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Species targeted by fishing often recover in abundance and size within marine protected areas (MPAs) resulting
in increased reproductive potential. However, in some situations, concomitant changes in the abundance of pred-
ators, competitors, or prey within MPAs, or strong gradients in the surrounding environmental seascape may
counteract the purported benefits making it more difficult to predict how species will respond to protection.
We used a network of MPAs in California, spanning a large temperature gradient, to investigate the drivers of de-
mographic variability in the commercially important red sea urchinMesocentrotus franciscanus. We investigated
how demographicmetrics varied geographically in response to protection, temperature, and themain sea urchin
resource, the giant kelpMacrocystis pyrifera. We found significant conservation benefits to this fished sea urchin
within MPAs designated six years prior to the beginning of this study.Within MPAs, red sea urchins were gener-
ally larger resulting in greater adult biomass density and reproductive biomass density. In addition, kelp density
was an important explanatory variable of all red sea urchin demographic traits examined (adult size,
gonadosomatic index [GSI], density, adult biomass density, and reproductive biomass density). Kelp density
was positively correlatedwith red sea urchinGSI and adult size, but the relationshipswith density, adult biomass
density, and reproductive biomass densitywere complex and the directionality changeddepending on the region
(or environmental setting) examined. Our results demonstrate that kelp, red sea urchin reproduction, and the ef-
fects of spatial management on demographic processes are tightly coupled with the oceanographic regime.

© 2017 Elsevier Ltd. All rights reserved.
Keywords:
Kelp forest
Marine protected area
Marine reserves
Sea urchin fishery
Mesocentrotus franciscanus
Macrocystis pyrifera
1. Introduction

Understanding the ecological, environmental, and anthropogenic
factors that control spatial variation in population demography allows
for more accurate forecasting that can benefit resource management.
Marine species are fished from wild populations that typically span
broad spatial expanses over which biological traits of the species often
vary. Biological variation in life history and demographic traits can
occur in response to geographic or temporal shifts in temperature, pro-
ductivity, resource availability, competition, and predation (including
fishing pressure) (Bolnick et al., 2010; Bonel et al., 2013; Bonel and
Lorda, 2015; Caselle et al., 2011; Castilla, 1999; Darimont et al., 2009;
Dayton et al., 1998; Jackson et al., 2001; Lorda, 2014; Lorda and
Lafferty, 2012; Menge, 2000; Menge and Sutherland, 1987; Paine,
1980; Polis and Hurd, 1996; Rogers-Bennett, 2007; Ruttenberg et al.,
2005; Tegner and Dayton, 1981, 1977). While stock assessments have
usually assumed that biological parameters such as growth, maturation
or reproductive output are consistent across space, recent studies have
shown that incorporating spatial variation in life histories into fisheries
models and assessments can be useful for resource management
(Beamish and Rothschild, 2009; Booth, 2000; Hamilton et al., 2011;
Wilson et al., 2012, 2010; Worthington and Andrew, 1998). Under-
standing the drivers that may lead to spatial variation in key population
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parameters allows for better predictions concerning how species will
respond in the future to changes that may result from climate change
or new management regulations (Harley et al., 2006).

When fished predators increase within protected areas, such as in
southern California, Australia, NewZealand, the Caribbean, theMediter-
ranean, and elsewhere, they can drive classic trophic cascades, resulting
in lower densities of herbivores (Babcock et al., 2010, 1999; Barrett et
al., 2009; Berriman et al., 2015; Harborne et al., 2009; Leleu et al.,
2012; Ling et al., 2015; McClanahan, 2000; McClanahan et al., 2007;
Micheli et al., 2005; Pederson and Johnson, 2006; Sala, 1997; Salomon
et al., 2010; Shears and Babcock, 2003, 2002) even when they are
targeted by fishing (Nichols et al., 2015; Shears et al., 2012). Thus, pro-
tection from fishing across all trophic levelsmay, in some cases, result in
lower herbivore density and consequently lower recruitment. However,
within an oldmarine protected area (MPA) at Anacapa Island, California
red sea urchins may remain at population levels that are well above
those at nearby unprotected sites, even in the long term (Behrens and
Lafferty, 2004); the net gains from reduced fishingmortality are not en-
tirely offset by increases in natural mortality.

Previous research has shown that reproduction of targeted species
often is greater within MPAs. Species targeted by fishing activities fre-
quently recover in density, size, and biomass inside well-designed
MPAs (Babcock et al., 2010; Coleman et al., 2015; Lester et al., 2009;
Ling and Johnson, 2012; Munguía-Vega et al., 2015) and reproductive
output scales with biomass. While high levels of natural predation can
reduce the reproductive output (Chesness et al., 1968; Durant, 2000;
Magnhagen, 1991; Schwarzkopf and Shine, 1992) of targeted species
by removing spawning biomass, harvesting by humans is different in
that it often selects for larger and faster-growing individuals (i.e., thefit-
test individuals in the population). Harvesting wild species may result
in lower reproductive rates than in adjacent non-harvested regions
within many different global ecosystems, from terrestrial habitats
(Hackney and McGraw, 2001; Novaro et al., 2000; Witkowski et al.,
1994) to subtidal marine habitats (Beukers-Stewart et al., 2005). Repro-
ductive potential is often higher within marine protected areas (MPAs)
due to the presence of larger and older individuals (Allison et al., 1998;
Gell and Roberts, 2003; Guidetti, 2006; Rogers-Bennett et al., 2002;
Tetreault and Ambrose, 2007; Tuya et al., 2000;Wilson et al., 2014). Re-
production has also been shown to increasewith greater resource avail-
ability (Claisse et al., 2013). However, spatial gradients in
environmental conditions, such as temperature, may modify both re-
source availability and reproductive rates (Durant et al., 2007). Elevated
temperatures can positively influence the reproductive capacity of in-
vertebrates, yet depressed reproductive rates may occur above and
below windows of optimal thermal tolerance (Bennett and Giese,
1955). While food quality and availability are hypothesized to be
more important than temperature in driving variation in reproductive
output (Brockington and Clarke, 2001), the relative importance of
threemajor driving factors – protection from fishing, resource availabil-
ity, and temperature – on the demography of amarine species is not en-
tirely understood.

Sea urchins are important herbivores on temperate reefs that can
causewidespread loss of kelp forests (Ling et al., 2015). In some regions,
they also support important fisheries where they are harvested for their
roe (Andrew et al., 2002). Sea urchins have been shown to decline in
MPAs in some regions due to increases in previously fished predators
(Shears and Babcock, 2003). However, harvested species of sea urchins
may benefit directly from protection due to reduced harvest mortality
(Quinn et al., 1993). Furthermore, reproductive potential of individual
sea urchins is closely tied to food availability (Rogers-Bennett et al.,
1995). Kelp is themajor food source for sea urchins onmany temperate
reefs and kelp abundance is strongly influenced by oceanographic
(Cavanaugh et al., 2011) and biotic factors such as urchin grazing
(Ling et al., 2015), in addition to spatial management such as MPAs
(Babcock et al., 2010; Lafferty, 2004). Consequently, predicting how
sea urchin populations and their reproductive potential will be affected
by protection is complicated and will likely vary across environmental
and exploitation gradients.

A network of MPAs in the Northern Channel Islands in southern Cal-
ifornia offers an ideal setting for research focused on teasing apart the
effects of environmental forcing on demographic variability in areas
with and without fishing pressure. The Northern Channel Islands span
a large gradient in temperature (Fig. 1), productivity, and wave expo-
sure, that results in dramatic biogeographic variation in community
composition over a small spatial scale (Blanchette et al., 2007;
Hamilton et al., 2010; Harms and Winant, 1998). Eleven MPAs have
been established around the 4 islands: the Anacapa Island State Marine
Reserve (SMR) established in 1978 and ten additional MPAs established
in 2003 (Hamilton et al., 2010). Previous studies within this region have
documented changes in fish communities in response to the establish-
ment of MPAs (Hamilton et al., 2010; Tetreault and Ambrose, 2007)
and the recovery of fished predatory species such as spiny lobster and
California sheephead wrasse within many of the MPAs (Caselle et al.,
2015; Hamilton and Caselle, 2014; Kay et al., 2012). Within the long-
established Anacapa Marine Reserve at the Northern Channel Islands,
spiny lobster are thought to play an important rolemaintaining kelp for-
ests by keeping purple sea urchin Strongylocentrotus purpuratus densi-
ties low (Lafferty, 2004; Shears et al., 2012). Purple urchins are not
harvested and form extensive barrens areas in the warmer eastern
part of the Channel Islands (Shears et al., 2012). The giant kelp
(Macrocystis pyrifera, hereafter kelp) has been generally more abundant
in the western region of the islands, largely due to cooler temperatures,
higher nutrients, and a reduced frequency of urchin barrens (Behrens
and Lafferty, 2004; Bell et al., 2015; Cavanaugh et al., 2011; Palacios et
al., 2013; Zimmerman and Kremer, 1984).

The red sea urchin Mesocentrotus franciscanus (previously
Strongylocentrotus) is heavily exploited as a commercial fishery across
this biogeographically diverse region (Kalvass and Hendrix, 1997;
Kalvass and Rogers-Bennett, 2004; Shears et al., 2012). More than half
of California's red urchin landings (~5000 metric tons per annum)
come fromwithin the Northern Channel Islands (California Department
of Fish andWildlife [CDFW]).While there is extensive knowledge of the
basic ecology of southern California marine subtidal ecosystems (Foster
and Schiel, 2010; Graham, 2004; Shears et al., 2012; Tegner and Dayton,
2000), spatially-explicit patterns and drivers of variation in red sea ur-
chin demographics remain poorly understood. Previous studies have re-
ported greater size, biomass, and reproductive biomass of red sea
urchins within the Anacapa MPA compared to adjacent fished sites
(Behrens and Lafferty, 2004; Shears et al., 2012). Despite high predator
densities in this MPA, moderate numbers of red sea urchins are able to
persist, and due to their larger size, biomass is higher than at fished
sites where large individuals are harvested. The AnacapaMPA is located
in thewarm eastern part of the Channel Islands, whereas the red sea ur-
chin fishery is concentrated in the western part of the Channel Islands
(Shears et al., 2012). It is therefore unknown how red sea urchin popu-
lations are affected by protection across thewider network ofMPAs that
span the Channel Islands. Here, we explore how red urchin population
characteristics differ betweenMPA and fished sites across this large en-
vironmental gradient. We then examine how these patterns relate to
variation in kelp density and temperature.

2. Methods

2.1. Biological surveys

To explore potential ecological factors associated with spatial varia-
tion in red sea urchin demographics, we conducted diver surveys of
benthic kelp forest community structure throughout the four northern
Channel Islands: Anacapa Island, Santa Cruz (SCI), Santa Rosa (SRI),
and San Miguel Islands (SMI) (Fig. 1) during three northern-hemi-
sphere summers (June–August in 2009 and 2011 and June–October in
2010). The sampling effort was a part of the Partnership for



Fig. 1.Mapof the Santa Barbara Channel andnorthern Channel Islandswith sites (white dots) andmean long-term satellite sea surface temperatures (SST) represented by colors fromblue
to green (25-year average Advanced Very High Resolution Radiometer data from 1985 to 2009). All marine protected areas (MPAs) are outlined in black. The sites examined in this study
arewithin sevenMPAs (1) Harris Point StateMarine Reserve (SMR), (2) South Point SMR, (3) Painted Cave StateMarine Conservation Area (SMCA), (4)Gull Island SMR, (5) Scorpion SMR,
(6) Anacapa Island SMCA, and (7) Anacapa Island SMR. Islands fromwest to east are shown: San Miguel Island (SMI), Santa Rosa Island (SRI), Santa Cruz Island (SCI), and Anacapa Island
(AI). Twenty-five-year and one-year averages of SST are highly correlated with longitude (r = 0.949, P b 0.0001; r = 0.959, P b 0.0001, respectively).

490 S.J. Teck et al. / Biological Conservation 209 (2017) 488–498
Interdisciplinary Studies of Coastal Oceans' (PISCO) benthic subtidal
monitoring program (Caselle et al., 2015; Hamilton et al., 2010).

We sampled from two depth zones (6 and 13m) at an average of 11
sites within MPAs and 13 unprotected areas (open to fishing) per year
across the northern Channel Islands (n = 30 unique sites across the
three years). Although some sites were located within the same reef
complex, sites were separated by at least 500 m and can be considered
independent (Cavanaugh et al., 2014). We considered each sampling
event (n = 143) as a separate replicate. Protected sites were located
within seven MPAs (listed from west to east, Fig. 1): Harris Point State
Marine Reserve (SMR), South Point SMR, Painted Cave State Marine
Conservation Area (SMCA), Gull Island SMR, Scorpion SMR, Anacapa Is-
land SMCA, and Anacapa Island SMR. Although recreational and com-
mercial fishing of a limited number of species are allowed within the
SMCAs, fishing for sea urchins is prohibited and thus SMCAs can be con-
sidered no-take marine reserves with respect to urchins. In comparison
to unprotected areas, no-takemarine reservesmay have greater ecolog-
ical differences than partially-protected conservation areas (Lester and
Halpern, 2008), but we found no consistent urchin demographic differ-
ences between SMCAs and SMRs (seeAppendix A for selected ecological
patterns across all sevenMPAs). Thus, all SMRs and SMCAswere catego-
rized together (hereafter, MPAs) for the purposes of our analyses.

Divers recorded densities of red sea urchins N25mmin test diameter
along two 30 m × 2 m belt transects at each depth zone per site. To es-
timate sea urchin density, divers counted sea urchins within 10 m-seg-
ments along the belt transects. If divers counted 30 individuals before
reaching the end of a 10-m segment, the length of the segment surveyed
to that point was recorded, and densities of the entire 10 m segment
were extrapolated (i.e., variable area subsampling). Within these tran-
sects, we counted the number of giant kelp plants and the number of
stipes per plant (for all stipes N1 m in height) and summed the total
stipes per square meter as our estimate of kelp density (i.e., kelp stipe
density). For each site, density data for sea urchins and kelp were aver-
aged across the two transects within the same depth zone.

Size-frequency data on red sea urchins were gathered through
PISCO's program and the kelp forest monitoring program (KFMP) at
the Channel Islands National Park (Kushner et al., 2013; Shears et al.,
2012). We measured the first 150 urchins (comprehensively removing
all urchins present in a given 2mby4m swathuntil the desired number
of urchins was reached) within a 50–100 m radius (depending on the
density of urchins) of the PISCO transects that had already been sam-
pled. For sites (n = 19) where PISCO did not collect size-frequency
data, we used size-frequency data from nearby Channels Islands NPS
KFMP sites using similar methods to the PISCO program.

2.2. Sea urchin collections for individual-based and population-based
analyses

We investigated red sea urchin demographic metrics that are both
ecologically important and relevant to the fishery. To examine individu-
al urchin characteristics, we haphazardly collected adult red sea urchins
(n=15–20) per depth zone per site on each sampling date.We focused
solely on adults N50mm(n=2216) because red sea urchins reach sex-
ual maturity between about 51 and 76 mm (Tegner, 1989).

We examined two individual-based metrics of adult red sea urchin:
size (test diameter) and gonadosomatic index (GSI), which is a strong
metric of reproductive stage and value to the fishery (Unuma, 2002;
Teck et al., 2017):

GSI ¼ gonad wet weight g½ �=total wet weight g½ � ð1Þ

(i.e., the fraction of the organismmass that is gonad). We examined GSI
separately for males and females.

To understand detailed regional variability in population-based
characteristics of red sea urchins, we examined the patterns in: density
(juvenile and adult individuals N25 mm per m2), adult biomass density,
and reproductive biomass density as a proxy for potential reproductive
output. Biomass is a useful metric for assessing the population in both
ecological and management terms. We examined adult biomass, since
the fishery is based on harvesting adults (see Appendix B for informa-
tion on juveniles and total biomass density).We first estimated the pro-
portion of adult red sea urchins (N50 mm) per site for each year using
size-frequency collections from PISCO or KFMP. To estimate adult red
sea urchin density (for the adult biomass densitymetric), wemultiplied
the proportion of adult red sea urchins by the density (individuals
N25 mm) per depth zone per site. Adult biomass per unit area within
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a site was estimated as:

adult biomass density gm−2� � ¼ adult density individuals m−2� �

�mean adult whole weight g=individual½ �:
ð2Þ

Reproductive biomass per unit area within a site was estimated as:

reproductive biomass density gm−2� �

¼ adult density individuals m−2� �

�mean gonad weight g=individual½ �: ð3Þ

Previous estimates of biomass and reproductive biomass at sites
within this region were based on density and size measurements at
each site and estimated using known test-diameter to total weight
and test-diameter to gonad weight relationships (Shears et al., 2012).

2.3. Environmental data

To examine the effect of spatial variation in temperature on red sea
urchin demographics, we averaged satellite sea surface temperature
(SST) records at each site from the previous year from the MODIS
Terra and Aqua sensors (spg.ucsd.edu/Satellite_data/California_
Current) at a 1-km spatial resolution (the closest pixel to each site).
The data were daily images that were averaged into 15-day means (to
minimize the cloud cover effect on any single day image) and then av-
eraged across the prior year to each site's sampling date.

2.4. Data analyses

First, we described the geographic patterns of sea urchin demo-
graphic variables. Since the islands are oriented west to east (Fig. 1),
the environmental gradient in temperature, productivity, and wave ex-
posure is strongly correlatedwith longitude (Appendix C; r= 0.949, P b
0.0001; O'Reilly and Guza, 1993; Otero and Siegel, 2004). Thus, longi-
tude is a convenient proxy formultiple interrelated environmental forc-
ing variables. We used general linear models (GLMs) to examine how
the sea urchin demographic variables (Table 1) changed as a function
of protection from fishing, longitude, depth, and among years. We ini-
tially executed full-factorial designs for each model and then sequen-
tially removed all non-significant interaction terms (P N 0.05).

Second, we examined the relative importance and interactions
among three predictor variables (Table 1: protection from fishing
[MPA versus unprotected area], mean kelp density, and mean sea sur-
face temperature [over the previous year]) in driving red sea urchin de-
mographics. We performed full-factorial GLMs for each of our five red
sea urchin response variables (Table 1). All models were performed
using JMP® 12.0.0, SAS Institute Inc. Transformations for predictor
Table 1
List of all variables, abbreviations, and their transformations for statistical models, if any.

Variable
Variable
abbreviation Transformation

Response variables:
Mean red sea urchin (SU) gonadosomatic
index

GSI None

Mean adult red SU test diameter TD None
Mean red SU density Density ln (x + 1)
Mean adult red SU biomass density Biomass ln (x + 1)
Mean red SU reproductive biomass density Reprod ln (x + 1)

Predictor variables:
Protection from fishing (MPA versus
unprotected area)

MPA Binary variable

Mean kelp stipe density Kelp ln (x + 1)
Mean sea surface temperature (over previous
year)

SST None
variables were performed to normalize the residuals of the models
and are shown in Table 1. Since SMI contains a red sea urchin barren
unique to the entire study region, we explored excluding sites within
this island to identify effects of this anomalous area.

Preliminary analyses were conducted using DISTLM, where the best
models are selected among all combinations of predictor variables using
Akaike information criterion (Anderson et al., 2008). We decided not to
pursue these methods, as they remove non-significant main effects, so
comparing the relative importance of predictors among response vari-
ables would be impossible. However, we have included the results of
those analyses in Appendix D as they complement the analyses of the
GLMs.

3. Results

3.1. Spatial and temporal variation in red sea urchin demography

3.1.1. Individual-based metrics: GSI and adult test diameter
There were no consistent spatial differences in GSI as a function

of gender and thus males and females were pooled for further anal-
yses (Appendix E). Sea urchins had higher GSI andwere larger in the
west (Table 2; Fig. 2; see Appendix F for results excluding SMI). On
average red sea urchins had 28% higher GSI and were 14% larger at
the two western islands than at the two eastern islands. For GSI
there was a marginally significant interaction between MPA status
and longitude, and GSI appeared to be greater at unprotected than
protected sites in the west. However, this was largely driven by
the very low GSI levels at the SMI MPA, which was dominated by a
red sea urchin barren. There were no year-to-year differences in
GSI.

Adult test diameter (TD) was on average 6% greater (5.2 mm)
within MPAs across the region than at unprotected sites (Table 2;
Fig. 2). In addition, there was a significant interaction between the
east-west gradient (longitude) and depth; adult red sea urchins in
the west were larger at deeper sites, but there was no clear
relationship with adult size and depth in the east. Finally, adult
red sea urchins were significantly larger in 2009 by on average
11 mm (88 mm) than in 2011 (77 mm), and were of intermediate
size in 2010 (85 mm).

3.1.2. Population-based metrics: density, adult biomass density, and repro-
ductive biomass density

Red sea urchin densities were highly variable across the region.
There was a significant two-way interaction between longitude and
year (Table 2; Fig. 3), with densities greater in the east in 2009. There
was a significant interaction between longitude and protection from
fishing with lower densities in fished areas in the west. In addition,
within the west, densities were negatively related to depth.

Both adult red sea urchin biomass and reproductive biomass
densities were significantly greater within MPA sites than
unprotected sites (by 16% and 23%, respectively) and greater within
shallower versus deeper sites (Table 2; Fig. 3). Reproductive
biomass density also was significantly greater in the west than the
east (on average red sea urchins had 9% higher reproductive
biomass density at the two western islands than at the two eastern
islands) (Table 2; Fig. 3). There were no year-to-year differences in
biomass density and reproductive biomass density.

3.2. Drivers of red sea urchin demography

3.2.1. Individual-based metrics: GSI and adult test diameter
Kelp density was the strongest predictor of both GSI and size

among sites (Table 3); sites with more kelp tended to have red sea
urchins with greater GSI and of larger size (Fig. 4a and b). The
positive relationship between kelp density and size was even
stronger within MPAs than within unprotected sites (there was a

http://spg.ucsd.edu/Satellite_data/California_Current
http://spg.ucsd.edu/Satellite_data/California_Current


Table 2
General linearmodels examining spatial variability (year, longitude, protection from fishing, and depth) across individual-based and population-based response variables: red sea urchin
gonadosomatic index (GSI), adult size (TD), density, adult biomass density, and reproductive biomass density: (a) overall model R2, F-ratio, DF, and P-values and (b) effect tests. All non-
significant interaction terms (indicated by a diagonal line in the table) were sequentially removed.

(a)

(b)

Individual 
metrics

Population metrics

Response variable GSI TD Density Biomass Reprod

R2
0.120 0.285 0.324 0.142 0.167

F-ratioDF
F6,142 F6,142 F9,142 F5,142 F5,142

3.10 9.02 7.09 4.54 5.48
P 0.007 <0.0001 <0.0001 0.0007 0.0001

Individual metrics Population metrics

GSI TD Density Biomass Reprod 

Source DF F P F P F P F P F P

year 2 0.38 0.683 7.18 0.0011 ** 0.45 0.6365 0.08 0.9222 0.16 0.8504

long 1 9.99 0.0019 ** 25.04 <0.0001 *** 0.26 0.608 1.31 0.2543 6.82 0.01 *

Year* long 2 5.78 0.0039 **

MPA 1 0.03 0.8619 9.70 0.0022 ** 4.70 0.0319 *‡ 13.20 0.0004 *** 11.74 0.0008 ***

Long* MPA 1 3.89 0.0507 † 7.54 0.0069 **

depth 1 0.67 0.414 2.28 0.1335 31.49 <0.0001 *** 9.25 0.0028 ** 12.46 0.0006 ***

Long* depth 1 6.37 0.0128 *‡ 4.84 0.0295 *
amarginally significant P-value.
bP-values were >0.05 when all interaction terms remained in the analysis. 
*P ≤0.05.
**P ≤0.01.
***P ≤0.001.
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significant interaction between protection from fishing and kelp
density) (Table 3; Fig. 4). The only other significant predictor of
individual urchin characteristics was SST. Both red sea urchin size
and GSI declined with increasing SST, following the longitudinal
patterns described above.

3.2.2. Population-based metrics: density, adult biomass density, and repro-
ductive biomass density

Red sea urchin density varied significantly across the islands, how-
ever the spatial patternswere complex due to a significant 3-way inter-
action among three factors: protection from fishing (MPA versus
unprotected area), kelp density, and SST (Table 3; Fig. 4c). Kelp density
was negatively related to red sea urchin density, but this relationship
only occurred within protected areas in thewestern, cooler region, like-
ly due to the protected site at SMI (Fig. 4c).

Protection from fishing was the strongest individual predictor of ur-
chin adult biomass density (Table 3; Fig. 4d), with 16% higher biomass
density withinMPAs. In addition, there was a significant interaction be-
tween kelp density and SST, where adult biomass density within MPAs
was positively associated with kelp density in the warmer (eastern) re-
gion and negatively associated with kelp density within the cooler
(western) region (Fig. 4d).

Overall, reproductive biomass density was 23% greater within MPAs
than in unprotected areas (Table 3; Figs. 3, 4e). In general, reproductive
biomass density was positively related to kelp density and negatively
related to SST. However, these two drivers interacted, with slightly
higher levels of reproductive biomass density in areas with higher den-
sities of kelp within thewarmer and less fished eastern region (Fig. 4e),
most evidently withinMPAs. The opposite pattern occurred in the cool-
er (western) region (Fig. 4e), where reproductive biomass density de-
clined with kelp density, similar to the pattern for adult biomass
density.

3.2.3. Drivers of sea urchin demography excluding sites within SMI
If we exclude SMI from these analyses, kelp and SST are the only sig-

nificant drivers of variation in red sea urchin adult density with no sig-
nificant interactions. In addition, without sites in SMI, SST is no longer
an important predictor of variation in GSI or reproductive biomass den-
sity but otherwise results are similar. Finally, drivers of TD and biomass
density are statistically similar with the exclusion of SMI (Appendix F,
Table F.2).

4. Discussion

We found that protection from fishing, kelp density, and tempera-
ture interact to explain the complexity of sea urchin demographics
across the Channel Islands (see Table 4 for a summary of the key re-
sults). Although the majority of the MPAs within the region had only
been designated six years prior to the beginning of this study, we de-
tected significant differences in red sea urchin demographics between
MPA and unprotected sites, highlighting the potential for conservation
benefits. Kelp density was the most important direct driver of red sea
urchin GSI and adult size and this factor was included in all the signifi-
cant interaction terms in statistical models investigating the effects of
protection from fishing and environmental forcing on red sea urchin
population-based metrics. In addition, as described below, we found



Fig. 2.Mean red sea urchin (SU) (a) gonadosomatic index (GSI) and (b) adult red SU test
diameter (TD) per site per year across longitude from west to east (left to right) and
grouped across MPA and unprotected areas. Vertical dotted lines separate the islands:
San Miguel, Santa Rosa, Santa Cruz, and Anacapa Islands. Lines show linear regressions
across longitude and between MPA and unprotected areas (GSI: R2 = 0.11, F3,142 =
5.92, P = 0.0008; TD: R2 = 0.16, F3,142 = 9.08, P b 0.0001).

Fig. 3. Mean red sea urchin (SU) (a) density, (b) adult biomass density, and (c)
reproductive biomass density (showing log-transformed values) across longitude from
west to east (left to right) and grouped by MPA and unprotected areas. Vertical dotted
lines separate the islands: San Miguel, Santa Rosa, Santa Cruz, and Anacapa Islands.
Lines show linear regressions across longitude and between MPA and unprotected areas
(density: R2 = 0.08, F3,142 = 3.80, P = 0.0118; adult biomass density: R2 = 0.09, F3,142
= 4.33, P= 0.0060; reproductive biomass density: R2 = 0.09, F3,142 = 4.56, P=0.0044).
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several prominent regional differences in sea urchin demographics,
which help explain the regional differences in fishing pressure and fish-
ermen behavior across the northern Channel Islands (Shears et al.,
2012).

Despite higher fishing mortality rates in the west (Shears et al.,
2012; Teck et al., 2017), red sea urchinswere still larger and had greater
reproductive potential in thewestern (colder) region. This result is par-
tially due to the enhanced primary productivity and greater kelp re-
source availability in the western region (Shears et al., 2012;
Appendix G), and for many species, including red sea urchins, more
food availability can result in higher reproductive output (Claisse et
al., 2013).We not only detected greater total reproductive biomass den-
sity in western sites but also greater size-specific individual reproduc-
tive potential (GSI) in this region. Both reproductive measures were
higher in the west, also partially due to the higher frequency of larger
red sea urchins in this region. While some invertebrates typically
senesce at a certain age and size, long-lived species may not show re-
ductions in reproductive capacity; larger sea urchins typically have
higher reproductive output and higher GSI than smaller conspecifics
(Ebert, 2008; Gonor, 1972).

Furthermore, GSI was marginally significantly higher within
unprotected western (colder) sites where kelp densities were signifi-
cantly higher and purple sea urchin (Strongylocentrotus purpuratus)
densities were lower (Appendix G). Purple sea urchins are prime
space and resource competitors with red sea urchins (Dewees, 2003;
Rogers-Bennett, 2007). More resource availability in thewestern region
likely supports higher per-capita gonad growth; larger and heavier sea
urchins found at western islands are consistent with this hypothesis
(Ebert, 1968). In addition, the significantly lower values of many repro-
ductive measures at MPAs compared to unprotected locations within
the western (colder) region is partially due to a unique and persistent
red urchin barren that formed at SMI (Harris Point) in years prior to
the implementation of the MPA network (Kushner et al., 2013; Appen-
dix A). This site supports the highest densities of red urchins at any of
the sites examined in this study (8 ± 2.3 adults m−2 in comparison to
the average across all sites of 2 ± 0.2 adults m−2). The lower densities
at nearby unprotected sites may reflect the heavy fishing pressure in
this region (Teck et al., 2017) that alleviates resource competition for
the remaining urchins.

Evidence from this study can help to explain the presence of a strong
gradient in fishing pressure across the Channel Islands, with significant-
ly higher red sea urchin landings in the west versus the east (Shears et
al., 2012; Teck et al., 2017). In addition, our results showing lower



Table 3
General linear models examining spatial drivers (protection from fishing, kelp density, SST, and interactions) across individual-based and population-based response variables: red sea
urchin GSI, adult TD, density, adult biomass density, reproductive biomass density: (a) overall model R2, F-ratio, DF, and P-values and (b) effect tests.

(a)

Response variable

Individual metrics Population metrics

GSI TD Density Biomass Reprod

R2 0.459 0.430 0.262 0.163 0.259
F-ratio7,142 16.35 14.53 6.84 3.75 6.73
P b0.0001 b0.0001 b0.0001 0.001 b0.0001

(b)

Source DF

Individual metrics Population metrics

GSI TD Density Biomass Reprod

F P F P F P F P F P

MPA 1 0.1 0.7813 10.1 0.0018⁎⁎ 4.2 0.0415 ⁎ 10.8 0.0013⁎⁎ 10.8 0.0013⁎⁎

Kelp 1 82.7 b0.0001⁎⁎⁎ 55.8 b0.0001⁎⁎⁎ 19.6 b0.0001⁎⁎⁎ 0.0 0.8458 7.1 0.0085⁎⁎

MPA ∗ kelp 1 1.7 0.1993 4.5 0.0002⁎⁎ 1.8 0.1816 0.2 0.6236 1.0 0.3226
SST 1 5.3 0.0229 ⁎ 13.7 0.0003⁎⁎ 0.5 0.4776 1.2 0.2668 4.2 0.0417⁎

MPA ∗ SST 1 1.1 0.3049 0.6 0.4218 2.7 0.0996 0.0 0.8578 0.2 0.6951
Kelp ∗ SST 1 0.3 0.5792 0.6 0.4548 4.6 0.0343⁎ 8.3 0.0047⁎⁎ 10.9 0.0012⁎⁎

MPA ∗ kelp ∗ SST 1 1.2 0.2798 0.4 0.5546 18.0 b0.0001⁎⁎⁎ 2.2 0.1398 2.9 0.0887

⁎ P ≤ 0.05.
⁎⁎ P ≤ 0.01.
⁎⁎⁎ P ≤ 0.001.

Fig. 4. Results from the GLMs examining spatial drivers (protection from fishing, kelp density, sea surface temperature [SST], and interactions) on urchin demographics. Figures depict the
relationship between kelp density (m−2) and each sea urchin demographic metric: (a) gonadosomatic index (GSI) and (b) adult test diameter (TD) (mm), (c) density (m−2), (d) adult
biomass density (N51mmTD) (gm−2), (e) reproductive biomass density (gm−2) (reprod). The black lines show thepredicted values of eachmetric across a range of kelp densitieswithin
thewestern region (left two columns) and the eastern region (right two columns) across both unprotected andMPA sites. The blue dashed lines show the 95% confidence intervals for the
predicted values. Red dotted lines show the predicted values of each sea urchin demographic metric (horizontal lines) at the highest kelp density. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Table 4
Red sea urchinmetrics across western (colder SST) and eastern (warmer SST) regions within the northern Channel Islands andMPAs versus unprotected areas (2009–2011). Unless oth-
erwise noted, metrics refer to mean red sea urchin values.

Region
status Western region (colder) Eastern region (warmer) Entire region (colder or warmer)

MPA ** Densities higher (largely due to sites within Harris point
SMR, SMI)
*** Urchin density negatively related with kelp density (largely
due to sites within Harris point SMR, SMI)

** Adult size larger

** Adult biomass density higher

** Reproductive biomass density
higher

** Adult size positively related with
kelp density

Unprotected † GSI marginally higher (largely due to sites within Harris
point SMR, SMI)

MPA
or
Unprotected

* Adults larger and
* Densities lower at deeper sites

** GSI higher

* Reproductive biomass density higher

** Adult biomass density and reproductive biomass density
negatively related with kelp density

** Densities higher in 2009

** Adult biomass density and reproductive biomass
density positively related with kelp density

** Adult biomass density and
*** Adult reproductive biomass
density higher at shallower sites

** Adult size in 2009 larger than in
2011 (intermediate in 2010)

*** GSI positively related with kelp
density

* GSI and
** Adult size negatively related with
SST

† Marginally significant P-value; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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densities in the west are consistent with the greater fishing pressure in
the west, suggesting that fishing lowers density, as well as reduces size,
biomass density, and reproductive biomass density. Partly due to the
higher probability of finding larger red sea urchins in thewest, thewest-
ern region has been among the most productive regions for the com-
mercial sea urchin fishery in recent decades (CDFW data [www.
wildlife.ca.gov]). In addition, higher GSI is an indicator of superior
gonad quality, which translates to higher prices (Kalvass and Hendrix,
1997; Unuma, 2002; Teck et al., 2017). We found that red sea urchins
were larger with higher quality gonads in the western region, even
though these sites experience consistently higher commercial fishing
pressure (Teck et al., 2017).

Previous research has indicated that red sea urchin size structure
and reproductive potential has benefitted from protection in the
older MPA at Anacapa Island, whichwas established in 1978 (see Ap-
pendix H; Behrens and Lafferty, 2004; Shears et al., 2012). The newer
MPAs of the Channel Islands network (established in 2003) are
already showing similar trends in conservation benefits. On average
adult red sea urchins were significantly larger (by 5.2 mm), had
greater biomass density, and greater reproductive biomass density
within MPA sites. Our findings corroborate previous research and
catch data (CDFW) that show fishermen are removing large amounts
of biomass density outside of MPAs and altering the size
distributions by focusing harvest on sea urchins above the minimum
size limit of 83 mm (Behrens and Lafferty, 2004).

In summary, protection from fishing was an important driver of red
sea urchin density, adult size, biomass density, and reproductive biomass
density. Adult red sea urchin size, biomass density, and reproductive bio-
mass density were higher within protected areas versus unprotected
areas. Protection from fishing was the most important predictor of popu-
lation levels of adult biomass density, underlining effects of MPAs and
fishing within this region. We found that kelp density was the most im-
portant driver of individual-based red sea urchin metrics: GSI and adult
size. The positive relationship between kelp density and size was greater
within MPAs than in unprotected sites, as these urchins are not removed
by fishing. In addition, larger adult red sea urchins were associated with
cooler temperatures in the west but were more strongly determined by
regional differences in kelp density than temperature.
Sea surface temperature (SST) alone was not the most important
predictor of any of the sea urchin metrics. However, there were signifi-
cant interactions between SST and other predictors for all of our red sea
urchin population-based metrics. In particular, kelp density was posi-
tively related to red sea urchin adult biomass density and reproductive
biomass density, but only within the warmer (eastern) region.We thus
found that regardless of temperature, there were significant differences
in red sea urchin demographics across MPA and unprotected areas in
the entire northern Channel Islands region (farthest right column of
Table 4). Similarly, regardless of the level of protection from fishing,
there were regional differences associated with variation in tempera-
ture (bottom row of Table 4). Through these investigations, we have
been able to estimate the relative importance of these regional temper-
ature differences, protection from fishing, and availability of resources
on demographic variability in a fished species.

4.1. Implications

As we have shown here, the corresponding higher reproductive po-
tentialwithinMPAs can be a key benefit to species protection (Allison et
al., 1998; Gell and Roberts, 2003; Tetreault and Ambrose, 2007) and
may contribute to enhancing fisheries outside MPAs (Gaines et al.,
2010; Rossetto et al., 2015). Despite this, in some situations the simple
prediction that more protection leads to greater abundance, larger
size, and greater reproductive potential of a fished species is not real-
ized; other species may compensate for the reduced mortality from
fishing via predation (Allison et al., 2003; Shears et al., 2012).

Both of our statistical models that tested (1) the importance of geo-
graphic proxies for environmental variables (i.e., longitude) or (2) spe-
cific environmental forcing variables (temperature and kelp
abundance) on red sea urchin demographics, indicated that larger
sizes, greater biomass density, and reproductive potential of red urchins
occurred withinMPAs versus unprotected areas. Although urchin pred-
ators have recovered to some extent within protected areas of this re-
gion (Caselle et al., 2015; Hamilton and Caselle, 2014; Kay et al.,
2012), there were significant population-level responses by urchins to
the elimination of fishing pressure. It remains to be seen whether
these patterns will change as the predator populations continue to

http://www.wildlife.ca.gov
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grow or individual predators achieve larger sizes. Besides potential
community shifts from increasing lethal predator interactions with sea
urchins, there is a rich body of evidence from previous research that
non-lethal effects of predators are important in structuring communi-
ties (Lima, 1998; Madin et al., 2010; Scheibling and Hamm, 1991;
Werner and Peacor, 2006, 2003). Prey respond to the presence of pred-
ators by avoidance (risk aversion) (Elner and Vadas, 1990; Madin et al.,
2012) and reducing their foraging rates (Byrnes et al., 2006), and sea ur-
chins clearly display these behaviors (Freeman, 2005). Thus, future re-
search could address the relative roles of predation (by humans and
other predators) and competition (mainly from the purple sea urchin,
Strongylocentrotus purpuratus) as drivers of red sea urchin population
dynamics.

While predation pressure is an important structuring force for herbi-
vores and their algal prey in nearshore coastal waters (Hamilton and
Caselle, 2014; Ling et al., 2015), our results underscore the significant
impacts from humans as predators (Castilla, 1999; Darimont et al.,
2009; Ling et al., 2009; Pinnegar et al., 2000) on herbivores that are
themselves an important ecological engineer. Our results show that
the alleviation of predation by humans through marine protected
areas can benefit fished herbivores, but herbivore demographics are
also tightly linked with macroalgal dynamics embedded in a complex
thermal regime.

While no-take fishing areasmay safeguard importantmacroalgal re-
sources (Babcock et al., 2010; Lafferty, 2004), other proactive measures
may be critical, such as performing restoration (Claisse et al., 2013) in
areas of deforestation. Furthermore, it is well known that changes in
the climate (i.e., temperature, pH, storm severity, and frequency) can
have major impacts on marine ecosystems at various trophic levels
and life stages (Gaitán-Espitia et al., 2014; Harley et al., 2006; Harvell
et al., 2002; Hofmann et al., 2010; Hughes, 2000; Lafferty, 2009;
McGowan et al., 1998;Mos et al., 2016; O'Donnell et al., 2010)which in-
cludes valuable species such as sea urchins. With climate models indi-
cating an increase in the frequency and severity of storms (Easterling
et al., 2000; Trenberth, 2012), research shows that kelp can be severely
affected (Dayton et al., 1998; Dayton and Tegner, 1984; Gaitán-Espitia
et al., 2014; Lafferty and Behrens, 2005; Reed et al., 2011) causing eco-
system-wide effects (Byrnes et al., 2011). In addition, warming temper-
atures and corresponding declines in nutrients may negatively affect
kelp growth, and warmer temperatures will speed up urchin metabolic
rates. Thus, urchins will potentially require more resources in a warmer
environment with potentially less kelp available. Documenting changes
in the ecosystem throughmonitoring programs is an important element
of scientific research that should continue in regions where such pro-
grams exist and should start in other regionswhere there are data gaps.
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