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Abstract: The Gulf of California is the most productive fishing region in Mexico; its ecosystems
contain a vast diversity of species with exploitation potential, some of them potentially vulnerable
to climate change. This research was conducted to analyze, through habitat suitability models, the
possible alterations in the distribution of the three shrimp species of the most importance for com-
mercial fishing in the region: Litopenaeus stylirostris, Litopenaeus vannamei, and Farfantepenaeus
californiensis. Habitat suitability models were built using the MaxEnt software, primary productivity
data, temperature, salinity, bathymetry, substratum, coastal type, and geo-referenced occurrence
records of the three species. Of the data, 70% was used on training, while the remaining 30% was
used for validation. To make estimates of climate change impact on this fishery, projections on
distribution of the three species from environmental forecasts generated by the intergovernmental
panel on climate change until 2100 were made. The used model, that is in full development and
expansion, could be considered as an applicable tool to other problems and showed efficiency rates
above 90%. The species will maintain most of their historical distribution, but L. stylirostris and
L. vannamei will have a new distribution area within the zones of the Magdalena-Almejas Bay and
the Gulf of Ulloa, with an increase of 80% and 148% respectively; all species will have loss areas in
the proportion of 16%, 2%, and 11%, respectively, along the southern Gulf of California.

Keywords: poleward shift; climate change; ecological niche; climate preferences; L. stylirostris;
L. vannamei; F. californiensis

1. Introduction

In the Mexican Pacific, eight shrimp species are utilized, from which three constitute
more than the 90% of the total catch: brown shrimp (Farfantepenaeus californiensis), blue
shrimp (Litopenaeus stylirostris), and white shrimp (Litopenaeus vannamei). Both the
industrial fleet and the small scale one or riverside participate in the fishing [1,2]. The
capture of these species is within the top ten by tons produced, but in first place by the
economic benefits at the national level [3]. Their distribution is associated with estuarine
systems, coastal lagoons, and the coastline of tropical and subtropical zones, which are
zones characterized by great environmental, biologic, and ecologic variability [4].

The main three shrimp species with high commercial value are captured largely from
the Gulf of California (GC), where each shrimp has its preferred environmental conditions.
The blue shrimp is caught with more frequency in the areas near the estuaries, and in
salinities higher than normal [5]. The brown shrimp is located over harder substrates and
clearer waters [5]. The white shrimp is found regularly on zones influenced by river deltas,
estuaries, or coast lagoons; it does not tolerate high salinities neither cold temperatures, and
temperatures over 33 ◦C and below 5 ◦C are lethal in the long term; the optimal intervals
are between 24 to 30 ◦C [6]. Nowadays, the states in the northwest of the country contribute
most of the capture (75%), which is composed mainly of brown shrimp (F. californiensis)
(approximately 70–80% of the total catch) and blue shrimp (L. stylirostris) [6–8]; the white
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shrimp (L. vannamei) are captured to to a lesser extent, as well as a variety of crystal shrimp
species (F. brevirostris) and rock shrimp (Sicyonia spp.).

The shrimp capture in Mexico has important fluctuations that are mainly related to
the environmental variability, creating evidence suggesting that these are species greatly
affected by environmental changes which impact their abundance, feeding, and mainly
their distribution. Besides this, the high fishing effort may cause high variability of cap-
tures [9–11] and an effect on biomass production [12–14]. According to official statistics
in the Gulf of California, during the 2000–2018 period, the reported catches by shrimp
fisheries were upwards of 30,000 tons yearly. During 2017–2018, the catch was 51,611 tons,
with a value of $290 million USD.

The ENSO Niño-Niña phenomenon has a profound influence on shrimp’s biomass,
causing a reproduction gap that has repercussions in recruitment periods in lagoons,
estuaries, and later to high seas [4]. The blue shrimps are the species that shows a higher
correlation with environmental variability, since in Niña events the capture increases
significantly, and the opposite happens in Niño events; in white and brown shrimps it is
possible to observe tendencies which indicate some environmental influence on captures;
the former seems to be favored by Niña events and the latter by Niño events [6].

Nowadays, records exist on environmental variability behavior which accumulate
data series of many years, but there are few published studies about what will happen
as a consequence of climate change in the future. One of these studies is the one from
the Intergovernmental Panel on Climate Change (IPCC), established in 1988; the IPCC
publishes periodical assessment reports to understand the climate change induced by
human activities, and which mention that, in the last 30 years, the atmospheric temperature
increased by between 0.3 ◦C and 0.6 ◦C and that increments between 1.4 and 5.5 ◦C are
expected for the last part of the century. These variations within the sea environment affect
the ocean’s climate regulation, since they have a heat capacity (heat absorption) around
1000 times higher than that of the atmosphere, suggesting that each atmospheric increase
of 1 ◦C will cause an increase of 0.5 ◦C in the ocean [15]. In this way, the future scenarios
on climate change imply a global increase in the ocean’s temperature, a decrease in total
primary productivity, and an increase of salinity [16–18].

The fishing sector is strongly affected by extreme climate conditions [19]. In Mexico,
the shrimp is a high priority fishing resource due to its high demand and value on the
market, providing a considerable source of currency and job generation for an important
proportion of the fishers’ population [20]. Climate change could have severe repercussions
on Mexico, since it will not only be temperature increases, but the frequency of extreme
hydrometeorological events will increase too, having severe impacts on some species and
causing their extinction if temperature variations surpass their adaptive capability [21].
Therefore, information is needed regarding spatial and temporal variability of this type of
fishery to provide a view on the changes that shrimp populations can expect [22], and to
provide useful scenarios to integrate strategies for climate change adaptation and thereby
reduce potential future impacts in the fishing industry and fishers.

The habitat suitability model (HSM) portrays information about relationships between
species and environmental variables; therefore, it must be considered as a useful and
improvable approach, and as an applicable tool to other problems such as the forecast of
potential environmental impacts on species distribution [23–25]. These models are in full
development and expansion, with new methods that allow evaluations on environmental
variations impacts, which could ease the development of strategies that help to elaborate
scientific answers on how the species react to the changes that global warming causes [26].
Many algorithms exist for HSM creation, but the Maximum entropy (MaxEnt) model is the
most used because it implements one of the algorithms of precise mathematical formulation
and only requires presence data and environmental variables [27].

Considering what was discussed previously, this work had the purpose of using
HSM to analyze the historical distribution of brown shrimp (F. californiensis), blue shrimp
(L. stylirostris), and white shrimp (L. vannamei) to project the models in function of the



Appl. Sci. 2021, 11, 5506 3 of 17

possible variations on oceanographic conditions caused by climate change, using the
scenarios 2.6, 4.5, and 8.5 of the Representative Concentration Pathways (RCP) proposed by
the Intergovernmental Panel on Climate Change (IPCC). This effort generated unpublished
information about the potential effects on the distribution of the main species of the fishery
in the face of climate change, and identified the variables with the greatest contribution to
the modelling process.

2. Materials and Methods
2.1. Study Area

The Gulf of California (Figure 1) has hydrological characteristics that vary from the
large and the narrow sea [28]. The northern region is characterized by high superficial
salinities and temperatures that oscillate from 10 ◦C to 30 ◦C in winter to summer; in
the central region, superficial temperature shows a strong difference between winter
and summer, reaching values of 16 ◦C and 31 ◦C, respectively, and the southern region,
which is in open communication with the tropical Pacific Ocean through the mouth, has
a complex hydrographic structure due to the confluence of many water masses [29]. On
the other hand, the mixture by tides and the upwelling processes generate a high primary
productivity [30], which contributes a great volume of resources of fishing importance to
the region’s coastal communities.

Figure 1. Study Area and shrimps’ occurrence records.
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2.2. Habitat Suitability Models

To develop the HSM, two essential elements were required: data on species presence
and an environmental database which serves to detect the potential habitable sites on
the GC.

2.2.1. Occurrence Records of Shrimps

The occurrence data for each shrimp species were obtained from free access sources:
the Global Biodiversity Information Facility (GBIF; www.gbif.org; accessed on 28 February
2019), the Ocean Biogeographic Information System (OBIS; https://obis.org/; accessed on
13 September 2020), and INaturalist (https://www.inaturalist.org/; accessed on 13 Septem-
ber 2020), but the majority were obtained by digitizing maps from scientific publications
related to shrimp fishing (Table 1). The digitization was made in QGIS 3.8 software; in
order to decrease the spatial autocorrelation, a filter to eliminate duplicate data on a buffer
of 9.2 km was applied to the occurrence records at the same spatial resolution of environ-
mental layers [31,32]. Additionally, the elimination of records with mistakes pertaining
to coordinates, land records, or that were outside the species’ natural habitat were done.
In total, 595 records for the blue shrimp, 650 for the brown shrimp, and 388 for the white
shrimp were obtained (Figure 1).

Table 1. Environmental and occurrence records used to create the species distribution model of shrimps.

Data Source Period
Ocurrence records Ruiz-Luna (2010) 2010

Amezcua et al. (2006) 2001–2002
Manzano Sarabia et al. (2007) 2003

Morales-Bojórquez et al. (2012) 1992–2006
Hernández-Padilla et al. (2018) 2005–2006

Rábago-Quiroz et al. (2011) 2004–2007
López-Martínez et al. (2012) 2004–2005

García-Juárez (2012) 2012
INAPESCA (2014) 2014

Herrera-Valdivia et al. (2016) 2009–2011
GBIF.org (accessed on 28 February 2019) GBIF Occurrence Download

(https://doi.org/10.15468/39omei) 1990–2018

OBIS (https://obis.org/; accessed on 13 September 2020) 1990–2014
INaturalist (https://www.inaturalist.org/; accessed on 13 September 2020) 2016–2019

Primary Production
Oregon State University

(https://www.science.oregonstate.edu/ocean.productivity/; accessed on
13 September 2020)

2003–2019

Sea Surface Salinity Hycom (https://hycom.org/; accessed on 13 September 2020) 2003–2019
Sea Surface Temperature Modis Aqua (https://oceancolor.gsfc.nasa.gov/; accessed on 13 September 2020) 2003–2019

Bathymetry GEBCO (https://www.gebco.net/; accessed on 13 September 2020)
Primary Production

(RCP models)
Max-Planck-Institut für Meteorologie

(https://esgf-node.llnl.gov/projects/esgf-llnl/; accessed on 13 September 2020) 2006–2100

Sea Surface Temperature
(RCP models)

Max-Planck-Institut für Meteorologie
(https://esgf-node.llnl.gov/projects/esgf-llnl/; accessed on 13 September 2020) 2006–2100

Sea Surface Salinity
(RCP models)

Max-Planck-Institut für Meteorologie
(https://esgf-node.llnl.gov/projects/esgf-llnl/; accessed on 13 September 2020) 2006–2100

2.2.2. Environmental Database

The environmental database was built from data of: Primary productivity (PP,
mg C m−2 d−1), sea surface temperature (SST, ◦C), bathymetry (m), sea surface salin-
ity (SSS), and substratum and coastal type.

The primary productivity data (PP), obtained from Oregon State University, were
based on data obtained by the sensor MODIS Aqua, which consisted of satellite images
complemented with the carbon-based productivity model [33]. SST data was obtained from
the sensor MODIS Aqua. Both variables’ data were obtained from 2003–2019 on a resolution

www.gbif.org
https://obis.org/
https://www.inaturalist.org/
GBIF.org
https://doi.org/10.15468/39omei
https://obis.org/
https://www.inaturalist.org/
https://www.science.oregonstate.edu/ocean.productivity/
https://hycom.org/
https://oceancolor.gsfc.nasa.gov/
https://www.gebco.net/
https://esgf-node.llnl.gov/projects/esgf-llnl/
https://esgf-node.llnl.gov/projects/esgf-llnl/
https://esgf-node.llnl.gov/projects/esgf-llnl/
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of 9.2 km. The SSS was obtained from a HYCOM (HYbrid Coordinate Ocean Model) [34]
model from 2003–2019 and were interpolated using an inverse distance weighted (IDW)
scheme on the same resolution and spatial coverage as the SST and the PP. These data were
averaged to generate climatology for each season, which were used to develop models of
the shrimp distribution (Table 1).

To prevent the high correlation between environmental layers, we used Pearson’s cor-
relation analysis in R software [35] and excluded the environmental layers with correlation
indices higher than 0.9 because high correlation between environmental layers may alter
model predictions [36,37].

The bathymetry data was downloaded from the General Bathymetric Chart of the
Oceans (GEBCO) on a resolution of 30 arc seconds and was re-sampled on the same spatial
resolution as the rest of the variables. For the creation of the coastal type, a raster of Normal-
ized Difference Vegetation Index (NDVI), downloaded from the Global Land Cover Facility
(GLCF: http://www.landcover.org/; accessed on 13 September 2020), was implemented
to differentiate between mangrove ecosystems and other types of non-submerged vegeta-
tion [38,39]. The substratum type data were obtained by digitizing the sea sedimentology
published by INAPESCA (1994) [40].

2.2.3. Current Shrimps’ Distribution Model

The habitat suitability model (HSM) was made individually for each species using
MaxEnt 3.4.1 [27]; 30 replicates of each model were made, and for each one of them 30%
of the randomly selected records were used and the remaining 70% were used as model
training. With this finished, the average of the 30 remaining replicates was considered as a
result of the three shrimps’ habitat suitability modelling. The output on logistics format
and the area under the curve (AUC) value from the receiver operating characteristics (ROC)
chart were used to evaluate the model efficiency.

2.3. Climate Change Scenarios

The climate change scenarios were obtained from the Coupled Model Intercomparison
Project Phase 5 (CMIP5) generated by the Max Planck Institute (MPI). These scenarios
propose weather tendencies derived from the concentration of greenhouse gases on the
atmosphere; the scenarios used were the RCP, 2.6, 4.5, and 8.5, which indicated 2.6 W/m2

for scenario 2.6, 4.5 W/m2, for scenario RCP 4.5, and 8.5 W/m2 in the case of scenario RCP
8.5 [41].

The scenarios consisted of the variables SST (K), SSS (PSU), and PP (mol m−2s−1) for
the period 2006–2100; this data was selected due to its spatial resolution (0.25◦), which
included data along the Gulf of California, unlike other models [17]. The MPI projection
units became the same historical variables (SST in ◦C and PP in mg C m−2 d-1), but the
scenarios presented a bias in regard to local conditions, which was corrected using the
quantile method to escalate towards real environmental data [42]. Taking as reference the
historical variables of SST, SSS, and PP (2006–2018), the quantiles were calculated using
the R software [35]. Once the biases in RCP scenarios were corrected, Pearson‘s correlation
between the historical variables (2006–2018) and the RCP models for the same period were
made; a high correlation between historical variables and RCP scenarios indicated bias
reduction.

Once the HSM was made, the tenth percentile threshold provided by MaxEnt was
used to generate binary maps (presence/absence; Melo-Merino et al., 2020) [43] and to
make estimations on the current coverage in km2 of these species’ distribution. Later,
projections were made for every decade (current to 2100) according to each RCP scenario to
detect the change in the shrimps’ habitat caused by the changes in environmental variables
according to the RCP scenarios.

http://www.landcover.org/
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3. Results

According to Pearson’s correlation analysis, the selected environmental variables for
making the habitat suitability models were temperature and primary productivity during
winter and summer. In the case of salinity, all seasons showed a high correlation between
them, so we selected the autumn salinity because it had the lowest correlation in relation to
the rest of the environmental variables (R ≤ 0.68; Table A1).

On the other hand, Pearson’s correlation analysis between historical variables and
RCP scenarios found that the SST had a correlation higher than 0.87, the salinity had a
correlation higher than 0.91 and, finally, the primary productivity had the lowest correlation
of 0.67.

The MaxEnt results indicated that the areas under the curve (AUC) of the blue, white,
and brown shrimp species’ potential distribution were 0.973, 0.988, and 0.961, respectively.
The values of the tenth percentile threshold were 0.387 for the blue shrimp, 0.372 for the
white shrimp, and 0.266 for the brown shrimp.

3.1. Environmental Contribution on Shrimps’ Habitat Suitability Models

The bathymetry, maximum temperature, and minimum salinity were the variables
which most influenced species distribution with more than 94% contribution; the remaining
variables (substratum, maximum primary productivity, minimum, minimum temperature
and coastal type) had less than 6% contribution (Table 2).

Table 2. Contribution of each selected variable to create the habitat model for each shrimp species
using MaxEnt.

Environmental Variable Blue Shrimp White Shrimp Brown Shrimp
Bathymetry 79.5% 68.6% 83%

SST summer 11.2% 16.1% 7.6%
SSS Autumn 5.5% 9.7% 3.4%
Substratum 2.8% 4.2% 2.5%
PP winter 0.6% 0.9% 2%

SST summer 0.2% 0.3% 0.7%
PP summer 0.1% 0.1% 0.4%
Coastal type 0% 0.1% 0.3%

According to the response curve generated by MaxEnt (Figures A1–A3), the blue
shrimp preferred depths less than 100 m, temperatures between 13 to 32 ◦C, primary
production of 250 to 380 mg C m−2 d−1, a salinity of 35.5, coasts with little unsubmerged
vegetation, and sandy soils with gravel and silt (Figure A1).

The white shrimp preferred depths less than 100 m, temperatures between 25 to
32 ◦C, primary production of 400 to 600 mg C m−2 d−1, a minimum salinity of 34.5, and
coasts with vegetation and soils of sand and silt (Figure A2). The brown shrimp preferred
depths less than 100 m, temperatures between 18 to 32 ◦C, primary production of 100 to
3500 mg C m−2 d−1, a minimum salinity of 34–34.5, and coasts with plentiful vegetation
and soils of sand, silt, and gravel (Figure A3).

3.2. Current Shrimps’ Distribution

According to the habitability models, the blue shrimp (Figure 2a) had a continuous
distribution from Nayarit to the upper Gulf of California, which equals to an extension
of 59,778 km2 approximately. On the other hand, the white shrimp had its distribution
in the coasts of Nayarit, Sinaloa, and south of Sonora, and the distribution area was
24,543 km2 with limits around the Guaymas bay (Figure 2b). Finally, the brown shrimp had
a distribution in all the states found within the Gulf of California but the species had its
major concentration in Sinaloa; the distribution area was 106,110 km2 and included zones
outside the GC, such as Magdalena Bay in the Pacific Ocean (Figure 2c).
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Figure 2. Current habitats suitability model for each shrimp species in the Gulf of California.

3.3. Climate Change Effects on Shrimps’ Distribution

The estimated areas from the climate change projections (Figures 3 and 4, Figures A4 and A5)
show the amount of available area tendency for the three shrimp species; these show that
the blue and white shrimp will have an increase of area above their historical distribution
in the whole time set, while the brown shrimp will have fluctuations, both increasing and
decreasing in regard to its historical distribution.

Figure 3. Habitat suitability models for each shrimp species for 2090–2100 according to the RCP8.5
scenario. See habitat models for the RCP2.6 and RCP4.5 scenarios in Figures A4 and A5.
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Figure 4. Changes in habitat suitability areas for each shrimps’ species based on climate change
scenarios (current to 2100).

The geographical changes projected towards 2100 (Figures 3 and 4, Figures A4 and A5)
show that the blue shrimp will have a 16% loss zone including the coasts of Nayarit and
south of Sinaloa, while the coasts of BCS are where the higher area gain will appear with
an increase of 80%. For the white shrimp, there will be a small spatial loss in Nayarit and
the gain areas will be distributed in the upper Gulf of California and BCS, including the
zones of the Gulf of Ulloa (GuO) and Magdalena-Almejas Bay (MAB) with a 148% area
increase. The brown shrimp will have an increase of 40% in the west coast of BCS and the
greater part of the upper Gulf of California; the loss zones will be only 11%, distributed in
Nayarit and the southern part of Sinaloa.

4. Discussion
4.1. Uncertainties and Assumptions

The shrimps’ distribution has limits related to the environmental conditions they live
in, highlighting the variable values of temperature, salinity, and primary productivity
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in the depths wherein adult-size shrimps are found. Considering that records of these
values are not available due to the high cost implicit in generating this data, they are
uncommon in governmental agencies statistics, and occasionally published as research
products; these type of studies are complex due to the lack of reports, or because the
existent ones correspond to specific periods and not to a constant data series.

Additionally, it has to be considered that in the case GC upwellings occur, induced by
the wind along the coast, there will be impacts on food availability, temperature, salinity,
and turbidity [20,44]; these conditions are a reflection of what lies at sea bottom, which
rises to the surface carrying with it these conditions that are present in historical variables
data. In accordance with all of the above, we considered that the use of historical variables
at a surface level is not ideal, but in the absence of information, it offered an approach to
the environmental conditions that are found in the sea bottom.

4.2. Model Accuracy and Current Distribution

The MaxEnt algorithm is considered as one of the best due to its performance and
precision [27,45], since it provides AUC values based on the assessment locations used
in each model execution [46]. In this study, the average values of AUC calculated from
30 model repetitions were used to measure the model performance, since generally the
AUC is the measure accepted as the best to evaluate the model performance [47]; values
between 0.8–0.9 indicated a very good model quality [48].

The habitat suitability models (Figure 2) are a congruent reflection of the abundancy
and species capture zones, since the digitized points correspond to abundancy maps and
fishing boats; therefore, it is assumed that in the upper Gulf of California only blue and
brown shrimp are found, and in the zone exist two activities of special attention: the
resources exploitation and the ecosystem conservation [49]. The space occupied by fishing
in the UGC is large and it includes approximately 75% of the aquatic surface; the core
zone and the vaquita refuge area are zones not highly exploited, and they must function as
recruitment areas and for population recovery of sea species affected by fishing [50,51].

In the coast of Sonora, Guaymas is one of the most important zones in terms of riparian
shrimp fishing due to its habitats that include shallow waters, sandy beaches, rocky areas,
islands, coastal dunes, mangrove vegetation, and seaweed beds; likewise, it is a place for
reproduction and the breeding of brown, blue, and white shrimp [52], which is congruent
with the habitability models because these species have a preference for these types of
oceanographic conditions. In the state of Sinaloa, the habitability models indicated that the
three shrimps are distributed in most of the state, because the coast has a series of estuaries,
bays, coastal lagoons, and wetlands, which generate protected environments from wave
activity and predators that are perfect for reproduction development [53].

Finally, in the state of Baja California Sur (BCS), the lagoon complex of Magdalena-
Almejas Bay is the main zone for brown shrimp extraction, which is the most conspicuous
species in the captures, significantly partaking in seasons both with high and low total
production [5]. The lagoon complex is divided into three zones: the northwest zone, the
Magdalena Bay zone, and the Almejas Bay zone. Each of them is irregular in shape and
is composed of a large number of estuaries, small lagoons, and by waterways with an
average depth of 3.6 m [5].

4.3. Environmental Drivers of Shrimps’ Distribution

Among the environmental variables used for the HSM, the bathymetry showed most
influence on predictions of potential distribution zones (Table 2), which is consistent with
other articles reporting that the bathymetry is extremely important in shrimp distribu-
tion [3,22]; additionally, Basher and Costello (2016) reported contribution percentages
of 61% for bathymetry, it being the most important variable in the distribution of the
Nematocarcinus lanceopes shrimp in Antarctica, by using the ManEnt algorithm with
AUC results of 0.958 [54]. On the other hand, Dambach et al., (2012) also reported that the
bathymetry variable was the one which presented the major contribution in their model
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for the Nematocarcinus lanceopes and Notocrangon antarcticus species, with contributions
of 42.8% and 66.6% respectively, and with AUC values of 0.960 and 0.980 respectively,
and highlighted its importance for their survival [55]. The temperature and salinity are
also very important variables on shrimp distribution due to their direct effect on oxygen
consumption, metabolism, growth, and molting [56].

Lluch-Belda (1982) showed that the blue shrimp dominates in waters protected by
high salinities or over the sea average (35), being able to sporadically decrease due to
continental freshwater discharges [57]. This habitat is typical of sea waters linked to desert
and semi-desert climates in the Gulf of California, such as the states of Baja California
(BC), Sonora, and northern Sinaloa, but it was observed that its distribution decreases once
entering the south of Sinaloa, where the white shrimp dominates.

The white shrimp dominates in waters protected by a permanent or seasonal low
salinity that responds to the rain cycle, from southern Sinaloa to Guatemala [58]; the
zones with 20 ◦C temperatures make them inactive and lowers their food consumption,
unlike the shrimps from the 35 ◦C zones, which show hyperactivity and a higher food
consumption [59]. Additionally, the white shrimp tolerates low salinities, these commonly
found in protected waters, becoming the dominant species in inland waters from southern
Sinaloa to Tehuantepec [2].

For the brown shrimp, the zones with 35◦C temperatures are deadly; in contrast, in zones
below 19 ◦C it is demonstrated that the shrimp grows without apparent problems [60], also
considering that it presents an optimal growth and survivability to salinities of 35 [61,62].
Our habitat suitability models (Figure 2) were congruent with the distribution of each
shrimp found in the bibliography.

In the Mexican Pacific it has been demonstrated that the shrimps present different
times and intensities in their reproduction. It has been demonstrated that latitudinal
gradients exist where there is a presence of mature females all year in tropical zones and
the reproduction is restricted only to the warm summer months in temperate zones for the
same species [63–65].

4.4. Range Shift in Response to Climate Change

According to our analysis, the three shrimp species will continue to be distributed
from Sinaloa to Guaymas, Sonora within the GC, including the coast of the municipality of
La Paz and Comondú in BCS in the Pacific Ocean coast. In addition, two or more species
will continue to be distributed in areas where there are currently more permits for vessels
dedicated to shrimp fishing and are also the sites where the highest catches are reported
according to official fishery statistics (Figure 5); therefore, the negative impacts of climate
change on this fishery within the GC could be lower.

The distribution maps projected to 2100 (Figures 3 and 5, Figures A4 and A5) showed
the potential zones for the shrimps’ new distribution and clearly identified that the MAB
lagoon complex, the GoU, and zones adjacent to the west coast of BCS could have the
most adequate environmental conditions for the blue and white shrimp establishment;
records on their distribution or capture do not exist in the zone. Nowadays, the brown
shrimp dominates the shrimp fishery in MAB and the GoU, which is fundamental for
the economy of the two fishing communities [66]. On the other hand, the blue shrimp’s
landings reported in MAB represents the 20% of the total shrimp fishery; however, in the
future this species could increase its distribution and abundance with the tropicalization of
this transitional area by ocean warming due climate change [17], and also by the presence
of soft bottom, lagoons, and mangroves ecosystems [65]. In the case of the white shrimp,
although this species increases its habitat area in MAB and GoU, its distribution is limited
to the Gulf of California wherein the connectivity is limited to inside the GC or southern
areas by the current patterns. However, the white shrimp could be an important species
for aquaculture in MAB [66]. Aquaculture activity for the white shrimp even could be
extended across the GoU in the future (Figure 3b).
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Figure 5. Historical landings (2000–2018) of shrimp fishery and the spatial distribution of fishing
vessels for the fishery in northwestern Mexico. Gray colors represent shrimp species richness in
2100 according to RCP 8.5.

The establishment of blue (Figures 3a and 4a) and white shrimp (Figures 3b and 4b) will
economically benefit not only the local fishers, but also fishers from Sinaloa and Sonora who
move to the communities at the start of seasons [63]. If their basic needs are not covered, the
fishers will have an incentive to keep exploiting the resource, which means that they could
exceed the established quota limits, leading to possible consequences of less brown shrimp
abundance for the next seasons or very small-size catches. The future establishment of the
blue and white shrimps (from 25◦ N to 28◦ N, Figure 5) would bring variety to shrimp
fishing and potentially higher income generation to the MAB and GoU communities.

On the other hand, the maps also indicate the establishment of the white shrimp in the
upper Gulf of California (Figure 3b), specifically in the Colorado River Delta (CRD); this is
a surprising fact because, nowadays, records of this shrimp’s presence in past years do not
exist. A reason for the white shrimp to have this distribution towards the year 2100 is due
to the low salinity values that will be in the zone. Because no other variable presents any
change in the CRD zone, these salinity values match with the white shrimp’s preferences.

The upper Gulf of California presents a problem due to the spatial dispersion and
social disparity in the riparian fishing [67–69] and, nowadays, an important percentage of
Puerto Peñasco and San Felipe fishers consider that the reserve establishment has had a
positive impact on shrimp fishery; more than the 40% pointed out that they obtained an
increase in the capture [65], which may indicate that, over time, a white shrimp fishery
able to compete with the blue and white shrimp fisheries can be established, since the
CRD oceanographic conditions are essential for the white shrimp’s development and
reproduction. These results could be used to complement efforts on spatial planning in
this region, such as the model proposed by Morzaria-Luna et al. (2020) [69].
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The maps projected to 2100 also showed the loss zones, which included most of the
coasts of Nayarit, where the fishing activity is very important for the state. The white
shrimp is the main species in the captures, representing 98.6% of the catch, while the blue
shrimp represents 1.1% and the brown shrimp 0.3% (Figure 3) [6]. The white shrimp will
have little area loss, which indicates that there will not be economic losses for the fishing
communities of Nayarit. For the blue and brown shrimp, the area loss would not suppose
fishing changes, since these tend to be caught in minimal quantities and are not usually
abundant in the local market.

5. Conclusions

The models developed in this study achieved high levels of significance, so the results
will be useful for future studies and for the development of adaptation/management plans
for this fishery.

According to the model projections, the three shrimp species will have a displacement
tendency towards the coasts of BCS, mainly the areas within the GoU and the MAB lagoon
complex, zones wherein the blue and white shrimp are not currently present, which will be
a great benefit for the fishing communities and also prevent the overexploitation of brown
shrimp. On the other hand, blue and brown shrimp area losses in the coasts of Nayarit do
not suppose an economic risk for the affected communities, since these species are present
in minor quantities and are not the main extraction species.

Spatial changes found by the effect of climate change may be considered by insti-
tutions working on adaptation plans to this phenomenon, and especially can serve to
strengthen management plans for this important fishery with considerable economic and
social impacts in Mexico.
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Appendix A

Table A1. Pearson’s correlation between environmental layers.

Layer NPP
Winter

NPP
Spring

NPP
Summer

NPP
Autumn

SST
Winter

SST
Spring

SST
Summer

SST
Autumn

SSS
Winter

SSS
Spring

SSS
Summer

SSS
Autumn

NPP winter 1.00
NPP spring 0.76 1.00

NPP summer 0.67 0.94 1.00
NPP autumn 0.91 0.78 0.79 1.00
SST winter 0.33 0.03 −0.07 0.17 1.00
SST spring 0.44 0.18 0.06 0.28 0.95 1.00

SST summer 0.55 0.39 0.25 0.38 0.85 0.95 1.00
SST autumn 0.45 0.20 0.07 0.27 0.97 0.97 0.95 1.00
SSS winter 0.27 0.33 0.23 0.17 0.48 0.61 0.76 0.65 1.00
SSS spring 0.38 0.35 0.24 0.25 0.65 0.78 0.88 0.79 0.96 1.00

SSS summer 0.27 0.31 0.21 0.14 0.55 0.67 0.79 0.70 0.97 0.97 1.00
SSS autumn 0.20 0.31 0.22 0.09 0.39 0.52 0.68 0.56 0.97 0.91 0.97 1.00
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Figure A1. Response of blue shrimp (L. stylirostris) for each environmental variable.

Figure A2. Response of white shrimp (L. vannamei) for each environmental variable.

Figure A3. Response of brown shrimp (F. californiensis) for each environmental variable.
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Figure A4. Habitat suitability models for each shrimps species for the 2090–2100 period according to
the RCP2.6 scenario.

Figure A5. Habitat suitability models for each shrimps species for the 2090–2100 period according to
the RCP4.5 scenario.
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