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Abstract

Recent studies suggest that the ocean-atmosphere interactions can
change drastically the ecosystem conditions as in the California
Current System (CCS). The Pacific sardine population (Sardinops
sagax) in the CCS is constituted by several stocks which present
important variations in space and time. This study analyzed
oceanographic surface variability in the California Current System by
using satellite images and its influence in the distribution of sardine
stocks. The monthly analysis of Sea Surface Temperature (SST) and
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Chlorophyll concentration “a” showed an important seasonal and
interannual variability and the presence of mesoscale phenomena as
cyclonic and anticyclonic gyres, upwellings and filaments that
influences the sardine distribution and abundance. Three abundance
peaks are observed from the analysis between sardine catch versus
SST and Chl “a” data. For temperature, the first and highest peak was
located below the 17°C, the second one between 17°C and 22°C, and
the third one and the lowest above 22°C. This temperature range
variation in space and time determines the latitudinal distribution of
the stocks. For the catch and Chl “a” concentration analysis the first

one and highest peak is delimited by the range from 0.6 to 1.8 mg/m3,
the second and the third one with many less catch between 1.8 mg/m3
to 3.4 mg.m3 and 3.4 to 6 mg/m3. This Chl “a” concentration range
variation in space and time determines the longitudinal distribution of

the stocks, this means the distribution from the coastal to the oceanic
Zone.

1. Introduction

The California Current System (CCS) is a typical western boundary
current characterized by an important seasonal variability and the presence of
mesoscale phenomena such as coastal upwellings, cyclonic and anticyclonic
gyres and filaments [7, 25]. This system consists of the California Current
(CC) a dominant shallow (ca. 0-200m depth), wide (ca. 50-1000 km
offshore) flow equator ward originated from the south of Canada and
reaching the Baja California Peninsula (Mexico), with velocities about 25
cm/s [40, 45]. A portion of this current turns north to the south of Pt.
Conception (~35° N) becoming the Southern California Countercurrent
(SCC). This poleward current is matched at depth by the California Counter
Current (CCC) a narrow (ca. 10-40 km) subsurface (ca. 200-400m depth)
slope poleward countercurrent with velocities from 2 to 10 cm/s, carrying
saltier and warmer water from Baja California (~31° N) to Vancouver Island
(~50° N). Additionally, a surface poleward weak flow (ca. 5 cm/s) is
originated in winter close to Pt. Conception named Davidson Current (DC)
and travels north to at least Vancouver Island that in comparison with the
CCC, the DC is generally broader (ca. 100km), stronger and it extends
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seaward of the slope [25, 35, 38]. On average, the CC is stronger in spring
when it moves inshore, closer to the shelf-break. The CCC develops in the
spring and persists through late fall. The DC dominates the flow over the
shelf and beyond the shelf brake through winter.

The water masses present in the CCS are Subartic Water (SAW) with
cold and relative low salinity values which are transported southward by the
CC dominating in all the region [37], Surface Tropical Water (STW) and
Surface Subtropical Water (SStW) located to the south and southwest of Baja
California Peninsula [25, 31, 50], respectively. Other water masses present in
the CCS are the Subsurface Equatorial Water (SSEW) carried poleward by
the California Counter Current (CCC) [13] and the Intermediate Pacific
Water (IPW) below 400m [46]. The dynamics of the CCS which affect the
water masses distribution in space and time from weeks to even decades due
to macroscale phenomena, generates different environmental conditions [44]
that modulate the biological diversity and the chemical variability in the
region [6, 15, 23].

On the other hand, the CCS region is affected by different winds fields.
At high latitudes of the system (higher to 48° N) strong winds blow from the
south in winter and weak ones from the north in summer. At mid-latitudes
(35-48°N) winds have a strong seasonal cycle, being persistent from the
north in summer and intermittent from the south in winter. At lower latitudes
(25-35° N) winds are from the north on average but reach their strongest
magnitude in the late spring [25]. Spring and summer northern winds drive
offshore Ekman transport of surface waters, causing an upwelling of deeper
cooler and more nutrient rich waters. The CCS also presents an important
mesoscale activity characterized by gyres, meanders, filaments, jets and
fronts being most of them an efficient offshore-inshore interchange
mechanism [15, 18, 27, 31, 42, 43]. This mechanism accumulates and
maintains many species of plankton in the open ocean [4], and influences the
CCS ecosystem especially over the population dynamics of the Pacific
sardine (Sardinops sagax).

Several studies on marine communities have shown that the species
distribution depends on the environmental variability and therefore its
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parameter has been used as indicators of a particular habitat [16]. The sardine
distributes in highly productive current systems as the case of the CCS [24,
36]. The fishery richness in the region is a consequence of the high levels of
productivity produced by the coastal upwellings generating high levels of
nutrients in the euphotic zone [2].

The Pacific sardine distribution in the CCS varies depending on its
abundance. When the population is very high, its distribution is from the
southeast of Alaska to the southern part of the Baja California Peninsula
including the Gulf of California, dominating the neritic zone of the ocean
[28, 36]. The Pacific sardine population is constituted by several stocks and
this fact is sustained in part by the presence of several spawn areas separated
geographically [36], tagging information [9], vertebral counts [10, 47], blood
groups [47, 48] morphometric data [12, 22, 48], genetics [24, 26, 29], and
catches-Sea Surface Temperature (SST) analysis [20, 21]. The studies about
geographical distribution of the sardine in the CCS sustain the existence of
three stocks. However many uncertainties exists about the limits of these
stocks, mainly for the most northern stock which could be fractioned in two
groups, one spawning in Oregon-Washington offshore and another in front of
Southern California coast [17, 44].

The analysis of environmental variability is important to describe
changes in the population abundance of Pacific sardine. The massive growth
of this population is associated to warm periods with moderate coastal
upwellings [29].

The biological production as a result of coastal upwellings differs of the
one originated by the curl-driven upwellings in the open ocean. The coastal
upwellings present higher vertical speeds resulting in larger phytoplankters,
while the curl-driven upwellings with low vertical speeds favoring smaller
phytoplankters [19, 32], however this open ocean upwellings also contributes
with nutrients to the pelagic ecosystem [49, 13, 39].

Rykaczewski and Checkley [41] compared coastal upwellings and curl-
driven upwellings occurring offshore with the sardine population production.
Results indicated that the curl-driven ones had a significant correlation with
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the sardine production and not with the coastal ones in the same period. On
the other hand, Checkley, Jr. et al. [8] indicate the sardine spawns occur
mainly offshore in the frontal zone of the coastal upwelling.

Zwolinski et al. [52] carried out a presence-absence analysis of sardine
eggs related to sardine catches and SST and Chlorophyll “a” concentrations
(Chl “a™). They developed a widespread preservative model (GAM) to
predict space-time distribution patterns and the habitat of the northern
sardine in the CCS. The results showed that the sardine eggs are distributed
at SST from 11.5 to 15.5°C and Chl “a” from 0.18 to 3.2 mg/m3. The model
results also indicated that the maximum probability of sardine presence is

approximately at SST of 13.2 °C and Chl “a” of 0.5 mg/m3.

The characterization of the different ecosystems along of the CC is
necessary for the understanding of the distribution of the Pacific sardine
stocks. Therefore, this study is focused in the analysis of Pacific sardine
catches and their relation with the SST and Chl “a”, as well as the presence
of mesoscale structures in six areas located in the northwestern Pacific. The
study was developed with the hypothesis that the Pacific sardine habitat in
the oriental border of the California Current System is determined by the
seasonal and interannual variability of the environment evaluated through
some parameters such as SST, Chl “a”, and the presence of mesoscale
structures.

2. Materials and Methods

2.1. Study site

The study site is located in the California Current System from the 22°N
to 46°N and from 109°W to 132°W approximately. The site was divided in
six fishing areas of Pacific sardine: Magdalena Bay (MB), Cedros Island
(Cl), Ensenada (EN), San Pedro (SP), Monterey (MY), Oregon and
Washington (O-W). Four most representative quadrants from each area were
selected taking into account the maximum variation of SST and Chlorophyll
“a”. The values of these four quadrants were averaged to obtain a
characteristic value of each one of the six mentioned areas (Figure 1).
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Figure 1. Fishing areas and quadrant selection. Magdalena Bay (MB),
Cedros Island (CI), Ensenada (EN), San Pedro (SP), Monterey (MY), Oregon
and Washington (O&W).

2.2. Database

300 monthly averaged SST images were used in this work derived from
NOAA-AVHRR sensor (National Oceanic and Atmospheric Administration -
Advance Very High Resolution Radiometer) for the years 1981-2000, and
MODIS (Moderate Resolution Imaging Spectroradiometer) - Aqua/Terra
composite images for 2001-2005. 168 monthly averaged chlorophyll “a”
concentration images were used derived from CZCS (Coastal Zone Color
Scanner) for the years 1981-1986, OCTS and SeaWIFS (Be-viewing Wide
Field-of-view Sensor) for 1997 to 1999 and MODIS-Aqua/Terra-MERIS
(Medium Resolution Imaging Spectrometer) composite images for 2000-
2005. Satellite data were derived from different sensors in order to increase
coverage and diminish missing data. Most of the images are in high
resolution (1.1 km in the Nadir) and HDF (Hierarchical Data Format). These
data were supplied by Scripps Institution of Oceanography.
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The satellite images were cut for selecting the study areas, fishery zones,
and averaged quadrants for further analysis with catches. The seasonal
mesoscale gyre maps were constructed by means of standard visual
procedures detecting structures with SST and Chl “a” gradients [33, 34], but
taking into account that the chlorophyll concentrations were only available
for the periods 1981-1986 and 1997-2005. These satellite image works were
done by using the WIM software (Windows Image Manager).

Monthly data of sardine catches (1981-2005) in Magdalena Bay (MB),
Cedros Island (Cl) and Ensenada (EN) were obtained from the Population
Dynamics Laboratory of the Interdisciplinary Center of Marine Sciences
(CICIMAR-IPN), based on the records registered from sardine processing
factories that operate in this fishing areas. The catches data of San Pedro
(SP), Monterey (MY) and Oregon-Washington (O-W) were provided from
the Southwest Fisheries Science Center (SWFSC) at La Jolla, California. All
data collected were used as indicators of availability and abundance of the
sardine stocks.

2.3. Conceptual models

Three distribution conceptual models were elaborated with seasonal
averages of catches, and SST, Chl “a” satellite images, as well as the
presence of mesoscale gyres to describe the space-time distribution of the
sardine stocks in the CCS based on the conceptual model proposed by Félix-
Uraga et al. [20, 21]. The Felix-Uraga model was modified for this study to
include SST and Chl “a” satellite data and mesoscale gyres, as well as catch
data of 2003-2005 and fishing areas of MY — O-W. The conceptual models
were overlaid over 2003 seasonal images of SST and also compared with
seasonal Chl “a” and mesoscale gyres maps because this year represents an
oceanographic typical year and it showed the seasonal phenomena
characteristic of the region. The three models were used to describe some
environmental characteristics that describe the distribution of the temperate
and cold stocks. The warm stock was excluded from the conceptual models
because of its very limited presence.
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3. Results
3.1. Sardine catches vs. SST and Chl “a” analysis
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Figure 2. Total catches of Pacific sardine vs. SST in the CCS fishing zones.
(a) Total catches for 1981-2005 period, (b) Annual distribution.

Three stocks in the CCS are observed in the annual distributions of the
total catches (Figures 2a, 2b). The first one adapted to higher temperatures
than 22°C (warm stock), the second one between 17°C and 22°C (temperate
stock) and the third one to lower temperatures than 17°C (cold stock).
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In the case of the total catches and Chl “a” showed a catch maximum at
0.6 mg/m3 surface concentrations, with a gradual catch decrease toward

higher concentrations (Figure 3a). Longitudinal distribution of sardines
shows higher catches offshore and lesser ones in the coastal zone (Figure 3b).
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Figure 3. Total catches of Pacific sardine vs. Chl “a” in the CCS fishing
zones. (a) Total catches for periods 1981-1986 and 2000-2005, (b) Annual

distribution.
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3.2. Monthly variability analysis per fishing zones of SST, Chl “a” and
catches for the temperate and cold stocks
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Figure 4. Monthly variation of catches, SST and Chl “a” for the temperate
and cold stock (north and south distribution zones). The continuous lines
indicate the monthly catches, the dotted line the SST and the dotted-dashed
line the Chl “a”.
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After excluding the warm stock our analysis showed that when the
temperate stock is located to the southern side of its distribution zone (MB
and CI) the higher catches occurred in the first half of the year. When the
temperate stock is to the northern side of its distribution zone (IN and SP) the
higher catches occur in the second part of the year. In both cases the
temperate stock is restricted to SST between 17°C and 22°C and Chl “a”
between 0.4 and 1.8 mg/ms. It is noticeable the synchronization between
both higher values of catches and chlorophyll concentration in the first half
of the year while in the second part of the year this phenomenon is not
observed (Figure 4).

A similar situation was observed with the cold stock, when it is located
to the southern side of its distribution zone (EN and SP) the higher catches
occur in the first half of the year. When its distribution is present in the
northern side (MY and O-W) the higher catches occur in the second part of
the year. In both cases the cold stock is restricted to SST lower than 17 °C

and Chl “a” between 0.4 and 1.8 mg/m3. In this case the higher catches are
associated to higher values ranges of Chl “a” (Figure 4).

3.3. Conceptual models of the Pacific sardine distribution related to SST,
Chl *“a” and mesoscale phenomenology

The conceptual models of catches-SST images delimited the latitudinal
distribution pattern for both stocks, meanwhile the conceptual models of
catches-Chl “a” delimited the longitudinal distribution pattern for the stocks.

3.3.1. Winter. According to the catches-SST model for this season
(Figure 5a) both stocks are located to the north of their distribution zone. The
cold stock is distributed mainly along the coast from MY to O-W in areas
with SST values below the 17°C. The temperate stock is located from BM to
the south of EN and mainly in areas with SST values between the 17°C and
22°C. The higher catches of this season were in MY (cold stock) and in MB
(temperate stock).

The catches-Chl “a” model presented longitudinal variations of Chl “a”
being higher in the coast and lower in the open ocean. The higher catches
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were obtained in the range from 0.6 to 1.8 mg/m3. This range is restricted to
the coastal zone with the exception of a broad area to the north of MY where
the 0.6 mg/m? values are found offshore (Figure 5b).
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Figure 5. Conceptual models of sardine catch distribution for SST and Chl
“a” (overlaid on winter 2003 images), and mesoscale phenomena for winter.
(a) SST seasonal average image overlaid with the stock distribution patterns,
and 17°C and 22°C isotherms. (b) Chl “a” image with 0.6 and 1.8 mg/m3
isolines. (c) Frequency of mesoscale cyclonic and anticyclonic gyres of each
fishing area.
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The number of cyclonic and anticyclonic gyres generated during winter
of all analyzed years in each fishing area is shown in Figure 5c. The
anticyclonic gyres were the most frequent mesoscale phenomena present in
the study site with the exception of O-W and MB, where the cyclonic gyres
dominated. The mayor presence of these phenomena was observed in the ClI
area (12 gyres) and the minor in the MB area (3 gyres). Moderated
upwellings and filaments were also observed by means of the Chl “a” images
mainly between SP and O-W.

3.3.2. Spring. The models shown that the two stocks reach their
southernmost distribution in this season (Figure 6a). The cold stock is
distributed mainly along the coast from MY to the south of EN and also in
areas with SST values below the 17°C. The temperate stock is located from
Cl to the southern zone of MB and also in areas with SST values between
17°C and 22°C. The higher catches of this season were in EN (cold stock)
and MB (temperate stock).

The catches-Chl “a” model in this season presented the same
longitudinal pattern than in winter but with higher Chl “a” near the coast and

also registering the higher catches offshore between 0.6 to 1.8 mg/m3 (Figure
6b).

The generation of cyclonic and anticyclonic gyres varies in spring in
comparison to winter increasing from CI to EN and decreasing in O-W and
MY dominating again the anticyclonic gyres (Figure 6c¢). The mayor
presence of these phenomena was observed in CI area (24 gyres) and the
minor one in the MB area (3 gyres). The intensity of upwellings and filament
dimensions increased in this season mainly in the north part of the study area.
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Figure 6. Conceptual models of sardine catch distribution for SST and Chl
“a” (overlaid on winter 2003 images), and mesoscale phenomena for spring.
(a) SST seasonal average image overlaid with the stock distribution patterns,
and 17°C and 22°C isotherms. (b) Chl “a” image with 0.6 and 1.8 mg/m3
isolines. (c) Frequency of mesoscale cyclonic and anticyclonic gyres of each
fishing area.
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Figure 7. Conceptual models of sardine catch distribution for SST and Chl
“a” (overlaid on winter 2003 images), and mesoscale phenomena for
summer. (a) SST seasonal average image overlaid with the stock distribution
patterns, and 17°C and 22°C isotherms. (b) Chl *a” image with 0.6 and 1.8
mg/m3 isolines. (c) Frequency of mesoscale cyclonic and anticyclonic gyres
of each fishing area.

3.3.3. Summer. As observed in the conceptual model the two stocks
showed a northward displacement from their location in spring (Figure 7a).
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The cold stock was observed between O-W and MY but always in areas with
SST values below the 17°C isoline. The temperate stock is distributed from
EN to MB and mainly in areas with SST between 17°C and 22°C isolines.
The higher catches of this season were in O-W (cold stock) and EN
(temperate stock).

The catches-Chl “a” model showed similar Chl “a” values in this season
as in spring from SP to O-W but also a decrement from EN to MB (Figure
7b). The maximum catches were obtained again in the range from 0.6 to 1.8

mg/m3. The cold stock maintained in summer its offshore distribution as in
spring but the temperate stock presented some movements toward the coast
registering also the higher catches offshore between 0.6 to 1.8 mg/mg.

The conceptual model of mesoscale phenomena showed the highest
number of cyclonic and anticyclonic gyres of all study present during this
season. The catch areas that registered the mayor presence of these
phenomena were CI (22), MY (11) and O-W (17) and the minor one was SP
(0). The coastal upwellings and filaments maintain their intensity and number
as in spring in the northern part of the study area but present a reduction in
the southern part.

3.3.4. Autumn. According to the catches-SST model both stocks reach
the northernmost distribution during this season (Figure 8a). The cold stock
is distributed between MY and the northern limit of O-W, and as in the all
periods in areas with SST below the 17°C. Most of the temperate stock is
found in front of EN in areas with SST between the 17°C and 22°C, but with
some presence even to the northern limits of SP, and also in areas with SST
values below the 17°C. The higher catches were found to the north of O-W
(cold stock) and in EN (temperate stock) with low catches of both stocks in
the rest of the areas.

The catches-Chl “a” model in this season is similar to the winter between
SP and O-W but with a reduction in the concentration to the south of this
region and confined to the coast. The higher catches were obtained as in the

whole study in the range from 0.6 to 1.8 mg/m3 (Figure 8b).
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A drastic reduction of gyres is observed with the conceptual model of
mesoscale phenomena in this season being CI the location that registered the
mayor number of gyres (9). The coastal upwellings and filaments also
reduced their presence and intensity mainly in the southern half of the study
area (Figure 8c).
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Figure 8. Conceptual models of sardine catch distribution for SST and Chl
“a” (overlaid on winter 2003 images), and mesoscale phenomena for autumn.
(a) SST seasonal average image overlaid with the stock distribution patterns,
and 17°C and 22°C isotherms. (b) Chl “a” image with 0.6 and 1.8 mg/m3
isolines. (c) Frequency of mesoscale cyclonic and anticyclonic gyres of each
fishing area.
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4, Discussion

The results obtained with the application of our space-time distribution
models of the Pacific sardine are in accordance with those proposed by Félix-
Uraga et al. [20, 21], confirming the existence of 3 stocks adapted to different
temperature ranges (cold <17°C, temperate 17°C - 22 °C and warm > 22°C),
but being only representative the cold and temperate stocks. In addition to
the Félix-Uraga et al. works, we also describe but with better accuracy the
location of the stocks in relation to the limits of the temperature ranges and
the latitudinal movements of the stocks. Our analysis included as well, an
approach of longitudinal movements and a distribution description up to O-
W, area not previously described by Félix-Uraga et al. [20, 21], and the limits
of Chl “a” (0.6 to 1.8 mg/m®) for the both stock distributions. This does not
mean that the distribution of this cold stock is limited to the latitude of O-W,
but the limitation was the lack of satellite data to analyze the Vancouver
fishery.

In relation to the SST variations and catches during the first half of the
year, when the cold and temperate stocks are present in their southern
distribution, the lowest temperatures coincided with the maximum sardine
captures. For the second half of the year, when both stocks moved toward the
northernmost part of their distributions, the highest temperatures matches
with the catch maxima, coinciding with that described for Félix-Uraga et al.
[20, 21]. These authors also defined that the both stock distribution are
located in areas with SST range of 17°C-22°C for the temperate stock and
lower than 17°C for the cold stock.

Our results in winter suggest that the movement of the two stocks was
toward the south which could be related to the intensification of the CC
during this season [37]. The distribution of the Chl “a” ranges in this season
is near to the coast and associated to weak upwellings. In consequence, the
higher catches in the fishing areas of MY (cold stock) and MB (temperate
stock) were inferred near the coast. The stock distributions are associated to
the presence of anticyclonic gyres in MY and cyclonic gyres in MB with less
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frequency. It is noticeable for the temperate stock zone that while in CI were
observed more gyre generation registered scarce catches, but in contrast MB
presented lower gyre generation and higher catches, this in spite of the short
distance between these locations.

In spring both stocks reach their southernmost distribution, period when
the CC reaches their higher intensity and mayor presence towards the south
even reaching the PBC [37]. A longitudinal movement of stocks offshore
spreading in a mayor area is observed as a consequence of the highest
upwelling intensity occurring in this season [37, 52]. The highest catches
were observed in EN (cold stock) and MB (tempered stock) associated to
cyclonic gyres with a mayor frequency in EN. Furthermore, Ahlstrom [1] and
Clark [10, 11] recognize these zones as spawning areas where the larvae have
food availability for growth.

The movement to the north of both stocks in summer was evident, period
when the CC weakens and the CCC intensifies causing changes in the CCS
[14, 37] with the highest frequency of gyres of all seasons. The offshore
distribution of both stocks persisted but the highest catches were registered to
the north of their distributions (O-W for the cold stock and EN for the
temperate one). This situation is due to the persistence of the high upwelling
intensity mainly along the coast of USA, and with lesser intensity along the
Mexican coast, and the presence of cyclonic gyres with a mayor frequency in
O-W. In addition, Emmett et al. [17] and Lluch-Belda et al. [30] considered
that the areas occupied by the stocks during summer are used mainly for
feeding and sporadic spawning.

In autumn both stocks reach their northernmost distribution when the
CCC continues its intensification and the Davidson Current (DC) appears.
Some authors suggest that the DC results from the CCC intensification,
reaching the surface near the coast and is registered from Pt. Conception to
Vancouver [25, 35, 38]. The DC appearance generates a poleward transport
of less cold waters to higher latitudes and can contributes that the cold stock
be distributed far north reaching the coast of Canada. In other words, we
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infer that an important part of the cold stock locates beyond the limits of our
study area because of the presence of DC in this season, causing a stock
displacement to the VVancouver fishing area.

In addition, the weakening of the upwellings during autumn allowed the
stocks to move toward the coastal zone. This upwelling decay in the fishing
areas has been also observed by Zaytsev et al. [51] and Lynn and Simpson
[31] during this season. The tempered stock presented the maximum catches
in EN during autumn, in contrast to the cold stock which presented lower
catches in all of their distribution area. It is noticeable that in this season was
registered the lowest gyres frequency in all fishing areas. In our results we
observed a fraction of the temperate stock overpassing its minimum thermal
limit of 17°C. In this sense we could assume that this is not part of the
temperate stock but a southern fragment of the cold stock as was
hypothesized by Emmett et al. [17] and Smith [44].

From the results of this analysis, we infer that sardine stocks are mainly
distributed in areas of moderate upwellings throughout the year, and are
limited to values between 0.6 to 1.8 mg/m®, which is in agreement with the
results obtained by Zwolinski et al. [52] who defined this range as the
optimal habitat for this specie.

The productivity changes described with the conceptual models are as a
result of the variations of the CCS and the mesoscale physical phenomena
[39] consisting of cyclonic and anticyclonic gyres, upwelling and filaments,
which are associated to the ocean dynamics of each season [15, 18, 27, 31,
43].

In conclusion, the model allowed us to infer the distribution areas of the
Pacific sardine stocks which are linked to the CCS dynamics generating
different environmental conditions for each season. Bakun and Broad [3] and
Baumgartner and Ferriera-Bartrina [5] consider that areas with high
productivity and moderate upwellings determine the distribution and
abundance of sardine.
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