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environmental variability and
fisheries on the red sea urchin
population in Baja California
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Introduction: The red sea urchin fishery is one of the most important fisheries
in Baja California and the only urchin fishery in México; yet little is known on
understanding how local, regional, and oceanic environmental variability may
affect red sea urchin populations.

Methods: We analyzed how food availability, predator abundance and
environmental variability could affect red sea urchin populations developing
generalized linear models under different temperature conditions: Pre-heat
wave, heat wave, and post—heatwave, including sites where sea surface
temperature was above, below, and on average. Models included: a) biological
variables: Macrocystis pyrifera (kelp) biomass, red sea urchin (Mesocentrotus
franciscanus) density, sheephead (Semicossyphus pulcher), kelp bass (Paralabrax
clathratus) and spiny lobster (Panulirus interruptus) catches, and b)
oceanographic variables: sea surface temperature, wave power, upwelling
index, multivariate El Nifio index and North Pacific Gyre Oscillation index.

Results: Between 65 and 82% of the variability observed in red sea urchin
populations was explained by different combinations of variables, depending
on the thermal condition analyzed. We observed that local environmental
variability, such as food availability and predator harvest are highly important
factors in determining red sea urchin population changes, compared to
regional and oceanic scale variables such as upwelling, El Nifio, or the North
Pacific Gyre Oscillation. Results show that the relative importance of these
variables changed depending on the spatial and temporal scale being analyzed,
meaning that under “normal or average” conditions one set of variables is
important, compared to extreme environmental conditions such as El Nifio or
“the Blob” when a different set of variables explained the observed variability.
Urchin predators’ catches were correlated with urchin density during the pre-
heatwave scenario, suggesting that under “average temperature” conditions
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the effect of fishing on predators, and consequently on urchin density is higher
than local temperature, the most important variable during warm conditions.

Discussion: This study suggests that in Baja California, red sea urchin harvest
has become the most important red sea urchin population control, so efforts
should be encouraged and supported by state and federal agencies to promote
more resilient ecosystems in the face of environmental uncertainty. Improving
management of the commercial species that inhabit kelp forest, could yield
benefits for the entire ecosystem, fishers, and the red sea urchin population in

Mexico.
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Baja California

Introduction

Sustainable harvest and management of commercial marine
species require precise estimations of population variability in
time and space, as well as a deep understanding of the factors/
variables that cause its variability (O’Malley, 2009; Hilborn et al.,
2020). Physical factors such as upwelling, water temperature,
sedimentation, wave action, or anthropogenic disturbances can
be determinants in the abundance and variability of marine
species (Hereu et al., 2012).

Changes in the environment and overfishing pose a great risk
to fisheries stocks around the world. In fisheries management,
strategies are focused on reducing the risks of the economic
extinction of harvested populations. When data are scarce, the
statistical methods for stock evaluation cannot provide accurate
and unbiased estimates about the dynamics of the fishery,
increasing the uncertainty in the results. The challenge becomes
greater when the economic resources to acquire such information
are also scarce (Pulkkinen, 2015). Despite these challenges, there is
a need for accurate estimations of fish stocks towards sustainable
fishing (Hilborn and Walters, 1992).

The red sea urchin Mesocentrotus franciscanus is one of the
oldest and most economically important fisheries in Baja
California and is an important herbivore that inhabits kelp forest
communities. These productive ecosystems are highly dynamic,
showing considerable temporal variation and resilience to small-
scale disturbances that result in considerable stability on a time
scale of years (Tegner and Dayton, 2000). Events such as El Nifio
(ENSO), storms, predation (grazing), and recently marine
heatwaves, are among the most important sources of
disturbances for kelp forests (Ladah et al., 1999; Dayton, 1985a;
Tegner and Dayton, 2000; Arafeh-Dalmau et al., 2019; Cavanaugh
et al, 2019). Kelp beds are more likely to be affected by the
conditions of oligotrophic warm water, halt in coastal upwelling,
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and intense winter storms, causing patchy deforestation (Tegner
and Dayton, 1987; Tegner et al., 1997; Grove et al., 2002; Ladah,
2003; Cavanaugh et al,, 2011); however, the effects on red sea
urchin population density and recruitment dynamics goes from
unchanged (Tegner and Dayton, 1991) to highly variable, being
driven by daily temporal variability in upwelling winds and coastal
topography (Botsford, 2001). EI Nifo has adverse effects on red sea
urchin recruitment rates and density in California, and hence
influences the red sea urchin fishery by decreasing roe yield
because of low food availability and lower feeding activity,
increasing natural mortality (Kato and Schroeter, 1985; Tegner
and Dayton, 1991; Jiménez-Quiroz et al., 2013).

The abundance also influences red sea urchins (Ebeling et al,,
1985; Harrold and Reed, 1985). In Alaska, sea otters are a top
predators capable of controlling sea urchin barrens (Estes and
Duggins, 1995). In California, spiny lobster (Panulirus interruptus)
and sheephead (Semicossyphus pulcher) are common urchin
predators (Tegner y Dayton, 1981; Cowen, 1983; Nichols et al,
2015) that control urchin densities and prevent barrens from
occurring (Harold and Reed, 1985; Schiel and Foster, 1995;
Tegner & Dayton, 2000; Lafferty, 2004). Trophic redundancy in
California kelp forests was evident when the dominant urchin
predator (sunflower sea star) was functionally extirpated by disease
and the remaining predators, such as California sheephead or spiny
lobster, controlled urchin densities (Eisaguirre et al., 2020). Kelp
bass (Paralabrax clathratus) is a generalist diurnally active
carnivore with high site fidelity (Hobson et al., 1981; Lowe et al,
2003), a possible predator of both spiny lobster (Young, 1963) and
the red sea urchin, and a space competitor for sheephead (Claisse
et al,, 2012). Kelp bass has been identified as a generalist predator
that feeds on mesograzers (Davenport and Anderson, 2007) or
small invertebrates (< 2.5 cm in length) that eat primarily plants
and algae (Mendoza-Carranza and Rosales—Casian, 2002) and can
have indirect effects on the red sea urchin population and kelp
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forests. Red sea urchin predators are also harvested, so there is a
potential reduction of their predatory effect on red urchins, and a
cascading effect through the community (Tegner and Levin, 1983;
Tegner and Dayton, 2000; Steneck et al, 2002; Behrens and
Lafferty, 2004).

Efforts to understand the effects of environmental variability,
extreme events, and fishing on these ecosystems have been
focused mainly on kelp (Tegner and Dayton, 2000; Perez—
Matus et al., 2012; Péerez—Matus et al., 2017; Castorani et al.,
2018; Pfister et al., 2019; Cavanaugh et al., 2019), yet very few
have analyzed the effects of environmental variability, extreme
events and ecological interactions on harvested species (e.g.
Tegner and Dayton, 1991; Pfister and Bradbury, 1996; Free
et al., 2019).

The North Pacific Gyre Oscillation (NPGO) is a source of
environmental variability, being a strong indicator of fluctuations
in mechanisms driving planktonic ecosystem dynamics. NPGO
affects global-scale decadal changes in marine ecosystems (Di
Lorenzo et al., 2008) because it directly influences the California
Current upwelling system (Chenillat et al., 2012). Specifically, kelp
biomass has been correlated with NPGO in long periodic cycles
(over ten years), and it has been shown that NPGO affects cycles
of kelp recruitment and mortality of entire plants with a lag of 3
years; observing a stronger correlation between NPGO and kelp
abundance compared to PDO (Cavanaugh, et al., 2011, Bell et al.,
2020). More recently, the phenomenon of Marine Heat Waves
(MHW) has had detrimental effects on the community structure
of kelp forests (Arafeh-Dalmau et al., 2019), which have a
geographical variation in response to these events, with canopy-
forming kelps being more sensitive to warming throughout their
range (Beas-Luna et al., 2020).

Management and protection of natural ecosystems require a
deep understanding of ecological interactions and how they shape
the composition and structure of communities in time and space. It
becomes more important in the face of increasing threats from
anthropogenic disturbances and socioeconomic pressures (Guenther
et al, 2012). Long-term studies have demonstrated that biotic
components in a kelp forest ecosystem are more impacted by the
frequency of disturbances, such as marine heatwaves, compared to
the severity of the disturbance. The effects of these events on the
structure of the kelp forest community increase or decrease,
depending on the physical, trophic, and habitat resources
mediated by the kelp (Castorani et al., 2018).

Red sea urchin population status has recently been assessed in
Baja California, and findings suggest that variation among stocks
is common (Medellin-Ortiz et al., 2020); however, the causes of
population variation are not well understood. As one of the oldest,
most economically and socially important fisheries in Baja
California, this study aims to understand how local, regional,
and oceanic scale variability affects red sea urchin density. We
propose that local environmental variability (food availability,
predator abundance, fishing pressure, sea surface temperature,
and wave power), are more critical in determining red sea urchin
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population changes, compared to regional (upwelling index) and
oceanic scale variables such as the Multivariate El Nifio Index
(MEI) and the North Pacific Gyre Oscillation (NPGO). We also
propose that these local variables change in importance under
different large-scale conditions, meaning that different variables
may regulate ‘normal’ conditions and extreme environmental
conditions such as El Nifo or Marine heat waves. A better
understanding of how environmental variability, food, and
predator abundances, as well as fishing pressure, are critical to
suggest management strategies that promote sustainable fishery.

Materials and methods

Red sea urchin density (Mesocentrotus franciscanus) was
estimated using a length-based virtual population analysis
(Jones, 1984 with modifications and data from Medellin -
Ortiz et al., 2020), with delimited depth and available substrate
in all fishing areas. The monthly number of urchins by length-
class was calculated using the formul

Ny = N, (L==h M/K+ ¢, (E=—1 e (1)
L1 — L2 Loo_Lz 1-2 Loo_Lz

where Nj; is the number of urchins at length L;, C, , is catch in
numbers between lengths L; and L,, L.. and k are growth
parameters for individuals in the population and M is the rate
of natural mortality. Natural mortality was estimated for each
site using Pauly’s (1980) equation:

log(M) =0.0066 —0.279(log(L..)) + 0.6543(log(K))

+0.4634(log(T)) )

where L., and K are growth parameters for individuals in the
population and T is temperature (in °C). We used site-specific
sea surface temperature data ranging from 9.6 to 29.9° C
(average 18.10° C); the growth parameters L., and k used in
both estimations were based on Rogers-Bennett et al. (2003),
and varied depending on urchin size class (134.56 < L..< 139.90
mm and 0.033 < k < 0.438). The same set of size-dependent
growth parameters was used for all sites. Fisheries independent
information on size structure for 9 sites for 2003, 2005, and 2006
produced by Palleiro-Nayar et al. (2012), was used as the basis to
pool VPA size class data into four test length (TL) size classes:
Recruits (7 < TL < 37 mm), juvenile (42 < TL < 52 mm),
subadult (57 < TL < 77 mm), and adult (TL> 80 mm).

Each site depth delimited fishing area was measured using
GIS tools, red sea urchin preferred substrate area dFa,, was
calculated based on Palleiro-Nayar et al. (2012), who sampled
ten 10 x 2 m transects randomly established in ten sampling sites
that covered the entire area of red sea urchin authorized fishing
areas. To characterize the type and percentage of suitable
substrate they filmed all transects (total bandwidth 2 m) and
analyzed frame-by-frame digital images using ImageJ (Ver. 1.4).
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Suitable substrate was determined as the percentage of area
relative to the total area of each transect. We used these
percentages to calculate the suitable substrate in each depth-
delimited fishing area and to estimate the density of sea urchins.

Nsite,size (3)

Density = Fa.
site

where Ny, e is the number of urchins estimated for each size.

All information was grouped based on authorized fishing areas
and landing sites (14 sites total) distributed along Baja California’s
Pacific coast (Figure 1). Fisheries landings were georeferenced
using a randomizing function for coordinates within each fishing
area; randomization of latitude was limited by northern and
southern fishing area coordinates, while longitude randomization
was limited by the 5 and 30 m isobaths. It is important to note that
the generated specific point locations do not account for actual
fishing or actual hotspots within each area and that randomization
was performed only performed to latitude and longitude values
within authorized fishing areas to avoid misrepresentation of the
data; no other data or variables were randomized.

Kelp biomass data (Macrocystis pyrifera) were estimated
monthly using Landsat satellite imagery to estimate canopy
biomass across the study area at 30 m resolution, from 2000 to
2018 following methods described by Cavanaugh et al. (2011) and
Bell et al. (2020). Kelp forest were delimited into two zones
depending on biomass levels: Outer kelp forest and core kelp forest.

Daily catch records for California sheephead
(Semicossyphus pulcher), kelp bass (Paralabrax clathratus),
and spiny lobster (Panulirus interruptus) were acquired
through Mexico’s National Transparency Platform'. The
database includes the date, catch in kg, landing site, and the
number of vessels used for fishing. California sheephead and
kelp bass are fished under “finfish’ commercial permits, mainly
with hook and line onboard artisanal vessels, with a small
midrange finfish fleet of 25 boats. Spiny lobster fishing can be
done under commercial fishing permits or concessions only with
authorized traps within the authorized fishing area. The three
species are caught in all Baja California, including Guadalupe
and Cedros Islands; but these two sites were excluded from the
analysis since there is no red urchin catch reported for
those sites.

Sheephead and kelp bass catch data were geolocalized,
assuming a higher abundance of sheephead in the outer zones
of the kelp forests, while kelp bass inhabits the middle and outer
zones of the forest (Claisse et al.,, 2012). Based on catch records
landing sites and species, the catch was assigned a random
location either outer or in the core zones of the kelp forests
surrounding landing sites. Spiny lobster catches were geo-located
based on each permit holder’s fishing area; given that traps are not
placed inside kelp forests nor dropped too deep Cavanaugh et al.

1  www.infomex.org.mx.
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FIGURE 1

Red sea urchin and spiny lobster authorized fishing areas.

(2011; 2013), kelp-covered areas and depths greater than 300 m
were not included. Due to authorized landing sites or fishing areas,
it was necessary to group sheephead and spiny lobster data sites in
the following groups: 1) Isla Coronados Sur and Popotla (ICS-
Pop), 2) San Miguel-Isla Todos Santos-Punta Banda-Santo
Tomas-Erendira-Colonet (SM-Col), 3) Punta Baja-Isla San
Jeronimo-Arrecife Sacramento (PBaj-As). All catch and landing
data presented come from commerecial fishing records, since there
is no registry of sustenance fishing for red sea urchins or lobsters,
and these species are prohibited in recreational fisheries.
Sheephead and kelp bass are also fished in recreational fisheries
(see Rosales—Casian and Gonzalez—Camacho, 2003), but no
records exist. Therefore, we considered all catch and landing
data as total catches.

California sheephead and kelp bass catch information were
curated to remove misplaced dates stored as catch or as the
number of vessels or highly unlikely catch values (e.g., one vessel
with an average max. capacity of 1.2 ton reporting 5 ton in one
single day trip). This was done by cross-referencing with permit
holder databases® and catch records. It is important to note that
due to the way landings are reported, it is very difficult to discern

2 Publicly available at https://datos.gob.mx/busca/dataset/permisos-y-
concesiones-de-pesca-comercial-para-embarcaciones-mayores-y-
menores, and requested through Mexico's National Transparency

Institute: https://www.infomex.org.mx/gobiernofederal/home.action#
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whether an artisanal vessel lands many times or if many artisanal
vessels are landing one time each. Reports on coastal fishing in
Baja California are nonexistent, and very few reports on artisanal
fishing have been conducted, focused only on schooling fish or
expensive invertebrates (Rosales-Casian and Gonzalez—
Camacho, 2003). The case for spiny lobster fisheries data was
no different; extensive cross-referencing and data curation were
also needed.

Site-specific sea surface temperature (SST) data was
gathered monthly from multisensory SST time series for 2000
to 2018 (4 km pixel, daylight at 11p; from sensors AVHRR,
MODIS Terra, MODIS Aqua and VIIRS Suomi-NPP). Images
were processed in SEDAS (7) following Karu et al. (2015) and
Karu et al. (2012) criteria. Wave power (CgE) represents the
wave energy flux on the entire water column, better reflecting the
action of waves over the selected sites; we hypothesize that the
most substantial expected effects of waves are on kelp itself, not
directly on the invertebrates on the bottom. For that reason,
wave power selected over other metrics. Data was obtained from
the IOWAGA hindcast (Rascle & Ardhuin, 2013), produced by
the French Research Institute for the Exploitation of the Sea,
Ifremer. The hindcast is based on global multigrid implantation
of the Wave Watch 3 model, with ~18 km spatial resolution in
the study area. Wave power is computed every 3hrs from wave
directional spectra S(f,0):

cgE=pg [ [ capsis.o ao @
where p is water density (=1024), g is gravity acceleration (=9.8
m s-1), and Cg is the group velocity. For each site, the closest
model node was chosen to represent wave power at that site. All
sites were closer than 8 km from the chosen node.

Upwelling index (upw) data was gathered from NOAA’s
Environmental Research Division (https://oceanview.pfeg.noaa.
gov/products/upwelling/intro, “Accessed 20 Jan 2019”). We
used the traditional Bakun (1973, 1975) upwelling index time
series for two nodes: 33 and 30° N, as they were the closest
stations to the Baja California kelp forest locations. This index is
calculated with Eakman’s theory of mass transport due to wind
stress; positive values can be considered as the amount of water
that is upwelled, while negative values imply downwelling.

Multivariate El Nifio Index (MEI) data was gathered from
NOAA’s Earth System Research Laboratory (http://www.esrl.
noaa.gov/psd/enso/mei/, “Accessed 20 Jan 2019”). MEI was
selected due to the importance of El Nifio/Southern
Oscillation (ENSO) as a phenomenon causing global climate
variability on inter-annual timescales (Wolter and Timlin, 1993,
Wolter and Timlin, 1998). MEI is based on the six main
observed variables over the tropical Pacific: sea level pressure,
zonal and meridional components of surface wind, sea surface
temperature, surface air temperature, and total cloudiness
fraction of the sky (Wolter and Timlin, 1993, Wolter and
Timlin, 1998).
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North Pacific Gyre Oscillation (NPGO) data were obtained
from KNMI Climate Explorer® for the same period as the
other variables.

All data for each site were summarized monthly and yearly
and we calculated standardized anomalies for biological, local,
and regional variables, based on the American Meteorological
Society definition of anomaly as the deviation of (usually)
temperature or precipitation in a given region over a specified
period from a long-term average from the same region (AMS,
2022), using the formula:

value, —
o

(5)

Anomaly =

where the total time series average y is subtracted from each
value x; and divided by the standard deviation of the time series.
Indexes such as MEI and NPGO are already presented as
standardized anomalies. All further analyzes were conducted
using standardized anomalies.

We built correlation matrices and correlation network plots
between all variables using the packages Corrr (Kuhn et al,
2020) and Ggraph (Lin Pedersen, 2020) in R Core Team (2022)
(Ver. 4.2.1, 2022).

We implemented generalized linear models (GLM), with
full-time series of all variables, as:

rsugy = By + Bikelp . biomassy + B, Urchin . cty
+ BsCalsh . ctyy + B4Kelpsbs . ctiy + BsLobst . ctij
+ BsSSTj + B; CgEiji + Bs Upwiji +

+ BlONPGOijk + eijk

BsMEL
(6)

where rsu is the density of the red sea urchin population for
month i, year j, site k; €; is the random error under the effect of
Urchin.ct, Calsh.ct, Kelpsbs.ct, Lobst.ct, SST, CgE, Upw, MEI, and
NPGO for month i, year j, site k, respectively; By ;o are
parameters to be estimated. All variables were entered as
standardized anomalies.

We developed specific models based on SST variability that
depict different climatological conditions: 1) Preheat wave
(normal conditions), 2) Heatwave (as defined by Hobday
et al, 2016), and 3) Post-heat wave. During each condition,
we identified sites that presented average SST, as well as sites that
were above (+1 SD) and below average SST (-1 SD), during the
different thermal events (Figure 2, S2). We implemented a GLM
with the same structure used for the full-time series with data
corresponding to each climatological condition.

3 http://climexp.knmi.nl/getindices.cgi?WMO=03Ddata/
npgo&STATION=NPGO&TYPE=i&id=someone@somewhere; “Accessed
20 Jan 2019".
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FIGURE 2

Monthly time series of sea surface temperature for all sites. The thermal periods and conditions analyzed are indicated. Red tones represent
above-average SST sites; blue tones represent below-average SST sites. The average SST is shown as a blue line.

An Analysis of the Residual Sum of Squares (ARSS) was used
to compare between models. This analysis tests whether two or
more curves are statistically different (Zar, 1984).

Time lags between possible effects of the selected variables
on red sea urchin population density were explored using the
cross-correlation functions in R (2020); trends and seasonality
were removed from all variables to avoid overlapping effects.

We examined the causality of the variables that were
determined to affect the density of the population of red sea
urchins through the GLMs, using the Causallmpact package
(Brodersen, et al., 2015; Brodersen and Hauser, 2020) in R. This
is a Bayesian structural time series model approach that allows
inferring the causal impact an ‘intervention’ has exerted on an
outcome metric over time, based on a diffusion-regression state-
space model that predicts the counterfactual response in a
synthetic control that would have occurred without an
intervention (Brodersen et al., 2015). It models the behavior
that the response variable might have in the absence of the
possible effects produced by the predictor variables. As stated by
Brodersen et al. (2015), the structural time-series models allow
examination of the time-time series and flexibly choosing
appropriate components for trend, seasonality, and the type of
regression (static or dynamic) for the controls. Posterior
inference in the model is performed by simulating draws of
the model parameters and the state vector given by the observed
data; afterward, posterior simulations are used to simulate the
posterior predictive distribution over the counterfactual time
series given the pre-intervention activity. The posterior
predictive samples are used to compute the posterior
distribution of the pointwise impact for each time step; the
same samples are used to obtain the posterior distribution of
cumulative impact (Brodersen et al., 2015). We considered red
sea urchin population density (rsu) as the response variable, and
the significant variables from GLMs to be the predictor variables
to assess their impact on rsu as an outcome metric over four
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“interventions”™: the full-time series, pre-heatwave, heatwave,
and post-heatwave periods.

Results

The monthly average kelp biomass for the 2000-2018 period
was 391 tons; yearly kelp biomass averaged 4,695 tons
throughout the period. We observed high values of kelp
biomass (> 7,500 tons) in ISM and PBan; intermediate values
(3,000-5,000 tons) were common in ICS, Pop, VT, PBaj-IS], AS,
and Can; the lowest biomass was observed in Col. Kelp forest
delimitation was based on biomass levels for 2000-2018; areas
with average kelp biomass of 270 to 680 tons/ha were common
in the outer kelp forest and ranged from 800 to 1,300 ton/Ha at
the core (Figure 3A). Red sea urchin population density was high
at PBan and ITS (averaging +4 urchins m), compared to the
rest of the sites that showed densities below two urchins m™
Sites like IS] and Can showed very low densities (<1 urchin m?)
(Figure 3B). The red urchin catches were high (more than 200
tons) in ST, PBaj, and AS, and low (below 20 tons) at ICS and
IS]. Sheephead catches were high (above 50 tons) at PBaj-AS and
SM-COL, and low (below 5 tons) at ICS-Pop. Seabass catches
were high (60 tons) in Can, approximately 10 tons in Col and
Pbaj, and less than 5 tons in the rest of the sites. Spiny lobster
catches were high (75 tons) in PBaj - IS] - AS, about 50 tons at
SM-COL and Can, and below 25 tons at ISM; the rest of the sites
showed very low catches (Figure 3).

The standardized anomalies for kelp biomass were positive
for 8 years; although no identifiable pattern was evident, positive
anomalies were observed for four consecutive years (2007-2010),
with high values in 2005 and 2009. In 2016, there were high
negative anomalies. The sites with positive kelp biomass
anomalies were ICS, PBan, ST, and ISM (Figures 4A, G). Red
sea urchin population density anomaly was negative from 2000
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FIGURE 3

Distribution and density of (A) Kelp biomass, (B) population
density of red sea urchin, (C) red urchin catch, (D) California
sheephead, (E) kelp bass, and (F) spiny lobster catch, along the
Pacific coast of Baja California. Data for 2000-2018

to 2008, and shifted to positive values from 2009 to 2015, after
this year, anomalies returned to negative values. ITS, PBan, and
AS displayed positive anomalies for the period (Figures 4B, H).
No identifiable pattern was observed with sheephead and kelp
bass catch anomalies, both showed positive anomalies for 7
years; however, anomalies occurred in different years, further,
anomalies from 2016 to 2018 were inverse for both species. SM-
Col and PBaj-AS showed positive sheephead catch anomalies,
while mainly Can have positive kelp bass catch anomalies during
the analyzed period (Figures 4C-E, I-K). We observed negative
anomalies in spiny lobster from 2000 to 2010, the trend shifted
to positive catch anomalies from 2011 to 2018. SM-Col, PBaj-As,
and Can were the only sites with positive catch anomalies for the
period (Figures 4F, L).

We observed high variability in environmental variables
during the study period. Yearly average SST ranged from 16.7
to 22.4°C, with higher values during 2014, 2015, and 2018
(21.4, 22.4, and 19.8°C, respectively), years with anomalies
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higher than two. The sites with positive SST anomalies for the
whole period were ICS-Pop, SM, PBan, Eren, Col, and VT, the
last three sites were the ones with higher anomalies. High
negative anomalies were observed at ITS, PBaj, and IS]-AS. The
average CgE for the entire period ranged from 9.4 to 14.3 kw
m’!, with positive anomalies from 2000 to 2006, except in 2004
with a slightly negative anomaly. From 2007-2018, the
anomalies were negative; however, 2010 and 2016 showed
the greatest positive anomalies of the period, greater than 2
units. Positive anomalies were observed at 4 sites: PBan, ISM,
PBaj, and ISJ-AS, where the anomaly was almost 2 units. The
average upwelling index ranged from 105.5 to 143.6 m™ per
100 m coastline; positive anomalies were higher in 2007 and
2012, and high negative values were observed in 2004, 2014,
and 2015. A regional pattern was evident, with northern sites
more exposed to positive upwelling index anomalies and
southern sites with negative values. The average annual MEI
values showed two periods of positive anomalies in 2002-2004
and 2015-2016; while positive anomalies were more common
from 2000-2004 and 2007-2013; during this period (2007-
2013), the upwelling index and NPGO showed inverse anomaly
patterns (Figure 5).

Correlations and time lag of
significant variables

Patterns were evident when comparing the density of red
sea urchins with all variables analyzed (Table 1) and their time
lags (S1). Urchin catch was the variable with a higher
correlation (0.7-0.9) with red sea urchin density in all
scenarios, with time lags between 0 and 8 months. Although
the strength of the correlation with SST was variable, it was
positive for all scenarios, and it was high (> 0.5) for the
heatwave and above-average scenarios with a lag ranging
from 5 months to 1.5 years. The correlation of kelp biomass
with urchin density was always positive, although low (0-0.2),
with time lags from 2 months to 1.5 years. Lobster catch
correlation was always positive and ranged from 0.2 to 0.4,
with time lags from 0 to 1 year. Seabass catch was always
positively correlated, although low (0.1-0.3), and no correlation
was observed for the full-time series and heatwave scenarios.
The sheephead catch was positive and low (0.1-0.3) for most
scenarios with lags of 3 to 4 months, except under the average
conditions when it was negative (-0.2). The correlation with
NPGO was negative in the full-time series (-0.1), heat wave
(-0.5), and below-average scenarios (-0.2) and positive under
average conditions (0.1); no correlation was found for the rest
of the scenarios. The correlation with MEI was positive and low
(0.1-0.3) in most of the scenarios, and high (0.6) under
heatwave conditions, with time lags between 0 to 4 months.
The correlation with the upwelling index and CgE was negative
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Site average Upweling Index and anomal

FIGURE 5

Local (Average SST, CgE), regional (Upwelling index), and
oceanic (MEI, NPGO) variables values and anomalies from 2000
to 2018 and 19-year site anomaly.

and low (0.1-0.4) for all scenarios (Tables 1, S1). Other
correlations among variables that were significant were
sheephead-kelp bass catch (0.3), sheephead-spiny lobster
catch (-0.4), and kelp bass-spiny lobster catch (-0.3), SST
and spiny lobster (0.4), kelp biomass and the upwelling index
(0.4), urchin catch and upwelling index (-0.4), SST and MEI
(0.4); MEI and NPGO were negatively correlated (-0.3). These
correlations changed depending on the time frame or location
of each model (Figure 6).

10.3389/fmars.2022.987242

Time specific analysis

Generalized linear models (GLMs) and relative
importance

Significant variables changed depending on the models; the
model that showed the highest number of significant variables
was GLMq.;; (before the heat wave), while GLM 4,5 (after the
heat wave) showed the lowest number of significant
variables (Table 2).

Causal impact

Variables that were significant for the entire time series
account for 65.75% of the observed variability. The red sea
urchin catch accounted for most of the variability observed in
the density of the red sea urchin population, with spiny lobster,
kelp biomass, and upwelling index accounting for less than 20%
of the model’s R?. Significant variables in the pre-heatwave
model account for 73.25% of the observed variability. Red sea
urchin catch continued to be one of the most important variables
in the model, followed by lobster catch, SST, kelp bass, and
sheephead. During the heatwave, significant variables accounted
for 90.03% of the observed variability; red urchin catch
continued to be the most important variable, followed by SST,
NPGO, and MEL Significant variables during the post-heat wave
period account for 82.17% of the observed variability, with red
sea urchin catch being the most important variable, followed by
MEI (Figure 7).

Causal impact analysis in full-time series GLMgq.15 revealed
that significant variables as a whole had a positive impact on red
sea urchin density anomaly (rsu), with an average value of 0.011;
in the absence of the effects of these variables, the expected value
was -0.64. The average causal effect of these variables on rsu was
0.65 (-0.24<u<1.47). Analysis on Pre-heatwave conditions
GLMp 1; revealed that significant variables as a whole had a
positive impact on red sea urchin density anomaly, with an

TABLE 1 Summary of correlations between red sea urchin density and estimated variables under time-specific and location-dependent thermal conditions.

Full time series Pre - heatwave

Heatwave

Post - heatwave Above Below Average

NPGO -0.1 0 - 0 0 -0.2 0.1
MEI 0.1 -0.3 0.2 0.1 -0.1 0
Upwelling index -0.1 -0.1 -0.2 -0.2 -0.1 -0.2
CgE -0.3 -0.2 -0.3 -0.2 -0.3 -0.4
st 1
Lobster catch ﬁ 0.2 0.2

Kelp Seabass catch 0 0.2 0.2 0.1 0.1
Sheep head catch 0.1 0.1 0.3 0 0.1 -0.2
Red urchin catch

Kelp biomass 0.2 0.1 0 0.2 0.1 0.1

Time specific models

Site specific models

The intense color indicates variables that were more significant (red, positive, and blue, negative), and pale colors indicate less significant variables. Variables without color were not significant.
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TABLE 2 Significant variables in time-specific GLM, coefficients (+ errors). Only significant variables’ coefficients and intercepts are shown.

Variable /Model  Full time series (GLMg_;5) Pre heatwave (GLMyo.;;) Heatwave (GLM;,.,5) Post heatwave (GLM¢_,3)

Intercept -0.204 (+0.048) 0.634 (+0.087) -0.413 (+0.050)
Kelp biomass 0.149 (+£0.045) 0.132 (£0.401) 0.132 (+0.061)
Urchin catch 0.848 (+0.055) 0.770 (+0.064) 0.583 (+0.067) 0.474 (+0.074)
Sheephead catch 0.091 (+0.039)
Kelp seabass catch 0.186 (+0.045)
Spiny lobster catch 0.134 (+0.056) 0.222 (+0.073)
SST -0.277 (+0.067) 0.209 (+0.070)
CgE 0.181 (+0.057)
Upwelling index 0.258 (+0.056) 0.192 (+0.053)
MEI 0.247 (+0.106) 0.184 (+0.036)
NPGO -0.087 (+£0.034) -0.302 (£0.078)
A Full time series B  Pre-heatwave

‘Red uenin
caten

D Post

C Heatwave

FIGURE 6

Correlogram of variables that could influence the abundance of red sea urchins along the Pacific coast of Baja California. Correlations were
analyzed under different conditions: (A) Full-time series (2000-2018); (B) Pre—heatwave (2000-2011); (C) Heatwave (2012-2015); (D) Post—
heatwave (2016-2018).

average value of -0.16; in the absence of the effects of these (-2.20<p<-1.19). The probability of obtaining these effects by
variables, the expected value was -0.84. The average causal effect chance is very small, which suggests the effects can be considered
of these variables on rsu was 0.68 (-0.54<p<1.36). During the significant (Figure 8).

heatwave GLM12-15, the analysis revealed that the significant

variables had a positive impact on rsu, with an average value of Comparison between models

1.13; In the absence of this effect, rsu was 0.60. The average Having determined the relative importance of the
causal effect of significant variables on rsu was 0.53 variables on each time frame, we modeled rsu using specific
(0.255u<0.83). Analysis of postheatwave conditions GLM¢ 15 important variables for the full-time series and heatwave
revealed that, as a whole, significant variables had a negative conditions. Comparison between predicted values of the full
impact on rsu, with an average value of -0.62; in the expected models (GLMgg 1) and condition-specific (GLM00-11 |
absence of this effect, the average value of rsu was 1.04. The GLM12-15 | GLM16-18) suggested that these approaches
average causal effect of these variables on rsu was -1.66 were significantly different (ARSS, F, s = 34.04, p<0.001),
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FIGURE 7
Share of R? (as a percentage) of significant variables for all models. Metrics are normalized to sum 100% for each scenario. Whiskers represent
95% CI limits.
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FIGURE 8
(A) Original time series with a counterfactual estimate (dotted line and shaded area) and cumulative results of the causal impact on red sea
urchin population density anomaly (dotted) and confidence intervals at 95% (shaded) for (B) full-time series, (C) Pre — heatwave, (D) Heatwave,
and (E) Post — heatwave models and significant variables; horizontal axis are the number of months from Jan-2000 (0) to December-2018
(229). The dotted vertical line indicates where the causal effect was tested.
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with the condition-specific models showing better fit (R> =
0.78; Figure 9).

Discussion and conclusions

Our results show that red sea urchin population density in
Baja California is subject to different environmental, biological,
and anthropogenic sources of variability, in the form of changing
thermal conditions, wave energy exposure, upwelling, food
availability (kelp biomass), different levels of predator
abundance and fishing pressure. Despite the overall urchin
population density trend, site-specific biological and
environmental information displayed high variability within
and among sites. This has also been observed in other kelp
ecosystems where environmental variation at fine (depth within
sites), local (within locations), and regional scales (among
locations) will influence where urchins can affect macroalgae
assemblages, regardless of predator density and fishing intensity
(Shears et al., 2008). Time and space scenarios reveal that the
importance of significant variables shifts depending on thermal
environmental conditions. During the pre-heatwave period,
biological variables such as red urchin predators and food
(kelp biomass) were important to explain red urchin
variability; in contrast, during the heatwave period,
environmental variables were more relevant (SST, NPGO, and
MEI). During the post-heatwave period, the importance of both
biological and environmental variables diminishes, and none
were significant. These results suggest that under extreme
conditions, the red urchin population is mainly driven by local
temperature and oceanic scale variables. The importance of
variables is also site-specific; however, the local temperature
was important at all sites.

Monthly red sea urchin population density anomaly modeling

° A Fulltme series mods!

Anomaly

10.3389/fmars.2022.987242

The fishery

Our results indicate that, in all scenarios analyzed, urchin
catch is the most crucial factor affecting red sea urchins,
compared to other tested variables. In northern Washington,
harvest has been observed to reduce sea urchin densities, where
sites under experimental harvest showed a reduction between
93.7 and 96.3% (Carter and VanBlaricom, 2002). Harvest also
affects size distribution significantly by reducing between 15 and
73% the density of legal-size urchins in northern and southern
California (Tegner and Dayton, 1981; Pfiester and Bradbury,
1996). Furthermore, red sea urchin density, adult size, and
gonadosomatic index (GSI) within MPAs are greater
compared to unprotected sites (Teck et al., 2017). Our results
agree with this evidence suggesting that fishing pressure is a key
driver in controlling red sea urchins throughout the fishing
geographic range.

Harvest depends not only on urchin density but also on roe
yield and quality, fishable days due to weather, and market
conditions (Kato, 1972; Kato and Schroeter, 1985; Kalvass and
Hendrix, 1997; Kalvass and Rogers-Bennett, 2001; Andrew et al.,
2002; Schroeter et al., 2009; Medellin-Ortiz et al., 2020). Roe
yield depends entirely on food availability (kelp and drift kelp;
see Rennick et al., 2022), and is determined by the diver in a pre-
harvest sampling at the beginning of the dive. If 3 of 5 randomly
selected urchins in the patch have orange-yellow gonads that fill
over 80% of the urchin, then the patch is harvested; otherwise,
the diver moves to another area. This behavior can result in low
catches and high areas of ‘skinny’ urchin density. Inter-annual
differences in urchin density have been reported in different
areas in the study region for 2003, 2005, 2006, and 2008, and
have been related to fishing intensity and recruitment rates in
each site (Palleiro-Nayar et al., 2012). There is no assessment of

@ Condiion specific model

0833%+-00256R?=0788 A Fulltme series model
0645 +-00313R*= 0658
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Yearly average red sea urchin population density anomaly modeling
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FIGURE 9

Comparison between observed density of red sea urchin population anomaly (bars), and predicted values from full-time series (A) and

Condition-specific (s) models
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recruitment rates, frequency, or patterns for red sea urchins in
Baja California, however, the observed catch trends for the
period being analyzed here could be related to constant
settlement and recruitment (Medellin-Ortiz et al., 2020), and
consistent with Southern California’s recruitment patterns
observed by Ebert et al. (1994). Also, Medellin-Ortiz et al.
(2020), found that over-harvesting in some sites depleted
temporarily legal-size urchins without altering population
recruitment. This effect has also been described for red sea
urchins in Southern California (DeWees, 2004; Stevenson et
al., 2016).

The intricate relationship between urchin divers and the
density of the urchin population needs a different interpretation
considering the absence of sea otters in the region (Gallo-
Reynoso, 1997) and low levels of abundance of other
important predators such as California sheephead and spiny
lobster (Alonzo et al., 2004; present study).

Temporal effects

We observed a lagged effect on the density of the red sea
urchin population from important variables in models specific to
time and thermal conditions. These lagged effects ranged from
two months to two years depending on the scale of the variable;
being local variables made the effects noticeable after months
(e.g. SST), while regional and oceanic variables took longer to
produce an effect on the densities of red sea urchins (e.g.
upwelling index, MEI). In Baja California, many factors can
intervene for El Nifio to have an effect, and depend mainly on
the geographic extent of the Kelvin wave that may or may not
travel northward from the Equator (Wang, 2003). This region
also experienced the recent warming event known as ‘the Blob’
(Marine heatwave, MHW), which traveled from north to south
along the California Current System (Bond et al., 2015; Oliver
et al,, 2018). These two events and the delay in which they arrive
in Baja California might have differential effects on northern and
southerly distributed urchins. In the presence of events of such
magnitude, our results suggest that local variables become more
important than oceanic variables, especially in locations where
even during these extreme events, the SST remained below
average values. SST was important during extreme conditions
(heatwave) and sites with above-average SST. The temperature
has been shown to have direct effects on red sea urchin metabolic
rates, with an increase in oxygen consumption as temperature
increases, suggesting a temperature-dependent metabolism
(Ulbricht and Pritchard, 1972). It has also been suggested that
red sea urchins may display different temperature preferences
between day and night, moving away from unfavorable
physiological temperatures (Salas et al., 2012). These thermal
effects have also been observed in red sea urchin embryos, where
high temperatures increased the body size of prism-stage
embryos, suggesting that moderate warming may improve the
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growth and thermal tolerance of red sea urchins (Wong and
Hofmann, 2020). Although it has been stated that increased
temperatures resulting from El Nifio or MHW have negative
impacts on red sea urchins (Tegner and Dayton, 1987; Okamoto
et al, 2020), our results suggest that red sea urchins might
benefit from increased temperatures, with increased metabolic
rates and increased size “heat adapted” larvae that would result
in the increasing urchin densities observed in our study.
However, temperatures above 28°C for a prolonged time have
adverse effects on red sea urchins, causing reduced movement
from tube feet and increased movement through spines and
death (Hernandez et al., 2004).

Kelp

Kelp biomass was highly variable among sites and through
time. Although it suffered negative impacts from heatwaves, its
resilience was spatially variable and was not significantly related
to SST metrics, indicating that local-scale environmental and
biotic processes could play a larger role in kelp recovery as
described by Cavanaugh et al. (2019), who found that spatial
patterns of resistance in giant kelp were better explained by an
absolute thermal threshold (mean SST of the warmest month)
than by relative increases in temperature as measured by SST
anomalies and heatwave days. They suggest that local adaptation
to heat stress did not have a major impact on the response of
kelp to this warming event throughout much of its range. Our
results show that the variability of kelp biomass was not highly
correlated with red sea urchin density, and it was observed as a
significant variable during the heat wave period and in the
above-average temperature scenario. This might be related to
red sea urchins’ ability to feed as an active grazer or consume
hidden drifting algae, so satellite-based kelp biomass estimations
and variability do not necessarily reflect changes in food
availability from drift kelp fronds that are a significant urchin
food source, and an indicator of the level of nourishment of the
urchins (Harrold and Reed, 1985). These authors describe that
sea urchins in kelp-dominated areas are well nourished, move
little, occupy cracks and crevices, and probably feed on drift
algae, compared to those urchins found in barrens, where drift
algae are sparse, and poorly nourished sea urchins actively graze
the exposed substratum (Watanabe and Harrold, 1991), and
subsist on coralline algae in the absence of kelp (Harrold and
Reed, 1985). Furthermore, high-density urchin aggregations are
a prerequisite to destructive grazing (Dean et al., 1984), and
cause cavitation damage on the holdfast of kelp, increasing kelp
mortality due to storms or even intense wave action, causing
kelp to dislodge and produce urchin ‘barrens’ (Tegner et al,
1995). Drift kelp (detrital supply) has been identified as a key
factor in the foraging behavior of sea urchins that changes from
passive feeding when detritus is abundant, to causing a
significant reduction in kelp biomass by active grazing on
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living kelp when detritus is scarce (Rennick et al., 2022). The
grazing activity of red sea urchins in Baja California has not been
evaluated, and since the reproductive potential of individual sea
urchins is closely tied to food availability (Rogers-Bennett et al.,
1995), it becomes necessary to assess the grazing behavior of red
sea urchins as well as the amount, seasonality, and importance of
drift kelp in the diet of red sea urchins in Baja California.

Predators

Urchin predator’s harvest was important under the pre-
heatwave conditions only. According to Rosales—Casian and
Gonzalez-Camacho (2003), California sheephead and kelp bass
accounted for 25.9 and 10.6% of the finfish caught in Baja
California, respectively, and ranked 3.5 based on their Index of
Community Importance (ICI) values. They also describe San
Quintin, San Martin Island, and Punta Baja as important finfish
fishing sites. Our results show that Punta Baja (PBaj) and Canoas
(Can) are important fishing sites for California sheephead and kelp
bass, respectively; however, low catch levels at other sites could be
attributable to high levels of fishing (Alonzo et al., 2004) and the
decline of cold-water species due to climatic events such as El Nifio
and the Blob (Arafeh-Dalmau et al., 2019). Sheephead fishing has
affected size-structured interactions with sea urchins in Southern
California, reducing sizes and altering sheephead life histories that
lead to increased urchin densities (Hamilton and Caselle, 2015).
Spiny lobster harvest has been proposed to trigger a trophic
cascade leading to increased urchin densities and decreased
macroalgal biomass (Tegner and Levin, 1983; Tegner and
Dayton, 2000; Behrens and Lafferty, 2004; Guenther et al., 2012).
This response has been observed in Bahia Asuncion (Baja
California Sur), where higher densities of spiny lobster led to
increased abundances of kelp (Jenkinson et al., 2020). The effect
that fishing simultaneously on multiple urchin predators has on
the red urchin population has not been evaluated. In this work, we
integrated catches of urchin predators to evaluate their importance
in explaining urchin density variability and found that these
variables were correlated with urchin density only during the
pre-heatwave scenario, suggesting that under ‘average
temperature’ conditions the effect of fishing on predators and,
consequently, on urchin density is higher than local temperature,
the most important variable during warm conditions.

Model choices

Although aggregated models are widely applied to understand,
predict and manage populations and marine ecosystems, they fall
short if the underlying system exhibits non-linear dynamics (Ye
and Sugihara, 2016). Furthermore, the model output can
underestimate variability and overestimate stability (Griffith,
2020). Our condition-specific model was better at reproducing
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estimated red sea urchin density; this might be related to its ability
to capture condition-specific variability (normal conditions vs.
heatwave, post-heatwave conditions) by using only the variables
that were significant and relatively important in such conditions,
instead of averaging out variability and considering that the effects
of all variables remain the same through time (assumption made in
the full-time series model). Although some variables had low
correlations, the effect of different combinations of variables on
the densities of red sea urchins was considered statistically
significant by causal impact analysis. While this type of analysis
has been mainly used in the market analysis (eg. Markle-Huf3 et al,
2018; Schmitt et al, 2018; Martin Cervantes and Cruz Rambaud,
2020), the characteristics of marketing data match those of
biological survey data: often observational, rarely following the
ideal of randomized design, subject to multiple seasonal variations,
and are often affected by unobserved variables and their
interactions. While correlations have been one of the most
commonly used statistical techniques in biological studies (see
Yadav, 2018), the similarity between biological and marketing data
makes the causal impact analysis suitable for biological data, and its
use in our field should be further explored.

Conclusion

The relative importance and significance of variables were
different depending on the time frame or site analyzed. These
differences in importance were related to the variability in time
and space of each variable. Understanding how ecological and
fisheries systems behave and interact becomes even more critical
in the face of environmental changing conditions. Separating the
environmental effects of fishing on natural populations is key to
increasing the protection of natural ecosystems and improving
fisheries management.

This study suggests that in Baja California, red sea urchin
harvest has become the most important control of the red sea
urchin population, so efforts should be encouraged and supported
by state and federal agencies must encourage and support efforts to
promote more resilient ecosystems in the face of environmental
uncertainty. It is paramount that the people responsible for filling
out landing logs understand the importance of accurate and timely
reporting. Improving fisheries-dependent data collection and
quality may reduce uncertainty in estimates of population status,
fishing effort, and fishing mortality of harvested species. Such
improvements can be achieved through participation in capacity-
building workshops to increase permit-holder engagement and
compliance with already established landing logs. It is also
important to promote fisheries-independent surveys that might
yield information on urchin density, kelp, sheephead, kelp bass,
and lobster abundance to fine-tune stock assessment models, as
well as efforts to forecast population abundance and ecosystem
trends under different scenarios of environmental variability and
climate change. Such surveys would benefit from the participation
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of community-based monitors from each fishing cooperative,
fishing group, or permit holder, with the support of other
stakeholders. Improving management of the commercial species
that inhabit kelp forest, could yield benefits for the entire
ecosystem, fishers, and the red sea urchin population in Mexico.
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