective in protecting black rockfish as well
as other inshore rockfish species despite the lower
levels of recruitment found by Markel et al. (2017).

CONCLUSIONS

Our results indicate that monitoring recruitment
without considering post-recruitment movement,
mortality, and over-wintering success may not pre-
dict the eventual effectiveness of RCAs without also
considering habitat quality. Although this study took
place at a fine regional scale, these results may be
applicable to other temperate nearshore fish species
and illustrate how moderate YOY year classes can
make a disproportionate contribution to the adult
population, and how habitat can be a strong predic-
tor of adult density. Targeting high quality adult
habitat for protection is therefore important. Greatest
benefits will be accrued if those sites are also within
close proximity to important juvenile habitats so that
ontogenetic movements are supported.
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