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ABSTRACT

Lopez-Magana, J.; Hurtado-Oliva, M.A.; Guzdn-Zatarain, O., and Manzano-Sarabia, M., 0000. Interannual spatial
variability of the western hemisphere warm pool and the impacts on marine protected areas in the Mexican Pacific.
Journal of Coastal Research, 00(0), 000—000. Coconut Creek (Florida), ISSN 0749-0208.

The Western Hemisphere Warm Pool is the second warmest body of water on Earth and has been highlighted according
to its significant influence on ocean and atmosphere components. This study focuses on the comparison of the
interannual spatial variability of the Western Hemisphere Warm Pool in the Eastern Pacific (WHWP-EP) according to
satellite-derived data from the Advanced Very High Resolution Radiometer. Secondly, the response of chlorophyll a (Chl-
a) as a proxy of phytoplankton was evaluated for Marine Protected Areas (MPAs, which are considered the main tool for
conservation of biological diversity) located in the Mexican Pacific with emphasis on anomalous events of the WHWP-EP.
The response was predominantly negative, particularly in MPAs located in the Deep Mexican Pacific and southern Gulf
of California, while the Midriff islands area (central Gulf of California) was not statistically significant due to the known
higher resilience to warm events. Observed trends in the extension of the WHWP-EP and negative response of Chl-a in
most of the MPAs highlight the need to consider phytoplankton in marine planning and management strategies,
particularly in the area known as Deep Mexican Pacific, where MPAs has been reported with a lack of management
effectiveness.

ADDITIONAL INDEX WORDS: E! Nirio-Southern Oscillation, sea surface temperature, Gulf of California, California

Current System, Deep Mexican Pacific.

INTRODUCTION

Phytoplankton are key communities with enormous rele-
vance for the functioning of aquatic ecosystems and they
provide diverse ecosystem services, e.g., supporting production
for higher trophic levels and climate regulation (Tweddle,
Gubbins, and Scott, 2018). Chlorophyll a (Chl-a) is commonly
used as a proxy for its study, particularly when using remote
sensing techniques to investigate the spatial and temporal
variability, especially in the context of the impact of global
warming and climate variability (Behrenfeld et al., 2006;
Kahru et al., 2012; Mészaros et al., 2021). The dynamics of
these organisms depend significantly on different physical and
chemical processes, e.g., marine currents, upwelling, salinity,
light, and availability of nutrients, among others (Jeffrey and
Vesk, 1997, Jeffrey, Vesk, and Mantoura, 1997; Thomas et al.,
2017). On interannual scales, the El Nino-Southern Oscillation
(ENSO) is one of the main drivers of atmospheric and oceanic
changes in the Pacific Ocean and during its warm phase (El
Nifio) the dynamics of diverse marine species from all trophic
levels—including phytoplankton—are generally negative af-
fected (McPhaden, Zebiak, and Glantz, 2006).
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On the other hand, warm pools are bodies of water with
temperatures equal or higher than 28.5°C (Flores-Morales,
Parés-Sierra, and Marinone, 2009; Misra et al., 2016; Wang
and Enfield, 2001; Wang and Enfield, 2003). The Western
Hemisphere Warm Pool (hereafter referred as WHWP;
Figure 1) is considered the second warmest body of water
on Earth (the bigger one corresponds to the Western Pacific
Warm Pool). Its seasonal signature involves the Eastern
Pacific, Gulf of Mexico, and the Caribbean Sea. On the other
hand, large warm pools have been linked to El Nifio (e.g.,
1957-1958, 1969, 1972, 1982-1983, 1987, 1990-1991, 1992—
1993, and 1997-1998 (Wang and Fiedler, 2006), although
some ENSO years are not related to anomalous WHWP
events (e.g., 1966, 1973, 1977, 1992) (Enfield, Lee, and Wang,
2006). Recently, it has been discussed that the WHWP is a
precursor of ENSO with a 17-month lead time (Park et al.,
2018). While the dynamics of the WHWP have been studied
previously (its onset, seasonality, and interannual variabil-
ity; e.g., Wang and Enfield, 2001; Wang and Enfield, 2003),
the impacts on phytoplankton are not widely reported yet;
e.g., Manzano-Sarabia et al. (2008) discussed the response of
satellite-derived sea surface temperature, Chl-a, and net
primary productivity during the El Nino-linked large warm
pool of 1997-1998, and the likely signature on higher trophic
levels using fishery landings as a proxy of biological
compartments in the southwestern Gulf of Mexico. The most
important ENSO events in the last decades took place from
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Figure 1. Sea surface temperature: composite image for July, August, and September from AVHRR; (A) 2008 (neutral year) and (B) 2015 (strong ENSO year).
The isotherm indicates SST >28.5°C which defines the extension of the WHWP-EP.

1982-1983 and 1997-1998, which together with the devel-
opment of the WHWP led to reductions in Chl-a and net
primary productivity in the Pacific Ocean (Behrenfeld et al.,
2006), predominantly in tropical and subtropical zones
(Racault et al., 2017). More recently, the 2015-2016 ENSO
is considered one of the strongest on record and the first
extreme El Nifio of the 21st century, with total heating rates
similar to the 1982-1983 ENSO but weaker than the 1997—
1998 event (Santoso, McPhaden, and Cai, 2017). Its great
development was not just related to a single aspect, but to
various forcings, e.g., the development of a warm anomalous
event that occurred in the northeast Pacific, also known as
the warm Blob (Xue and Kumar, 2017), which developed from
2013-2015 and has been linked as a trigger of the 2015-2016
ENSO (Bond et al., 2015; Jiménez-Quiroz et al., 2019; Tseng,
Ding, and Huang, 2017).

Natural Protected Areas (NPA) are defined spatial boundar-
ies established to protect marine and terrestrial ecosystems
and related ecosystem services from human activities and/or
climate variability (Havard, Brigand, and Carifio, 2015; Heinze
et al., 2015; Ortiz-Lozano, Guitiérrez-Velazquez, and Gran-
ados-Barba, 2009). In Mexico, NPA are regulated by the
National Commission for Natural Protected Areas (Comision
Nacional de Areas Naturales Protegidas or CONANP by its

Spanish acronym) and have increased in the last years from 53
recorded from 1917-1979 to 182 in 2021 (90,838,011 ha), and 37
of them correspond to Marine Protected Areas (MPAs) with
69,458,613 ha (Comisién Nacional de Areas Naturales Prote-
gidas, 2021). However, MPAs are affected by multiple
pressures, e.g., climate (ENSO, sea level rise, storms) and
non-climate stressors (pollution, tourism, fragmentation pro-
cesses, aquaculture, population growth) which may compro-
mise the structure, conservation of biodiversity, and ecosystem
services in general (Alban, Appéré, and Boncoeur, 2006;
Solandt et al., 2014). Oceanic-atmospheric variability at
multiple scales might be affecting the different biological
compartments in MPAs, like those associated with anomalous
events of the WHWP; therefore, the knowledge about its impact
on phytoplankton as an indicator of biological productivity is
required for accurate management and conservation strate-
gies. This study discusses the interannual temporal and spatial
variability of the Western Hemisphere Warm Pool in the
Eastern Pacific (WHWP-EP) throughout the analysis of time
series from the Advanced Very High Resolution Radiometer
(AVHRR), with focus on its impact on satellite-derived Chl-a
concentration as a proxy of phytoplankton biomass in MPAs
located in this region.
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Figure 2. Marine Protected Areas in the Mexican Pacific. Source: MPAs
polygons were downloaded from http://sig.conanp.gob.mx/website/pagsig/
info_shape.htm. 1: Guadalupe island; 2: Los Alijos island; 3: Vizcaino Bay-
Cedros island; 4: East Pacific rise-hydrothermal vent; 5: Deep Mexican
Pacific Deep-NE; 6: Deep Mexican Pacific-W; 7: Deep Mexican Pacific-S; 8:
Revillagigedo Biosphere Reserve; 9: Marias islands; 10: Deep Mexican
Pacific-Submarine canyon of Banderas; 11: Upper Gulf of California; 12:
Angel de la Guarda island; 13: San Lorenzo archipelago; 14: San Pedro
Martir island; 15: Guaymas hydrothermal vent; 16: Loreto Bay; 17: Espiritu
Santo island; 18: Cabo Pulmo.

METHODS

The spatial variability of the WHWP was assessed for the
Eastern Pacific (hereafter referred as WHWP-EP; extending
from the equator to 35° N and extending from the continent to
130° W; Figure 1) and additionally for the Gulf of California
(according to its defined boundary as a large marine ecosystem
[LME; Large Marine Ecosystems Hub, 2021). Monthly satel-
lite-derived sea surface temperature (SST; 4 km resolution)
from the AVHRR (dataset v5.3 from 1982-2018; National
Centers for Environmental Information, 2021) were analyzed
with the Windows Image Manager software (WIM, 2021) in
order to calculate the area (km?) with SST >28.5°C, —i.e. the
corresponding area to the WHWP-EP. According to Lopez-
Garcia (2020), AVHRR data based on monthly images and a
spatial resolution of 4 km are considered a robust product in
relation to cloud cover. In addition, an improved algorithm was
implemented starting from Version 4 to better eliminate cloud-
contaminated pixels (Casey et al., 2010). Monthly area
anomalies were calculated as deviation from the mean and
expressed as percentage.

Vectorial data (shape format) corresponding to eighteen
MPASs in the Mexican Pacific (Figure 2) were downloaded from
Comision Nacional de Areas Naturales Protegidas (CONANP,
2021) and monthly time series and related percent anomalies
(100 X (Anomaly — 1)) of Chl-a (1 km pixel resolution;
multisatellite merged data were provided by Dr. Mati Kahru
(Kahru, 2021) were calculated for those polygons and correlat-
ed (Pearson correlation) with the WHWP-EP area anomalies.
Although differences exist between individual sensors, e.g.,
instrument calibration and data processing algorithms,
merged multisensor data has provided several benefits; for
instance, an improved coverage and lower uncertainties in the
retrieved products (Kahru et al., 2012; Maritorena et al., 2010;
McClain, 2009). In addition, the algorithm for detection of
regime shifts was applied on time series of Chl-a anomalies
(Rodionov, 2004). This sequential t-test algorithm permits the
monitoring of changes in its magnitude over time and need no

initial visual inspection of time series and handling incoming
data as anomalies or absolute values (Rodionov, 2004).

The area with SST >28°C in the Mexican Pacific and Gulf of
California was compared by means of a one-way ANOVA (Zar,
1999) using as independent variables the analyzed years (i.e.
1982 to 2018), followed by a Tukey test to determine the
significant differences (P < 0.05) between means (Statistica
v13; TIBCO Software Inc.).

RESULTS

The spatial and temporal coverage of SST >28.5°C is shown
for data derived from AVHRR sensor (1982—2018) in order to
characterize the seasonal signature of the WHWP (Figures 3
and 4). As a whole, i.e. considering the Eastern Pacific, Gulf of
Mexico, and Caribbean Sea regions, the WHWP showed the
maxima extension in September (9,400,557 km?) and sepa-
rately during April (3,254,546 km?) and August (1,961,743
km?) for the WHWP-EP (Figures 3 and 4). On the other hand,
the WHWP-EP is well developed from July until October in the
Gulf of California (GC) and disappears November—June
(Figure 3), although its signature may occur in previous
months as recorded during anomalous years; e.g., an area of
~850 km? with SST >28.5°C was observed on May 2014, in the
southeastern region of the polygon of the Gulf of California
LME, i.e. southern Sinaloa coast (not shown).

Interannual variability corresponding to the area of the
WHWP-EP derived from AVHRR is shown in Figure 5.
According to these time series, the highest extension of the
WHWP-EP has occurred during strong ENSO events, i.e.
1982-1983, 1997-1998, and 2015-2016. Differences between
years in the estimated area of the WHWP-EP according to the
one-way ANOVA test were significant (P < 0.05).

Although not statistically significant, an increasing trend
was observed in the area with SST >28.5°C in the Gulf of
California mainly in June and November (not shown), i.e. the
decaying period in the Eastern Pacific, but the onset and
ending seasonal expansion of the WHWP-EP in the GC,
respectively (Figure 3). As discussed later, this suggests that
threats of warmer areas in the GC are increasing and therefore
in MPAs.

The highest area anomalies of the WHWP-EP (>100% in
comparison to the climatological mean) were observed during
1982-1983, 1997-1998, and 20152016 (Figure 6). In order to
analyze the impact of the WHWP-EP in the upper biological
compartment, time series of Chl-a anomalies on 18 polygons
corresponding to MPAs (Figure 7) were performed and
correlated with area anomalies of the WHWP-EP (Table 1).
Chl-a anomalies corresponding to Guadalupe and Alijos islands
located in the California Current System (CCS) showed a
positive and significant correlation with the WHWP-EP (r <
0.24; P < 0.05). On the other hand, MPAs located in the central
and northern GC showed no significant impact from the
WHWP-EP, while the Upper GC (Area 11) and areas 15, 16,
17, and 18 corresponding to the southern GC showed a weak
but still significant negative correlation (r < —0.27; P < 0.05).
As discussed later, this response in the central GC might be
associated to the great ocean dynamics found in the Midriff
islands zone allowing a good mixing that maintain a stable
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Figure 3. Seasonal spatial variability of the Western Hemisphere Warm Pool (SST >28.5°C) according to the AVHRR sensor (1982-2018).
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regime in the upper Chl-a concentration. In the Deep Mexican
Pacific, areas 4, 5, 7, 9, and 10 showed a significant and
negative correlation between Chl-a anomalies and the WHWP-
EP area anomalies (Table 1). On the other hand, the algorithm
for regime shift detection (Rodionov, 2004) showed that most of
the areas in the GC recorded no abrupt changes during the

analyzed period, excepting a period with a dominance of
negative Chl-a anomalies in the Upper GC (area 11) after 2012
and southern GC after 2009 (area 18) and 2013 (area 17). Areas
in the Deep Mexican Pacific (areas 4, 5, 6, 7, 8) showed a
negative step after 2012 and/or 2015, with a change to positive
anomalies during 2018 for areas 5 and 6.
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Figure 4. Seasonal comparison of the area of the Western Hemisphere
Warm Pool (WHWP) as a whole and the corresponding area in the Eastern
Pacific (WHWP-EP).

DISCUSSION

This study focused on describing the changes in Chl-a in
MPASs from the Mexican Pacific and the likely impact of the
WHWP in the Eastern Pacific (WHWP-EP). Changes on sea
surface temperature has been an object of study from local to
global perspective, e.g., trends (An et al., 2012; Barbosa, 2011,
Dunstan et al., 2018) and impacts on biological compartments,
e.g., the impact on fisheries (Lanz et al., 2009; Manzano-
Sarabia et al., 2008). On the other hand, MPAs in Mexico have
been greatly distinctive according to the ecosystem services
they provide (Ortiz-Lozano, Olivera-Vazquez, and Espejel,
2017), community involvement (Rodriguez-Martinez, 2008),
and social indicators (Morzaria-Luna, Turk-Boyer, and Moreno
Baez, 2014) in addition to management issues (Muzquiz-
Villalobos and Pompa-Mansilla, 2018; Ortiz-Lozano, 2012;
Ortiz-Lozano, Gutiérrez-Velazquez, and Granados-Barba,
2009; Ortiz-Lozano, Olivera-Vazquez, and Espejel, 2017;
Stamieszkin, Wielgus, and Gerber, 2009). Nevertheless, the
relevance of considering an oceanographic perspective for
marine conservation planning and management is still
overlooked in most of the studies in Mexico. Particularly, it
has been highlighted the importance of considering the
establishment of pelagic protected areas (Game et al., 2009)
and the implementation of an oceanographic background in
MPASs (Spiridonov et al., 2017).

The seasonal and interannual variability of the WHWP has
been discussed by several authors (Enfield, Lee, and Wang,
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Figure 5. Interannual variability of SST >28.5°C (1985-2018) in the (A)
WHWP-EP and (B) Gulf of California.
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Figure 6. Area anomalies (%) in the WHWP-EP according to AVHRR sensor.

2006; Misra et al., 2016; Wang and Enfield, 2003; Wang and
Fiedler, 2006); however, the influence on biological components
was not. According to the results from this study, the area of
the WHWP-EP is increasing in the last two decades reaching
the maxima during the 1997-1998 and 2015-2016 ENSO. Such
growth in the extension of the WHWP-EP may increase the
threats to phytoplankton and all biological compartments in
MPAs from the Mexican Pacific.

Differences were observed in Chl-a anomalies between
MPAS, i.e. those located in the CCS, GC, and Deep Mexican
Pacific. The signature of the WHWP-EP in the CCS was
expected to be low as the WHWP-EP limits its northern
extension to ~22.8° N (end of the Baja California peninsula;
Figure 3), however, a northern incursion of the WHWP-EP has
been recorded (SST >28.5°C was observed until 24.5° N during
September 2009, and even to 29° N during September 2015;
Figure 8). Several studies have shown negative trends in global
phytoplankton biomass and productivity (e.g., Behrenfeld et
al., 2006); however, the response of coastal upwelling systems
such as the CCS is complex (Xiu et al., 2018), as an increasing
upwelling intensity is expected (e.g., Bakun hypothesis) and
therefore to promote higher productivity. Such complexity is
also discussed by Kahru et al. (2012), as Chl-a fronts in the CCS
showed stronger sensitivity to local controls and were less
linked to large-scale variability of SST anomalies. Additionally,
significant decadal scale trends were detected in the Ensenada
front area where front frequencies of both SST and Chl-a have
increased together (higher Chl-a and colder SST). Such
evidence may explain significant and positive correlation
coefficients for areas 1 and 2 (Table 1). Chl-a anomalies in
MPASs from the CCS (areas 1, 2, and 3) revealed a negative step
after 2007 (Los Alijjos, area 2), 2011 (Guadalupe island, area 1),
and 2012 (Vizcaino Bay-Cedros island, area 3) (Figure 7), which
contrasted with the general state of the CCS, i.e. a cool phase
(Wells et al., 2013). Similarly, a decline in Chl-a was previously
reported (Bjorkstedt et al., 2012) for Punta Eugenia (~28° N,
corresponding to area 3 in this study) with an increase in the
SST maxima during 1998-2012 (Arroyo-Loranca et al., 2015),
which was related to different responses of inshore and offshore
areas to the Pacific Decadal Oscillation and El Nifio events.
MPAs in the CCS showed that negative anomalies prevailed
after 2011 according to the regime shift detection algorithm
(Rodionov, 2004), with no signs of further recovery at the end of
the analyzed period (1997-2018) as a likely negative response
following the warm Blob of 2013 and the 2015-2016 ENSO.
Although the appearance of the warm Blob has been reported
for 2013, the step to a poor productive period was recorded even
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correlation with the WHWP-EP except the Upper GC (area
11) and southern GC, i.e. Guaymas hydrothermal vent, Loreto
Bay, Espiritu Santo island, and Cabo Pulmo (areas 15, 16, 17,
and 18, respectively), recording negative correlation coeffi-
cients (P < 0.05). This might be related to the known poor

3). In relation to
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igure

November (F
Chl-a, most of the central and northern GC showed no

isappears in

Figure 7. Chl-a anomalies corresponding to Marine Protected Areas polygons. The algorithm for regime shift detection (dashed red line; Rodionov, 2004) was
Seasonally, the influence of the WHWP-EP in the GC starts

applied to detect abrupt changes in time series (1996-2018).

earlier, i.e. 2012, which suggested that the biological compart-

ment responded to another forcing factors.

on June and d
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Table 1. Pearson correlation coefficients between anomalies of the area of the Western Hemisphere Warm Pool in the Eastern Pacific (WHWP-EP) and
chlorophyll a (Chl-a) anomalies for Marine Protected Areas in the Mexican Pacific.

1 2 3 4 5 6 7

9 10 11 12 13 14 15 16 17 18

Correlation coefficient 0.24 0.21 -0.22 -0.18 -0.13 N.S.

-0.16 N.S.

-0.21 -0.28 -0.25 N.S. N.S. N.S. -014 -02 -0.25 -0.27

Bold =P < 0.05; AVHRR = Advanced Very High Resolution Radiometer; N.S. = no significant correlation

impact of warm events in the central GC, particularly in the
Midriff islands area due to the strong mixing related to winds,
tides, hydraulic jump, and currents (Robles-Tamayo et al.,
2018), overlapping with the reports of no long-term trends on
SST (Lluch-Cota et al., 2013). Although not statistically
significant, the area with SST >28.5°C has been increasing in
the GC since 1982 for the onset and decaying months of the
WHWP-EP in the GC, i.e. June and November (not shown),
suggesting that the GC would be becoming more sensitive to
warmer conditions. For MPAs located in the region known as
the Deep Mexican Pacific, a negative step was recorded in all
analyzed areas (4, 5, 6,7, 8,9, 10) starting on 2012 and followed
another negative step in 2015. This region is more affected by
diverse events that have a deep signature in the tropical and
sub-tropical Pacific, i.e. ENSO and anomalous WHWP; there-
fore, the referred negative steps on Chl-a anomalies could be
related to the higher influence of such events. The positive
trend observed in the area anomalies of the WHWP-EP (Figure
6) followed the response reported for the southern Mexican
Pacific, i.e. a warming trend after the 1997-1998 ENSO (Lluch-
Cota et al., 2013). Biological productivity in MPAs from the
Deep Mexican Pacific were more susceptible to WHWP-EP
anomalies, i.e. Chl-a anomalies dropped ca. —20% for most of
the areas following the 20152016 ENSO, considered a “God-
zilla” or super ENSO, in addition to the events of 1982-1983
and 1997-1998. Management effectiveness evaluation is a key
tool to assess how protected areas are being managed
(Leverington et al., 2008). Mexico, throughout CONANP, has
implemented this framework for both terrestrial and marine
protected areas and published a first national report about the
effectiveness of the management of Natural Protected Areas
(Comisién Nacional de Areas Naturales Protegidas, 2020). In
this sense, it is important to highlight that excepting
Revillagigedo Biosphere Reserve, all MPAs located in the Deep
Mexican Pacific were reported with a poor level on manage-

-116.0 -112.0 -108.0 —181.8

2009 N\
300

ment effectiveness, which in addition to a negative response of
Chl-a to warm events increases the risks on all biological
compartments. Although most of the MPAs located in the GC
showed a negative correlation of Chl-a and WHWP-EP, it is
relevant to mention that those were reported with a high
management effectiveness (e.g., Upper Gulf of California-area
11, San Pedro Martir-area 14, Loreto Bay-Area 16, and Cabo
Pulmo-area 18). MPAs located in the California Current
System are less sensitive to warm pool events because of their
geographical location and their high reported management
effectiveness (e.g., Guadalupe island-area 1). According to the
overall results, it is strongly recommended that MPAs consider
climate forcing, particularly present and future scenarios of
warm pool events, in assessments and management of Mexican
MPAs. If warm areas and related magnitude continue
increasing in the Mexican Pacific, the known high biological
productivity of these MPAs may be compromised as their
biological richness would also decrease (Muzquiz-Villalobos
and Pompa-Mansilla, 2018), e.g., priority species such as
whales and other marine mammals may change their distri-
bution outside the current MPAs polygons. This scenario
highlights the fact that current boundaries of MPAs in the
Mexican Pacific may become obsolete in the near future due to
a likely stronger influence of WHWP as phytoplankton biomass
decreases.

CONCLUSIONS

This contribution provided a first insight of the response of
Chl-a in MPAs to anomalous events of the Western Hemi-
sphere Warm Pool in the Mexican Pacific. According to
analyzed data from the AVHRR sensor, the area with SST
>28.5°C is increasing over the last two decades and reached a
maximum during the 1997-1998 and 2015-2016 ENSO,
raising also the threats of MPAs to warmer conditions. MPAs
located in the Deep Mexican Pacific showed a negative

-116.0 -112.0 -108.0 —131‘8

2015 N\

300

Figure 8. Areas with SST >28.5°C in the California Current System and Gulf of California during September 2009 and 2015.
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response on Chl-a anomalies, which in addition to a low
management effectiveness, increases their risk level during
warm conditions. Although the sensitivity of the GC to warm
events was considered low, the increasing trend of areas with
SST >28.5°C in both the onset and decayed months of the
WHWP-EP in the GC suggested that threats to warmer
conditions are growing in this Large Marine Ecosystem.
Political, social, and economic stressors are commonly evalu-
ated in Mexican MPAs, while the climate and oceanographic
background are still missed in most of the studies. According to
present results and due to the relevance of phytoplankton for
the functioning of ecosystems, primary producers should be
considered as priority within marine management strategies.
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