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Fish provide more than 2.9 billion people with at least 15% of protein intake. 
Consequently, fisheries play an essential role in the livelihoods of millions of people 
around the world. Also, fisheries can contribute to food security and poverty alleviation, 
particularly in developing countries. 
(The United Nations, 2010) 
 
Therefore, it is important to assess the risks to these fisheries resources in a comprehensive 
way. 
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THESIS ABSTRACT 
 
  This thesis is composed of three data chapters and a general introduction and 

discussion. Each chapter, except for the general introduction and the general discussion 

is composed of an introduction, materials and methods, results, discussion, and 

conclusions.  

 
The aim of this study was to assess the vulnerability risk to fishing and climate 

change stressors of 106 species of chondrichthyans with ≥10% of their distribution within 

the EEZ off western Mexico. For my analysis, I determine the vulnerability of the 

chondrichthyan species inside the Gulf (GCI) and compare these results with those for 

two other contiguous broad regions with different oceanographic conditions, the region 

around the entrance to the Gulf of California (GCE) and Mexico’s remaining Pacific 

waters (MPW). 

 
I have built on existing approaches to provide, in a single framework, a vulnerability 

analysis and risk assessment of the Mexican chondrichthyan (sharks, rays, skates and 

chimaeras) fauna by combining three components of vulnerability risk to climate change 

(exposure, sensitivity and adaptive capacity) (ESA), together with three components of 

vulnerability risk to fishing stressors (exposure, productivity, and susceptibility) (EPS). 

Here, vulnerability is expressed as the risk of marked reduction of the population of 

chondrichthyans based on the knowledge of its biology and its exposure to stressors 

associated with fishing and climate change. 

  
For fishing stressors, I use the productivity of the chondrichthyan species, which is 

related to the maximum age of the species, and susceptibility, which derives from four 
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parameters; availability, encounterability, selectivity, and post-encounter mortality. For 

climate change stressors, I use sensitivity, which has two parameters; rarity and habitat 

specificity as species attributes that contribute to this, and adaptive capacity. Adaptive 

capacity involves distributional flexibility and trophic level as relevant attributes. I 

assigned each species to one of six ecological groups (EGs), which is a flexible and novel 

way to allocate a large number of species based on habitat use, depth strata (shelf-inshore 

and shelf-offshore), habitat dependence (freshwater, reef substrate, and sandy substrate), 

and lifestyle (demersal or pelagic).  

 
For fishing stressors, I analyzed data sets from 2006 to 2017 for the prawn trawl 

fishery, the elasmobranch fishery (artisanal and semi-industrial) and for the sardine 

fishery, and published information on the sport-recreational fishing. These fisheries have 

the potential to reduce the size of the population of a chondrichthyan species by altering 

the mortality rate in the regions where the fisheries operate. I then characterised the 

fishing stressors in terms of fishing methods and the bathymetric range of deployment of 

the fishing gear (Chapters 1, 3 and 4). For climate change stressors, I obtained data sets 

from several sources to show trends in the past oceanographic conditions and how they 

may vary in response to climate change. I then characterised the oceanography of the Gulf 

of California and adjacent waters. My assessment is based on observed changes from 

1960 to 2017, and projected changes. In the period from 1960 to 2017 two important 

phenomena that warm the sea surface water occurred; “El Niño” and “El Blob”. The latter 

is a phenomenon related to a warm mass of water as a result of high levels of atmospheric 

pressure and of which origin is detected in the Gulf of Alaska in 2013. The name “Blob” 

echos the 1958 horror film which describes a character that keeps growing as it consumes 

everything in its path just as this warming event did (Cornwall, 2019). The “El Blob” was 
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detected until several months later 2013, so it is unknown whether “El Blob” can occur 

again with the same or higher intensity. The other timescales are based on projected 

changes by 2055 and by 2099 using low (2.6), medium (4.5) and high (8.5) emissions 

scenarios from the RCP (representative concentration pathway) family. Because of a 

temperature gradient in coastal waters increasing from north-western Mexico to south-

western Mexico (Chapter 2), I established ten contiguous ‘subregions’ in these waters 

(Chapter 4). This allowed me to evaluate the risk associated with the attribute 

'distributional flexibility' of the chondrichthyan species and to determine thermal 

tolerance range categories as follows: all waters (AW), cool waters (CW), warm waters 

(WW) or Gulf of California water (GoCw). These categories provided a basis for 

projecting how chondrichthyan distributions might change in response to climate change. 

 
  I identified a total of 54 species of sharks, 48 species of rays and 4 species of 

chimaeras, which belong to 3 superorders, 12 orders, and 33 families. Based on the 

thermal tolerance range indicated by the current presence-absence of each species in the 

subregions, a total of 35 chondrichthyan species are distributed in all Mexican waters 

(AW), suggesting the species are adapted to the full range of temperatures currently 

occurring in Mexican waters. The majority of these are commercial shark species and 

these are the least likely species to redistribute out of Mexican waters as waters warm 

progressively northward as climate change progresses. A total of 31 species were classed 

CW (i.e., favouring cooler waters) and likely to reduce their distributional range 

northwards as Mexican waters warm in response to climate change. The majority of these 

are also commercial shark species. On the other hand, 34 species of chondrichthyans were 

classed WW (i.e., favouring warm waters), and are likely to expand their distribution 

northwards within Mexican waters. The majority of these are ray species, some of them 
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of commercial importance. One species of shark, one species of ray and one species of 

chimaera are distributed only in the GoC waters, and another species of shark and two 

species of rays are distributed in only inside and outside the GoC in the adjacent MP-C 

subregion. 

 
The ecological groups (developed for all three regions) are shelf-inshore, shelf-reef, 

shelf-sand (<75 m), shelf-sand (75–150 m), pelagic waters and bathyal (>150 m). A total 

of 46 species were allocated to the ecological group ‘shelf-sand (<75m)’, 14 species were 

allocated to the ecological group ‘shelf-sand (75–150 m)’, and 22 species to the ecological 

group ‘pelagic waters’. Some of these species are demersal and others swim near the 

bottom or may swim up in the water column. A total of 19 species of chondrichthyans are 

in the ecological group ‘bathyal (>150 m)’, one species is in the ecological group ‘shelf-

inshore’, and 4 species were allocated to the ecological group ‘shelf-reef’.  

 
Vulnerability risk varies among the current chondrichthyan species, among 

ecological groups and among fishing and climate change stressors. For total vulnerability 

to fishing stressors, there were 10 species in the GCI and GCE regions, and 40 species in 

the MPW region at medium vulnerability risk. I determined 33 species in the GCI and 

GCE regions, and one species in the MPW region were at high vulnerability risk. For 

climate change (CC) stressors in the whole of western Mexico, a total of 15 and 10 species 

were at medium vulnerability risk under the medium and high emissions scenarios, 

respectively, and 10 species were at high vulnerability risk under the high emission 

scenario. The species allocated in the EG shelf-sand (<75 m) are highly vulnerable to the 

combination of fishing and CC stressors in all three regions for all the CC scenarios. In 

contrast, the species allocated in the EG bathyal (>150 m) are at low vulnerability but 

varies for species allocated to the other EGs.  
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Earth’s increasing population means new mouths to feed each 
year. Nowadays more than ever, people are starving, and others 
are hungry (Murdoch, 1971). 
Can the seas supply the food to feed everyone? 
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PREFACE 

 
The body of work presented in this thesis is written as a series of three manuscripts for 

publication (Chapters 2–4), preceded by a chapter introducing the study and its aims 

(Chapter 1) and concluding with a general discussion integrating the entire body of my 

work (Chapter 5). This approach has led to some repetition, mainly in the methods 

sections of the manuscripts. In all chapters, I am the principal investigator and primary 

contributor to all aspects of the work. My supervisors, Drs Terrence Walker and Robert 

Day have contributed advice and editing suggestions. However, I could not have 

completed my research without the generous assistance and data provided by others. For 

chapter 2 titled “How sensitive is the Gulf of California area to climate change? Past 

and projected oceanographic trends and potential impacts on marine organisms”, I 

used data on salinity, oxygen (DO) and pH that were taken in situ and provided by Ms. 

Sc. Emilio Romero-Beltrán from the Department of Water Quality at the regional center 

of Mazatlán, Sinaloa, National Fisheries and Aquaculture Institute (INAPESCA). I 

obtained data on sea-level rise, sea level pressure, wind speed, upwelling index, sea 

surface temperature, chlorophyll-a concentrations and global ocean temperature from 

the following websites:  

 

 

 

 
  

                                           aviso.altimetry.fr,       https://wwwr.ncdc.noaa.gov/CDO/cdo, 
 
 https://podaac.jpl.nasa.gov/, https://coastwatch.pfeg.noaa.gov/, https://www.pfeg.noaa. 
  
gov/products/PFEL/modeled/indices/PFELindices.html, https://www.ncdc.noaa.gov/cag/, 

respectively. For the projections, I used data generated by the NOAA agency, which are  

available on the following website https://www.esrl.noaa.gov/psd/ipcc/ocn/ccwp.html. 
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Godínez-Padilla, Robert W. Day and Terence I. Walker 

 
For chapter 3, entitled “Elasmobranch bycatch by prawn trawls in the Gulf of 

California: first comprehensive analysis and the effect of fish escape devices”, I used 

biological and ecological data taken during fieldwork from 2011 to 2017, when I 

participated as scientific observer and assistant of Dr Javier Tovar-Ávila of the regional 

center of Bahía de Banderas at La Cruz of Huanacaxtle, Nayarit, (INAPESCA). By the 

time of submitting my thesis, Chapters 3 has been published and it is included in the 

present thesis with the permission of all co-authors. It has benefitted greatly from the 

critique and suggestions of two anonymous referees.  
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data or advice and editing: 
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Arrenquín, Terence I. Walker, Robert W. Day. Elasmobranch bycatch by prawn trawls in 

the Gulf of California: first comprehensive analysis and the effect of fish escape devices. 

Published in Fisheries Research. May 2020. 

 
For chapter 4, entitled “Vulnerability of the chondrichthyan fauna in the 

Mexican Pacific from fishing and climate change: first integrated risk analysis”, I 

used published information from books, papers, technical reports. Also, information 

generated in chapter 2 and 3, and data sets with biological and ecological information that 

belong to INAPESCA and were provided by the following researchers: Dr Javier 
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Chapter 1. General introduction  
 
 

 Chondrichthyans, known also as sharks, skates, rays and chimaeras, are a group 

of fish that have existed about 400 million years. The fact that they have survived the 5 

great extinctions on Earth has allowed people to think that chondrichthyans, as a group, 

are resilient enough to survive any disaster including climate change (Joel, 2019). 

Nevertheless, it is important to consider the life-history traits that chondrichthyans have. 

They are generally slow growing, long-lived animals, some chondrichthyans take long 

periods of time to reach sexual maturity, most of them have low reproductive rates, and 

some species are highly dependent on their habitat. These life-history traits make 

chondrichthyans vulnerable, either directly or indirectly, to extreme changes in 

environmental conditions or food availability, to changes in their habitats, and especially 

to extra mortality caused by fishing or other factors. Therefore, our perception of 

chondrichthyans as organisms that are sufficiently resilient needs to be adjusted in order 

to ensure the persistence of their populations during the current 6th extinction crisis 

(Chivian and Bernstein, 2008; IPCC, 2014). 

 
Chondrichthyans are not only important components in many fisheries, but also 

many are likely to be key species in marine ecosystems that support other species targeted 

by fisheries. The contribution of marine fisheries to national food and nutrition security 

is key for many national economies, particularly in developing countries such as Mexico 

(Allison et al., 2009; Ding et al., 2017). Thus, we need appropriate assessments that can 

help us to evaluate which species are at risk of marked population reduction from different 

stressors such as fishing and climate change. Such assessment will allow us to identify 

rapidly which species are at high risk, and thus require immediate management and 

mitigation measures.  



Chapter 1. General Introduction 

 28 

Vulnerability has been defined in different ways depending on the context. 

Timmerman (1981), defined vulnerability as the degree to which a system acts adeversely 

when a hardazous event occurs. This definition has beeen adopted by others such as the 

Intergovernmental Panel on Climate Change (IPCC). Vulnerability can change overtime 

based on changes in the risk, mitigation and contexts within which environmental hazards 

occur.  

 
 The concepts of risk and vulnerability play an important role in the evaluation of 

ecological systems and their species, particularly due to increasing impacts of 

anthropogenic hazards such as fishing and climate change. In this regard, the IPCC 

(2007), defines vulnerability as the degree to which a system is susceptible to and unable 

to cope with the adeverse effects of climate change. In this thesis, vulnerability is related 

to exposure to fishing and the risk components productivity and susceptibility (Hobday, 

2011, Dee et al., 2019; Baillargeon et al., 2020; Walker et al., in review), and to exposure 

to components of climate change stressors and the risk components sensitivity and 

adaptability (Chin and Kyne, 2007; Chin et al., 2010; Margles-Weis et al., 2016; Johnson 

et al., 2016; Walker et al., in review). Risk is defined as the probability of an adverse 

effect on a species when it is exposed to stressors, and the adverse effect on a species will 

depend on its resilience. I therefore name the risk components ‘resilience components’. 

Resilience is a concept applied to different disciplines such as Physics, Psychology, 

Physiology, Biology and Ecology. From an ecological point of view, resilience is as a 

measure of the persistence of systems such as species or populations and of their ability 

to absorb change and disturbance (Holling, 1973). 

 
The present thesis involves a series of steps (table 1) to assess vulnerability risk to 

106 chondrichthyan species with ≥10% of their distribution in the Gulf of California 
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entrance (GCE), Gulf of California inside (GGI), and Mexican Pacific waters (MPW) 

regions (Fig. 1b) when they are exposed to fishing and climate change stressors. The 

assessment is based on extending existing approaches in innovative ways and has been 

modified to evaluate the effects of climate change stressors alone (Chin and Kyne, 2007; 

Chin et al., 2010), fishing stressors alone (Hobday et al., 2011) and combined stressors 

on chondrichthyan species. Furthermore, my assessment was largely based on the 

assessment of the vulnerability of the chondrichthyan fauna of southern Australia to the 

stressors of climate change, fishing and other anthropogenic hazards Walker et al., (in 

review).  

 
Table 1. The ten steps of vulnerability analysis of chondrichthyan species to 
anthropogenic stressors in waters off western Mexico.  

Adapted from Walker et al. (in review). Regions for separate vulnerability analyses (Fig. 1b): GCE 
(Gulf of California entrance), GCI (Gulf of California inside), and MPW (Mexican Pacific waters). 
IPCC, Intergovernmental Panel on Climate Change  
   

1. Describe the geographic range, topography, and substrates of the waters off western 

Mexico (GCE, GCI, and MPW regions). 
 

2. Describe the oceanography of the Gulf of California and Pacific waters of the EEZ off 

western Mexico (see Chapter 2). 
 

3. Describe the adopted IPCC emissions scenarios and current fishing scenario (mix of types 

of fishing) for evaluating anthropogenic stressors (Table 2). 
 

4. Identify potential oceanographic and ecological changes in the GCE, GCI, and MPW 

regions for alternative emissions scenarios. 
 

5. Identify chondrichthyan species with ≥10% of their distributions inside the range of the 

GCE, GGI, and MPW regions. 
 

6. Define ecological groups to categorise species according to lifestyle and habitat. 
 

7. Identify anthropogenic stressors. 

8. Evaluate exposure of each ecological group to anthropogenic stressors in each region. 
  

9. Identify species attributes and evaluate associated risk for each resilience component in 

each region. 
 

10. Calculate the vulnerability risk of each species for each identified emissions and current 

fishing scenario in each region. 

 



Chapter 1. General Introduction 

 30 

The terms productivity and susceptibility in the broadly used 

productivity-susceptibility analysis (PSA) are useful components to measure the species’s 

ability to reproduce and its resilience to changing conditions (Baillargeon et al., 2020), 

and to estimate the proportion of a fished population removed by fishing stressors 

(Walker et al., in review), respectively. On the other hand, the terms sensitivity and 

adaptability are components related to the degree to which a species is affected and the 

ability of the species to adjust or cope with the effects of climate change (IPCC, 2014; 

Pecl et al., 2014; Walker et al. in review), respectively. 

 
In my analysis, the components of exposure, sensitivity and adaptability (ESA) and 

exposure, productivity and susceptibility (EPS) analysis form different and independent 

approaches merged within a framework to evaluate risk for individual and/or combined 

climate change and fishing scenarios. This ESA-EPS does not attempt to evaluate 

vulnerability from other stressors of natural origin or species extending their distribution 

as a result of climate change effects. The steps included in ESA-EPS allow an appropiate 

and robust assessment of the vulnerability risk of population reduction of each 

chondrichthyan species for each selected scenario in the GCE, GGI, and MPW regions 

(Fig. 1b). 

 
I selected the GoC region to apply the present vulnerability analysis because this 

area is the most important fishing region in Mexico (Bizzarro et al., 2009a, Garcés-García 

et al., 2020). Also, the oceanographic conditions associated with the mix of cool water 

provided by the California Current and warmer water provided by the Mexican Coastal 

Current, as well as the intensity of upwelling in specific zones and the bathymetric range, 

influence the distribution of chondrichthyan species there. 
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Brief description of the oceanography of the GoC and the main fisheries  

 

The Gulf of California (GoC), also known as the sea of Cortés was named by 

Francisco de Ulloa who was a member of the Spanish captain Hernan Cortés’ expedition. 

The characteristics of the Gulf and its complexity are similar to the red Sea and the Gulf 

of Aden. The GoC lies between the Peninsula of Baja California and the coastal states of 

Sonora and Sinaloa, Mexico (Fig. 1a) The GoC is an elongated body of water (1200 km 

long and 90‒222 km wide) with 40 coastal lagoons and 922 islands (Páez-Osuna et al., 

2016). Topographically, the GoC comprises a series of basins and deepens to the south. 

The Peninsular shore is mostly rocky, but with scattered sandy sections. In contrast, the 

continental shore is characterized by long sandy beaches, large costal lagoons and open 

muddy bays (Lluch-Cota et al., 2007). The maximum depth at the entrance is >3000 m, 

whereas most of the upper region of the gulf is <200 m deep. At times, tidal amplitude 

may be up to 9 m in the upper region (Santamaría-del-Ángel et al., 1994; Páez-Osuna et 

al., 2017).   

 
Stratification of the waters of the GoC can be viewed in terms of the origins of its 

water masses and in terms of its layers at various depths, in response to seasonal variation 

and the hydrodynamics within the GoC (Escalante et al., 2013; Páez-Ozuna et al., 2016). 

Three broad layers in the GoC are referred to as the upper, middle, and lower layers. The 

upper layer from the surface to 20‒40 m depth tends to have uniform SST, salinity and 

dissolved oxygen (DO). In contrast, the middle layer underneath the upper layer, to 50‒

150 m depth exhibits the greatest temperature, salinity and DO in summer and winter. In 

this depth range, water temperature, salinity and DO tend to decrease sharply with depth. 

However, between 150 m depth and the bottom, water temperature, salinity and DO 

remain constant among seasons. Atmospheric conditions, the topography and the 
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orientation of the shoreline influence the circulation of water masses in the GoC (Lavín 

and Marinone 2003; Roden, 1958) to produce one of the world’s most complex seas.  

 
Winds are another essential attribute of the GoC (Coria-Monter et al., 2017). They 

blow from different directions at different times of the year. Southeast winds in summer 

generate precipitation in Sonora, Sinaloa and Nayarit and cause upwelling events on the 

Baja California coast (Zaytsev et al., 2003). In general, three main mechanisms appear to 

be fundamental for maintaining the GoC as one of the most productive seas: 1) 

wind-induced upwelling, 2) tidal mixing and 3) water exchange between the GoC and the 

Pacific Ocean (Zaytsev et al., 2003; Álvarez-Borrego, 2010). 

 

“Although, agriculture and cattle raising were the most important activities for the 

prehispanic cultures in Mexico, the archaeoicthyological record, codices and rustic 

paints indicate that fishing was also a very important activity. The Aztecs were the 

most powerful culture that prevailed, and some of the modern fishing gears today are 

the result of the Aztecs’ knowledge together with the influence of Spanish sailors’ 

knowledge. The Aztecs also established the fish markets where they could bring their 

fish to exchange for clothes, medicine and ornament”.  

Vilches-Alcázar (1980)  
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Fig. 1. a) The southern and entrance parts of the Gulf of California (adapted from Lavín and Marinone, 2003). UGC: Upper Gulf of California, 
NGC: Northern Gulf of California, b) The three study regions: the region at the entrance (GCE) to the Gulf of California (GoC), the region that 
includes the rest of the Gulf (GCI), and the region that includes the rest of Mexico’s Pacific waters inside the Exclusive Economic Zone (MPW).

a) 

b) 
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Fishing is one of the oldest activities in Mexico and archaeological evidence shows 

that the first fishermen settlements were established along the coasts (Fig. 2a) (Gatti, 

1986). Fishing was not only the way to obtain food but also the boats allowed the 

connection with other cultures by water and the commercialization of products (Fig. 2b). 

The exploitation of Mexican fishing resources started when the first cultures such as 

Aztecs, Mayans and Zapotecs became established rudimentary equipment (Fig. 2b) to 

catch fish, abalone, crustaceans and other groups (Fig. 2c). After some time, these cultures 

improved their methods of fishing by observing when and where marine and freshwater 

species were more abundant, and which fishing gears were more effective and resistant 

(Figs. 3a, b & c). Despite this remarkable development of fishing strategies and gears, 

fishing resources were highly abundant when the Spanish arrived, and Spanish sailors 

recognized the Mexican waters, particularly the Mexican pacific as a fertile sea where the 

numbers of marine fish and shellfish seemed not to decrease (Vilches-Alcázar, 1980).  

 

 

 

 

 

 

 

 

Fig. 2. a) Container with fish decoration made of red clay from Nayarit during the classic 

period (400 B.C), b) Vatican codex representing a fisher and c) Sierra codex (top) and 

Florentine codex (bottom) (Pictures taken from Vilches-Alcázar, 1980).  
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Fig. 3. a) The great city of Tenochtitlan in Mexico (today Mexico City), b) a fisher with a hand net and c) a Mayan hook made of bone during 
200–900 classic period (left) and a metallic hook used by the Huave culture during 900–1200 early postclassic in the Gulf of Tehuantepec, 
southeastern Mexico (right) (Pictures taken from Vilches-Alcázar, 1980).  

a) 

b) 

c) 
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I selected the four main Mexican fisheries in the region that either target 

chondrichthyans or catch them as bycatch. My assessment of these fisheries was based 

on the available data on specific characteristics of fishing gear, bathymetric range, 

position in the water column, the area of deployment and the species of chondrichthyan 

caught as targeted, bycatch and byproduct. The four main Mexican fisheries which have 

the potential to increase mortality by removing animals from populations are the prawn 

demersal trawl fishery, the elasmobranch fishery (artisanal and semi-industrial), the 

sardine fishery and the sport-recreational fishery. These fisheries are highly 

heterogeneous in terms of size of the fishing fleet, deployed devices, overall length and 

construction of vessels, areas fished, and impacts on the populations of chondrichthyan 

species. 

 
Currently, every year ~60% of the fishers in the GoC use motorized fishing vessels 

less than 12 m in length, although semi-industrial fishing vessels of 10–27 m in overall 

length are now used too (Cisneros-Mata 2010; Páez-Osuna et al., 2016; FAO, 2018). The 

main ports are in the states of Sonora, Sinaloa and Baja California and South Baja 

California on the Pacific coast (Arvizu-Martinez, 1987) (Fig. 1a).  

 
The prawn demersal trawl fishery is described as one of the most extensive fishing 

industries since it began in 1921 at Guaymas, Sonora (Magallón-Barajas, 1987). The two 

United States vessels used in 1921 increased to 21 vessels by 1941. By 1950, the fishery 

extended through the entire GoC and into the Gulf of Tehuantepec in the southern part of 

Mexico. By 2005 the number of vessels increased to 1456 in the GoC alone (Gillett, 

2008). The prawn demersal trawl fishery vessels are characteristically steel, from 18 to 

25 m overall length and powered by ~240–624 HP engines. Fishers can operate from 9 m 

to 107 m depth, but I found that they mostly fish at depths of 9–74 m (Garcés-García et 
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al., 2020). Seine nets adapted to small boats are popular too, and they are used in inshore 

waters (e.g., seine nets to catch prawns) (for more details see chapter 4). 

 
The artisanal elasmobranch fishery officially started in 1930 for sharks and in 1940 

for rays (Cudney-Bueno and Turk-Boyer 1998). Some reports from 1890–1900 and 

before the 1940s, mention that fishing was only for totoaba (a large endemic fish) and 

sharks in the port of Guaymas in Sonora (Arvizu-Martinez, 1987; Castillo-Géniz, 2000). 

This fishery had its peaked during the period from 1980–1990 (Castillo-Géniz, 2000), 

when >26 tonnes of sharks and “cazón” (sharks ≤1.5 m in length) were reported, and 

Mexico had the sixth position for catching sharks around the world (FAO, 1993). The 

artisanal elasmobranch fishery vessel is characteristically fibreglass, <10.5 m in overall 

length, and equipped with an outboard motor of 115 HP, and a spare motor of 75 HP. The 

fishing gears such as gill-nets and longlines can be deployed at different depths. The 

artisanal elasmobranch fishery catches all of the ray species caught by the prawn trawl 

fishery, but also catches many more species of sharks (Garcés-García et al., 2020). The 

semi-industrial vessels are characteristically steel, 10–27 m in overall length. The 

maximum depth of their gear is ~150 m, but they mostly fish at ≤75 m (DOF, 2010; 

Luna-Raya et al., 2016) (for more details see chapter 4). 

 
The sardine fishery started in South Baja California (SBC) in 1929, with low 

catches due to low consumption by inhabitants and few sardine vessels were operating 

(Yurkievich and Sánchez-Crispín, 2016). After the 1960s, some of the vessels from SBC 

went to explore the GoC, discovering new populations of sardines. The fishing gear is 

purse-seines. Since then, the sardine fishery has been one of the main fisheries in the 

GoC, primarily operating from the port of Guaymas in the state of Sonora, where this 

fishery started its development, and from the port of Mazatlán in the state of Sinaloa too 
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(Jacob-Cervantes and Aguirre-Villaseñor, 2014). The sardine fishery vessels are 

constructed of steel, 28–32 m in overall length, and this fishery has been certified as 

sustainable by the Marine Stewardship Council. However, I notice that some pelagic 

sharks and manta rays, as well as demersal rays are caught in the purse-seines.  

 
The sport-recreational fishing contributes to the mortality of marine stocks to a 

relatively small extent (Ihde et al., 2011). However, it has not been determined how 

recreational fishing impacts chondrichthyan species in Mexico or in my study area. This 

fishery is exclusively carried out within 92.6 km from the coastline and fishers use rod 

and reel to catch the animals (NOM-017-PESC-2013-DOF, 2013). The capacity of the 

fishing lines is <60 kg, and fishers can only retain one shark per day using small boats 

called “pangas”, ~7 m in length, and larger boats, >7–~18 m in length and capacity of 

~12 tons, both types of vessels with a motor of 250 HP (Cuellar-Meza, 2017; 

Hernández-Trejo et al., 2017). 

 
Research Question and Objectives  
 
 

Which chondrichthyans species with >10% of their distribution inside the GCE, 

GGI, and MPW regions are at risk of marked population reduction from fishing or climate 

change stressors or both? 

 
The aim of the present proposal is to undertake an ecological vulnerability analysis 

of risk to each chondrichthyan species of marked depletion of its population inside the 

GCE, GGI, and MPW regions from the ecological stressors associated with the 

anthropogenic hazards of fishing and climate change. 
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Outline of chapter contents 
 
 

In Chapter 1, I have provided insight into the need for and scope of the research, a 

summary of what this thesis is about and the most important steps to build the 

vulnerability analysis. For Chapter 2, I describe the topography and oceanography of the 

GoC and adjacent oceanic waters off western Mexico, and the oceanographic variables I 

use for assessing observed and projected changes. Climate change is impacting all ocean 

ecosystems, and while the general projections of the intergovernmental panel on climate 

change (IPCC) are useful, it is important to understand how specific regions will change 

in order to prioritise conservation efforts. I examine past data on changes in conditions in 

this region and how these trends may alter in response to climate change. These data 

include observed changes in SST, sea level pressure (SLP), sea-level rise, upwelling 

index, wind speed, salinity, dissolved oxygen, chlorophyll-a, and pH from 1960 to 2017. 

Projected changes in the selected variables by 2055 and by 2099 are described inside the 

GCE, GCI and MPW regions. I then review the potential impacts on the biota of the GoC.  

 
In Chapter 3,  I provide information on the composition of retained and discarded 

chondrichthyans, particularly elasmobranch (sharks and rays) catches in the prawn trawl 

fishery. While there is published information on chondrichthyan catches from other 

fisheries, there was much less information available for this fishery, which impeded 

further analyses such as the present vulnerability analyses. Also, I report data on species, 

sex, and length-frequency distributions of animals collected. This information has seldom 

been reported and never in detail in Mexico, which complicates further analysis such as 

the present vulnerability analyses. I used fishery-independent sampling to provide 

information on species of chondrichthyans taken as bycatch during prawn trawling 

surveys, particularly in the closed period when prawn trawling is prohibited, and 
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information from commercial catches is not available. A total of 25 species were caught 

by the prawn trawl. Fish escape devices (FEDs) installed in the prawn nets early in 2016 

improved the escape of mid-sized rays, demonstrating size selectivity of the fishery and 

suggesting the potential to improve further the escape of large-sized rays by modifying 

FEDs. Furthermore, the large number of rays caught (21 species) compared with the 

number of sharks caught (four species) suggests much lower catchabilities for sharks than 

for rays in demersal prawn trawl gear. 

 
For Chapter 4, I integrated the previous information, together with information 

from published work on other fisheries, and adjusted and applied for the first time a 

merged framework to assess the vulnerability of 106 species of chondrichthyans in the 

EEZ off western Mexico. I also developed six ecological groups (EGs) to allocate each 

species of chondrichthyan according to lifestyle and habitat in the study regions. 

Vulnerability risk varies among the current chondrichthyan species, among ecological 

groups and among fishing and climate change stressors.  

 
I conclude the thesis in Chapter 5, by giving an overview of each previous chapter, 

summarizing and discussing in general the results obtained from the vulnerability 

analysis, and outlining ongoing projects and suggestions for future research. 
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Abstract 
 
 Climate change is impacting all ocean ecosystems, and while the general projections 
of the IPCC are useful, it is important to understand how specific regions will change in 
order to prioritise conservation efforts. The Gulf of California (GoC) and adjacent oceanic 
waters form an important and complex marine region that supports high-value fisheries, 
as well as diverse marine communities. In this study, we describe the topography and 
oceanography of the GoC and adjacent oceanic waters off western Mexico, and the 
oceanographic variables we use for assessing observed and projected changes. We 
examine past data on changes in conditions in this region and how these trends may alter 
in response to climate change. These data include observed changes in SST, sea level 
pressure, sea-level rise, upwelling index, wind speed, salinity, dissolved oxygen, 
chlorophyll-a, and pH from 1960 to 2017. We then review the potential impacts on the 
biota of the GoC. Projected changes in the selected variables by 2055 and by 2099 are 
described for the entrance to the GoC, referred to as the GCE region, the region inside 
the rest of the GoC, referred to as the GCI region, and the region that includes the rest of 
Mexico’s Pacific waters inside the EEZ, referred to as the MPW region. In the past, there 
have been important increases in SST, significant changes in sea level pressure and 
sea-level rise, changes in the upwelling index and wind speed, particularly weak 
upwelling during the presence of the “El Niño” and “El Blob” phenomena, changes in 
salinity and low values of dissolved oxygen and pH. The changes forecast in some 
projections are more severe than in the past for the area. We found that the MPW region 
is projected to have the most remarkable changes in many of the selected oceanographic 
variables, except for pH, as decreases in pH will affect all three study regions.  
 

Keywords: marine species, climate change stressors, El Niño” and “El Blob”, IPCC 
scenarios 
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Chapter 2. How sensitive is the Gulf of California area to climate 
change? Past and projected oceanographic trends and potential impacts 
on marine organisms 
 
 
1. Introduction  

 
Mexico relies on sustainable fisheries and ecosystem services from its Exclusive 

Economic Zone for food security and poverty alleviation. Climate change, however, is 

expected to change the oceanographic conditions of the waters off western Mexico more 

than in most other parts of the world, and thus poses a threat to the Mexican fisheries. 

Climate change is already driving the most extensive poleward redistribution of life on 

Earth species since the Last Glacial Maximum ~20,000 ybp (Pecl et al., 2017). 

Furthermore, risks to fish populations from the effects of climate change and the effects 

of fishing together are much higher than the risks from either of these effects alone 

(Walker et al., in review). Because the Gulf of California region is the most important 

fishing area in Mexico, it is crucial to assess the potential impacts on its oceanographic 

conditions and commercially important marine organisms. 

 
The Gulf of California (GoC) lies between the Peninsula of North Baja California 

and South Baja California, and the coastal states of Sonora and Sinaloa (Fig. 1a). The 

GoC opens to the Pacific on the mid-west coast of Mexico, at the confluence of the 

northward-flowing warm water Mexican Coastal Current and the southward flowing 

cold-water California Current. This complex of oceanographic features supports high 

biodiversity and high endemism, a large human population and high-value fisheries that 

are limited to depths <75 m because of low dissolved oxygen (DO) at greater depths. 

Alarmingly, recent marine heatwaves and an emerging hotspot in the GoC have been 

extreme. They are most likely a result of climate change and have the potential to impact 
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all fisheries there. Thus, it is appropriate to examine the sensitivity of the conditions in 

the Gulf and adjacent waters and the resident marine organisms to climate change effects. 

 
Recent rapid accumulation of CO2 in the atmosphere is one of the major 

environmental concerns (Sidik and Lovelock, 2013). Multiple analyses indicate a strong, 

consistent, almost linear relationship between cumulative CO2 emissions and projected 

global temperature change to the year 2100 (IPCC, 2014). The Intergovernmental Panel 

on Climate Change (IPCC) reports carbon dioxide, nitrous oxide and methane as the most 

important gases that contribute to the greenhouse effect when expressed in terms of 

carbon dioxide equivalents (CO2-eq). 

 
Increasing levels of carbon dioxide (CO2) and, to a lesser extent, other greenhouse 

gases in the atmosphere have led to warming ocean waters and, consequently, to increases 

in sea surface temperature (SST). This global heating at the surface warms the air above 

the sea, melts ice, and enhances the formation of water vapor rising from the oceans to 

form clouds. The accumulated evaporation in the clouds is released in the form of rain, 

but during these processes, changes in sea level pressure (SLP) arise (Zhang et al., 2017). 

Phenomena such as the “El Blob”, which is an unusual ocean warming event that was 

detected during the winter of 2013–2014 in the Gulf of Alaska and later moved down the 

coast to Mexico, reached temperatures more than 2.5 °C above the long term average in 

several regions of the North Pacific (Bond et al., 2015). The Blob was related to high 

positive sea level pressure (SLP) and considered a precursor to the strong El Niño that 

appeared in 2015–16 (Tseng et al., 2017).  
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Sea level pressure (SLP) is a variable that has not been as frequently analysed as 

others (e.g., SST) in ecological studies. Sea level pressure, however, determines winds 

and their intensity. This in turn, influences other variables such as SST, evaporation and 

precipitation (Wang et al., 2019). The warm air over a warm area of the ocean leads to 

low atmospheric pressure in the lower troposphere (thus low SLP), reinforcing winds and 

rain that are associated with tropical storms and severe weather events such as hurricanes 

and typhoons (Centurioni et al., 2017). In contrast, high SLP creates fair weather but also 

persisting hot or cold patterns (NOAA, 2020).  Increases in heavy rainfall increase runoff 

and raise the risk of flooding. All of these factors adversely affect humans and ecological 

communities. Changes to air temperature and SLP create biological responses in marine 

species directly. Changed SLP and water temperature, however, also have effects through 

altered oceanographic conditions and biogeochemical cycles. For example, changes in 

the atmosphere and ocean together can lead to increased runoff and thereby adversely 

stimulate food chains through nutrient enrichment (Statham, 2012). 

 
Land areas with low altitude (<100 m above sea level) and fine sediments such as 

those occurring in the coastal areas of Sonora and Sinaloa near the southern GoC (Byrne 

and Emery, 1960) are most affected by inundation and erosion. In addition, in some 

marine areas where water movements are weak, the accumulation of sediments and 

nutrients from the land causes eutrophication. In the entrance region of the GoC, 

eutrophication is likely to be less severe because the adjoining land area at <100 m above 

sea level is less extensive compared to the southern GoC (INEGI, 2017) and sediment is 

more coarse-grained. However, other factors play an important role in resisting extreme 

erosion. The presence of volcanic sources suggests that some places along the entrance 

coast may be less affected (Byrne and Emery, 1960). The most extensive mangrove 

forests are in the southern and entrance regions of the GoC (Aburto-Oropeza et al., 2008), 
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and in southern Mexico in the state of Chiapas (Díaz-Gallegos et al., 2010). These places 

have large coastal lagoons that are protected by mangroves from severe weather.  

 
The direction and intensity of winds are influenced by SLP which together with 

changes in SST and high evaporation, may lead to changes in upwelling intensity. 

Upwelling is the vertical movement of cold and nutrient-rich water that is driven by winds 

and Ekman transport; deep water rises to replace the surface water moved away shore by 

surface winds. Nutrient-rich upwelled water leads to the growth of phytoplankton in the 

light of the surface layers, and thus increased chlorophyll. The reverse process of 

downwelling occurs when low SLP and winds, cause surface water to build up at the 

surface and as it evaporates (increasing salinity) and cools, it eventually sinks towards 

the bottom (Ryan and Noble, 2006).  

 
Some crustaceans depend on upwelling intensity for the development of their 

larvae, or forage when upwelling intensity is weaker (at night time) (Morgan, 2014; 

Morgan et al., 2018). Other marine species, such as sea birds and marine mammals, may 

be affected by changes in prey availability and, to some extent, by frequent migration to 

find more favorable habitats (Bakun et al., 2015). Areas in the southern half of the GoC 

that receive nutrient-rich water due to the upwelling events there have low DO (Roden 

and Groves, 1959). Thus, changes in upwelling rates can affect not only habitats and 

marine organisms but also other variables such as DO, salinity, chlorophyll-a and also 

pH.  

 
Gasses dissolve less in warm water, so decreasing upwelling tends to both increase 

salinity and reduce DO (and as a result also chlorophyll-a) in the surface layers (Wetzel, 

2001). Changes in salinity are likely to adversely affect the majority of marine organisms, 

including those commercially harvested. Variations in salinity leads to high energetic 
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costs of osmoregulation for the stenohaline organisms (Pang et al., 1977; Schlaff et al., 

2014). Reductions in DO and chlorophyll-a also affect the abundance (Heithaus et al., 

2009; Ayala-Bocos et al., 2016; Jiménez-Quiroz et al., 2019) and the distribution of 

marine species (Chavez et al., 2003; Jorgensen et al., 2009; Craig et al., 2010; Allynin et 

al., 2020). On the other hand, upwelling processes increase the acidity of the water (lower 

pH) as CO2 is more soluble in colder water (Feely et al., 2008). Information on the effects 

of pH on marine organisms is accumulating rapidly, and many studies indicate a number 

of phyla may be affected, some more than others, and that the development of larvae of 

fish and other taxa is often disrupted by lower pH. However, the potential for adaptation 

by species to the projected future rises in ocean acidity remains highly uncertain because 

this cannot easily be tested by experimental approaches. The most useful information is 

from comparisons between congeneric species with differing skeleton mass in separate 

global regions of different pH (Watson et al., 2012), but this covers only effects on the 

calcium carbonate skeletons of a few taxonomic groups.  

 
The aims of this investigation were a) to examine past conditions in the Gulf of 

California based on observed oceanographic variables; b) examine future conditions for 

the entire Mexican Pacific based on IPCC projections, c) to summarize the oceanography 

and potential impacts of climate change in the GoC and adjacent oceanic waters, and d) 

to evaluate the effects of changing sea-level rise, SLP, wind speed, upwelling index, SST, 

salinity, DO, chlorophyll-a, and pH on ecosystems and marine species in the study area  
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2. Materials and Methods 
 

 
We have focused our attention on describing past changes in the southern and 

entrance regions of the Gulf of California where oceanographic conditions are more 

extreme than in the upper and northern parts of the Gulf (Cano-Pérez, 1991; 

Tovilla-Hernández, 1991) (Fig. 1a). We then examine projected changes for three broad 

study regions: the region at the entrance to the GoC, referred to as GCE, the region that 

includes the rest of the GoC (GCI), and the region that includes the rest of Mexico’s 

Pacific waters (MPW) inside its Exclusive Economic Zone (Fig. 1b). 

 
The majority of marine species of commercial importance are observed in the 

southern and entrance regions of the GoC and have their spawning season in summer 

(Bizzarro et al., 2009a; Bizzarro et al., 2009b; Erisman et al., 2010; Soria et al., 2012, 

2013). A summer El Niño causes a deficit in precipitation resulting in severe droughts, 

whereas during La Niña years, climate conditions return to normal or result in enhanced 

precipitation (Magaña et al., 2003). We thus analyzed satellite altimetry (a measure of 

sea-level rise) during 1992‒2019, data on sea level pressure (SLP), ocean surface wind 

speed (hereafter referred to as wind speed) during 1988–2017, the upwelling index and 

SST during 1960‒2017, chlorophyll concentrations-a (hereafter referred to as Chl-a) 

during 2002‒17 (4 km-grid resolution), and on pH, salinity, and DO during 2011‒15 for 

each year and each summer. Of these variables, pH, salinity and DO were measured in 

situ by the National Fisheries and Aquaculture Institute (INAPESCA) and averaged for 

the top 30 m. Although it is important to note that the information on pH, salinity and DO 

shown in this section was not available for all months in some years, both summer and 

winter months were sampled each year.  
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We obtained the data on Chl-a from the NASA Goddard Space Flight Center Ocean 

Ecology Laboratory Ocean Biology Processing Group  (https://oceancolor.gsfc.nasa.gov/cgi/l3/), 

data on upwelling index from the Pacific Fisheries Environmental Laboratory 

(https://oceanview.pfeg.noaa.gov/products/upwelling/intro), data on sea level rise from the satellite 

altimetry data website (https://www.aviso.altimetry.fr/), data on sea level pressure from the National 

Climatic Data, US Department of Commerce, (NOAA) (https://www7.ncdc.noaa.gov/CDO/cdo), 

data on SST from the Coastwatch west coast regional node (NOAA) 

(https://coastwatch.pfeg.noaa.gov/), from the physical oceanography distributed active archive data 

website for wind speed (eastward near surface) data based on a pencil swath scatterometer 

(https://podaac.jpl.nasa.gov/). The pH, salinity, and DO data were sourced from the department of 

water quality at the regional center of Mazatlán, Sinaloa, National Fisheries and Aquaculture 

Institute (INAPESCA), and from published papers. 

 
For projections of future oceanographic conditions 

(https://psl.noaa.gov/ipcc/ocn/ccwp.html), we considered two periods (2006–2055 and 

2050–2099), within three broadscale study regions (GCI, GCE and MPW). We examined 

data sets of projections of anomalies of SST, SLP, wind speed, global mean sea-level rise 

from the Intergovernmental Panel on Climate Change report (IPCC, 2014), Chl-a, pH, sea 

surface salinity, and DO relative to 1956–2005 for standard global greenhouses emissions 

scenarios (IPPC, 2014). The use of dynamic regional climate models interpolated to a 1° 

x 1° resolution provides valuable climate change information both regionally and 

globally. We selected projections based on the IPCC high, medium and low emissions 

representative concentration pathways (RCP), referred to as the RCP 8.5, RCP 4.5 and 

RCP 2.6, respectively. Except for SLP, which was only available for the RCP 8.5, and 

was obtained from the Large Ensemble Community Project and Supercomputing 

Resources (CESM) (Kay et al., 2015), the projected values of variables under these future 



Chapter 2. How sensitive is the Gulf of California to Climate Change? 

 51 

climate change scenarios in each study region were based on the following models from 

the Coupled Model Intercomparison Project Phase 5 (CMIP5) archive: ACCESS1–0, 

ACCESS1–3, CAN–ESM2, CCSM4, CESM1–BGC, CESM1–CAM5, CMCC–CM, 

CNRM–CM5, CSIRO–MK3–6–0, GFDL–CM3, GFDL–CM3, GFDL–ESM2G, GFDL–

ESM2M, GISS–E2–H, GISS–E2–R, HADGEM2–AO, HADGEM2–CC, HADGEM2–

ES, INMCM4, IPSL–CM5A–LR, IPSL–CM5A–MR, IPSL–CM5B–LR, MIROC5, 

MIROC–ESM, MPI–ESM–LR, MPI–ESM–MR, NORESM1–ME, NORESM1–M. These 

models are available on the NOAA agency website: 

http://www.esrl.noaa.gov/psd/ipcc/ocn/timeseries.html.  
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Fig.1. a) The southern and entrance parts of the Gulf of California (adapted from Lavín and Marinone, 2003). UGC: Upper Gulf of California, 
NGC: Northern Gulf of California, b) The three study regions: the region at the entrance (GCE) to the Gulf of California (GoC), the region that 
includes the rest of the Gulf (GCI), and the region that includes the rest of Mexico’s Pacific waters inside the Exclusive Economic Zone (MPW). 
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3. Results  

 
Topography and oceanography of the Gulf of California and adjacent waters 
 

The GoC is an elongated body of water (1200 km long and 90‒222 km wide) 

containing 40 coastal lagoons and 922 islands (Páez-Osuna et al., 2016). Topographically, 

the GoC comprises a series of basins and deepens to the south. The Peninsular shore is 

mostly rocky, but with scattered sandy sections. In contrast, the continental shore is 

characterised by long sandy beaches, large coastal lagoons and open muddy bays (Lluch-

Cota et al., 2007). The maximum depth at the entrance is >3000 m, whereas most of the 

northern region of the GoC is <200 m deep. At times, tidal amplitude may be up to 9 m 

in the northern region (Santamaría-del-Ángel et al., 1994).  

 
The GoC is well known for the complexity of its physical oceanography, and how 

the water masses, topography, and surface circulation transport nutrients that benefit 

marine species and influence the distribution of these species (Álvarez-Borrego, 1983; 

Lavín and Marinone, 2003; Lluch-Cota et al., 2010; Páez-Osuna et al., 2016; Páez-Osuna 

et al., 2017). The southern region of the GoC is open to the entrance region to the 

southeast. Here, water temperature, salinity and DO rise towards the eastern coast, 

probably due to the upwelling induced by the northwesterly winds. In August, the 

thermocline reaches ~16 °C between the surface and ~150 m deep. Salinity profiles differ 

across the GoC. Salinities are low near the river entrances in the southeast part of the gulf 

in summer, but higher in shallow waters where evaporation is remarkably high (Roden 

and Groves, 1959). Roden and Emilsson (1980) (reviewed in De la Lanza-Espino, 1991) 

recorded higher surface salinities in adjacent oceanic areas towards the gulf entrance (up 

to 2 psu higher), but salinity falls to a minimum at depths between 25 m and 75 m. In 

contrast, a maximum salinity occurs at these depths near the Baja California coast (on the 
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Western side of the gulf). This high salinity on one side of the GoC could be due to the 

influence of Concepcion Bay in South Baja California or due to the southward movement 

of high-salinity water from the northern GoC (Roden, 1964). The entrance region of the 

GoC is described as tropical and oceanic, particularly around the Maria Islands. The main 

changes in temperature and salinity are between ~40 and 100 m depth. Below 300 m, the 

salinity distribution is the same as elsewhere in the tropical Pacific. However, the amount 

of DO decreases rapidly between 50 m and 100 m depth within the GoC, and changes in 

the levels of DO between 100 m and 500 m depth were reported in December 1956. In 

fact, a DO value of zero between 75 m and 500 m depth has been reported near to Cabo 

Corrientes (Roden, 1964). A three-dimensional model showed that relatively warm and 

salty water flows into the GoC at depths of 200 to 600 m (Marinone, 2003). This type of 

circulation has ecological and environmental implications because inflowing waters 

between 75 and 500m depth have higher inorganic-nutrient concentrations than 

outflowing surface water (Álvarez-Borrego and Lara-Lara, 1991). 

 
Stratification of the waters of the GoC can be understood based on the origins of its 

water masses and in terms of three broad vertical layers of water, which vary in response 

to seasonal variation and the hydrodynamics within the GoC. These three layers are 

referred to as the upper, middle, and lower layers. The upper layer from the surface to 

~20‒40 m depth tends to have uniform distributions of SST, salinity and DO. In contrast, 

the middle layer from ~50 to ~150 m depth exhibits temperature, salinity and DO that 

vary with season and decrease sharply with depth. In the bottom layer, however, between 

150 m depth and the bottom, water temperature, salinity and DO remain constant from 

one season to another (Roden, 1958; Hidalgo-González and Álvarez-Borrego, 2001). 
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Viewed according to the origins of the water, distinct vertically arranged major 

water masses in the GoC have been described. 1) Pacific deep water below 1200 m depth 

is bounded by the 4 °C isotherm, with salinity from 34.56 to 34.68 psu. 2) Pacific 

intermediate water overlays the bottom layer from 1200 m to 500 m depth, and at ~900 

m the salinity of this water is usually ~34.40 psu (Castro et al., 2001). 3) Subtropical 

subsurface water from 500 to 150 m depth is defined by considering salinity and water 

temperature values (salinity <35 psu and T ~18 ºC) (Lavín and Marinone, 2003). 4) 

Eastern Tropical Pacific surface water, also known as Equatorial Surface Water, is 

characterized by high temperatures (~30 °C) and high salinity (≥35 psu) and is considered 

to provide a major input of water into the GoC and into the bay of La Paz on the west side 

of the GoC in South Baja California (Álvarez-Borrego and Schwartzlose, 1979). In the 

Bay of La Paz, the water characteristics and the isolation of the bottom of the bay induce 

low DO content (<0.1 ml/L), particularly at ~400 m depth. Chlorophyll-a values are 

higher, with larger vertical fluctuations, within the bay than outside. In the GoC, 

evaporation of Equatorial Surface Water creates a fifth water mass known as the Gulf of 

California Water (Monreal-Gómez et al., 2001) extending over the northern part of the 

GoC, from 150 m to the bottom, with salinity ≥35 psu. In summer, this water mass reaches 

as far south as the city of Guaymas in the state of Sonora, and eventually penetrates into 

the deep basins. Here, depressions, channels and basins provide mechanisms for 

stratification of temperature and salinity (Warsh and Warsh, 1971; Álvarez-Borrego, 

1983; Bray, 1988; Páez-Osuna et al., 2016).  

 
Another minor water mass inside the GoC, derived from the California Current, is 

characterized as cold water of salinity <34.6 psu (Lavín and Marinone, 2003). Although 

the volume of this water is small, it is important ecologically along the southern Baja 

California coast. There is also a poleward coastal current known as the Mexican Coastal 
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Current (MCC), which extends from the south of the Mexican Pacific (Acapulco in the 

state of Guerrero) to the GoC, impacting the wind stress curl in this area and generating 

tropical wave-induced eddies at Cabo Corrientes in the state of Jalisco and at the Maria 

Islands in front of the state of Nayarit (Zamudio et al., 2007). The MCC reaches the 

surface to continue northward, and merges with a branch of the California Current that 

curls northwards into the GoC (Badan-Dangon, 1998; Kessler, 2006; Lavín et al., 2006). 

The subsurface MCC bifurcates into a branch that continues along the coast of mainland 

Mexico near Mazatlán in Sinaloa, and a second branch that crosses the entrance region 

of the GoC and continues flowing northward (Gómez-Valdivia et al., 2015). During May–

June and November–December, this subsurface branch of the MCC reaches the 

California Undercurrent along the western (Pacific) coast of Baja California (Lynn and 

Simpson, 1987). The action of the MCC allows the formation of persistent eddies that are 

intensified by the Cabo Corrientes and Marias Islands promontories (Zamudio et al., 

2007). Thus, the topography, together with the merging of the cool California Current 

and warm Mexican Coastal Current, creates considerable turbulence and steep SST 

gradients in the GoC (Fig. 2).  
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Fig. 2. The steep SST gradients and the ocean waters off the entire Mexican Pacific coast 
is illustrated by the distribution of mean SST for the period 1956‒2005. 

Data source: http://www.esrl.noaa.gov/psd/ipcc/ocn/timeseries.html 
 
 

Below 1000 m, oceanographic conditions from Guaymas to Cabo Corrientes are 

extraordinary. Measurements have indicated there is a temperature minimum of 1.85 °C  

between 2500 m and 3000 m depth. However, from 3000 m to the bottom, water 

temperature increases again at a rate of 0.1 °C per 1000 m depth (Defant, 1961). The 

salinity distribution is more complex than in the surface waters in the GoC. Nevertheless, 

salinity tends to increase from 34.5 psu at 1000 m to 34.6 psu towards the bottom. 

Similarly, DO tends to increase from 0.2 ml/L at 1000 m to 2.4 ml/L at 4000 m. In 

addition, DO at the bottom in the southern GoC is much lower than at depths of 2000 m 

outside of the GoC (Roden, 1964). Overall, the main variations in oceanographic 

conditions in the southern and entrance regions of the GoC are above 75 m depth (Robles 

and Marinone, 1987), with more complex changes at depths greater than 1000 m (Roden, 

1964).  
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Another essential factor for understanding the oceanography of the GoC is the 

effect of winds, which blow from different directions at different times of the year. 

Southeast winds in summer generate precipitation in Sonora, Sinaloa and Nayarit and 

cause upwelling events off the Baja California coast (Zaytsev et al., 2003). During winter 

and spring, the winds come from the northwest, causing upwelling and phytoplankton 

blooms off the Sonora and Sinaloa coasts. In general, three main mechanisms appear to 

be fundamental for maintaining the GoC as one of the most productive seas: 1) 

wind-induced upwelling, 2) tidal mixing and 3) water exchange between the GoC and the 

Pacific Ocean (Zaytsev et al., 2003; Álvarez-Borrego, 2010).   

 
Past trends in selected oceanographic variables  
 
 

Sea-level rise (SLR), based on data from satellite altimetry, indicates an increasing 

trend during the period from 1992 to 2019 (Fig. 3), but there are spatial differences. In 

the GoC, the minimum rise is ~1.11 mm/year and the maximum 3.78 mm/year. Inside the 

200-NM boundary of Mexico’s Exclusive Economic Zone in the Pacific, SRL ranged 

from less than 0 to more than 4 mm/year with a mean of 2.04 ±0.32 mm/year. In various 

parts of the GoC entrance region, the mean SLR varied from 1.75 to 2.25 mm/year. These 

estimates for the period 1992–2019 are consistent with ones worldwide (IPCC 2014; 

Paez-Ozuna et al., 2016). 

  



Chapter 2. How sensitive is the Gulf of California to Climate Change? 

 59 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Spatial distribution of mean sea level in the Gulf of California during the period 
from 1960 to 2019 using annual data recorded from satellite altimetry.  
Data source: aviso.altimetry.fr 

 
 
Fig. 3. Spatial distribution of mean sea level in the Gulf of California during the period 
from 1960 to 2019 using annual data recorded from satellite altimetry.  

Data source: aviso.altimetry.fr 
 
 

Notable oscillations in sea level pressure (SLP) were observed from 1960 to 2017. 

The most notable maxima were in 1962, 1977, 1982, 2000, and 2004, while the most 

notable minima were in 1963, 1972, 1989, 1993, 1997, and 2014–15 (Fig. 4a). Most of 

the low SLP values during 58-year period occurred when phenomena such as “El Niño”, 

and after 2013 “El Blob” were present in the GoC. Based on the summer values (Fig. 4b), 

we note that the highest values of SLP (>1011.30 mbar) were observed in 1961, 1969, 

1977, 1986, 2004 and 2016, whereas the most notable low values of SLP (<1008 mbar) 

were observed in 1963, 1970, 1973, 1989, 1993, 1995, and 2011. 

  

Sea level Trend from 1992–
2019 
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Fig. 4. Annual (a) and summer (b) average sea level pressure (±SE) during the period 
from 1960 to 2017 in the southern and entrance regions of the Gulf of California. The red 
points in a) represent the main “El Niño” events, the blue points represent the main “La 
Niña” events and the green points represent El Blob event.  

Data Source:  https://www7.ncdc.noaa.gov/CDO/cdo 
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Figure 5a shows that the mean wind speed varied greatly between 1988 and 2017. 

From 1988 to 1995, mean annual wind speed was ~4 m/s, and the lowest mean wind 

speed was in 1996, when a “La Niña” event was finished and an “El Niño” event was 

beginning (NOAA, 2020). Subsequently, there is an increasing trend to 2013. Four 

notable peaks in wind speed occurred in 1998, 2002, 2007 and 2013. After 2013, marked 

decreases in wind speed were observed, with much lower speeds in 2014 to 2017. Thus, 

many years with relatively low wind speeds correspond to years with El Niño or El Blob 

conditions. The summer average wind speeds, from 1988 to 2017 show six important 

peaks, in 1996, 2000, 2002, 2008 and 2013, whereas the lowest values occurred in 1969, 

1981, 1986, 1988, 2005 and 2016 (Fig. 5b). There is also a trend towards decreasing wind 

speed after 2013. 

 
Figure 6a shows wide variation in upwelling between 1960 and 2017. The most 

interesting values in this graph are for the years with remarkable peaks in upwelling, such 

as 1979 and 1982. In contrast, during a period of negligible or slightly negative upwelling 

from 2003 to 2009, a single spike of strong downwelling occurred during 2004. Overall 

the upwelling trend can be characterised by four periods: weak or moderate from 1960 to 

1976, strong from 1977 to 2002, negligible or negative from 2003 to 2009, and moderate 

from 2010 to 2017. From 1960 to 2017 the most intense upwellings were in the summers 

of 1979, 1982, and 1989, and there was less intense downwelling in the summer of 2004 

than in the year overall, with fluctuating upwelling after the summer of 2005 (Fig. 6b). 

There is an overall trend of low upwelling during 1960–76, followed by high activity 

during the late 1970s and early 1980s, and then medium activity until 2003, after which 

time upwelling was low. We also observed a strengthening summer upwelling index after 

2017, but not as intense as during the period from 1979–2002.  
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Fig. 5. Annual (a) and summer (b) average surface wind speed data during the period 
from 1988 to 2017. 

Data source: https://podaac-tools.jpl.nasa.gov/ 
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Fig. 6. Annual mean (a) and summer mean (b) upwelling rate (±SE) analyzed for the 
period from 1960 to 2017.  

Data Source: 
https://www.pfeg.noaa.gov/products/PFEL/modeled/indices/PFELindices.html 
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From 1960 to 2017, we discerned seven notable peaks in SST anomalies that 

occurred in 1963, 1983, 1998, 2009 and 2014, whereas the most notable minima were in 

1971, 1979, 1988 and 2000 (Fig. 7a). The highest increase from one year to another 

during the period was in 2013–2014, whereas the greatest decreases were in 1977–1979, 

1983–1985, 1998–2000, years of strong upwelling of cold water (Fig. 7a). The SST 

anomalies from summer 1960 to summer 2017 show five important peaks in 1983, 1989–

90, 1998–99, 2014 and 2017, whereas the lowest values occurred in 1969, 1981, 1986, 

1988, 2005 and 2016 (Fig. 7b), years with low upwelling. There is also a trend towards 

increasing anomalies in summer temperatures over the period. These increases are faster 

in the GoC than that indicated by the global average summer temperatures (Fig. 7c). 
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Fig. 7. Annual a) and summer (b) SST anomalies (±SE) for the Gulf of California (GoC) 
and annual (c) SST anomalies for the globe during the period from 1960 to 2017. These 
trends provide evidence of a faster increase in SST in the GoC than the globe, particularly 
for the period 1970 onwards. 

Data sources: https://coastwatch.pfeg.noaa.gov/  
https://www.ncdc.noaa.gov/cag/ 
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Median annual values of salinity for the period from 2011 to 2015 were ~34.5 psu 

(Fig. 8a). These medians were slightly higher in 2012 and 2013 than in other years, but 

the annual changes are small compared to the variation within years. Very low values for 

salinity were observed in 2012, 2013 and 2014, whereas relatively high values were also 

observed in 2012 and 2013, so that these two years had the most extreme variation. In 

summer, the lowest values of salinity were observed in 2012 and 2014 (<33.5 and >33 

psu), whereas the highest values (~35 psu) were observed in 2013. Most summer median 

values of salinity are slightly higher than the annual median values, but the pattern 

between years is the same, and there are fewer extreme high or low values in the summers 

(Fig. 8b).  

 
Median values of DO from 2011 to 2015 in the entrance region of GoC were ~5 

mg/L (Fig. 8c). There seems to be a gradual decline in the median values, but this is small 

compared to the intra-annual variation. The lowest values of DO (≤1 mg/L) were 

observed in 2012 and 2014, whereas the highest values (>8<9 mg/L) were observed in 

2012 and 2015. The intra-annual variation in DO is very pronounced, ranging from 

minimums of ~1 mg/L to maximums of ~9 mg/L after 2011. Summer median values of 

DO in the southern GoC showed a more marked decline from 2011 to 2015 than the 

annual median values, although the 2014 median is above the trend. The lowest values of 

DO (≥2.0 mg/L) were observed in summer 2013, 2014 and 2015, whereas the highest 

values (>7 mg/L) were observed in summer 2013. The variation in DO during each 

summer appears to increase from 2011 to 2015, but there was most variation in 2013, 

ranging from a minimum of ~1.5 mg/L to a maximum of ~8 mg/L (Fig. 8d).  
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For pH (Fig. 8e), the medians are all >8 units, but the most interesting data are the 

years with the lowest values (2012, 2014 and 2015), especially 2012 with values below 

7.6 units, whereas in other years pH values were all >7.6 units. In contrast, the maximum 

values of pH (~8.5 units) were observed in 2014. The median pH values for summers 

were remarkably similar between years and to the annual medians, but the low pH values 

in 2012 (below 7.6 units) appear to have occurred mostly in the summer of 2012 (Fig. 

8f). This was a time of transition between La Niña and El Blob conditions in the GoC. A 

value of 7.6 units is significant as an IPCC average projection and is considered an 

extremely acid condition. There is no published information on seasonal pH for either the 

southern or the entrance regions of the GoC.  

 
During 2002 to 2017, the local values of mean annual Chl-a within the GoC ranged 

from 0.06 mg/m3 to 19.4 mg/m3 (Fig. 9a) and local median summer values ranged from 

0.08 mg/m3 to 19.4 mg/m3 (Fig. 9b). The values were higher in the shallow inshore waters 

along the coasts than offshore. Nevertheless, Chl-a was much lower in the oceanic zone 

at the GoC entrance than in the oceanic zone of the GoC. Mean annual concentrations 

were highest in 2011 and lowest in 2002, which suggests high upwelling leads to lower 

Chl-a, as 2002 is at the end of a period of very high upwelling. From 2003 to 2009 there 

was little upwelling, but Chl-a values are fairly high. Median summer concentrations 

were much lower than the annual average, and highest in 2004 and 2015 and lowest in 

2009 and 2011. Mean annual concentrations decreased from 2012 to 2017 and mean 

summer concentrations decreased from 2009 to 2015, particularly along the coast of 

Sinaloa, Nayarit and offshore areas, where high concentrations of Chl-a were usually 

found in the earlier years.  
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Fig. 8. Intra-annual (a, c & e) and seasonal (summer) (b, d & f) variation for salinity, 
dissolved oxygen and pH, in the southern region of the Gulf of California, expressed as 
medians and quantiles with outliers for annually sampled months. For all six figures, the 
sampled months each year are shown (a). The summer months used were June, July and 
August. 
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Fig. 9. Mean annual (a) and median summer (b) chlorophyll mass concentrations during 
the period from 2002 to 2017 in the Gulf of California. 

Data Source: https://oceancolor.gsfc.nasa.gov/cgi/l3  
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Projected trends in selected oceanographic variables 
 

 
By 2055, high global greenhouse emissions (GHG) scenarios (RCP 8.5) project 

increases of ~663 ppm CO2-eq. The RCP 4.5 and 2.6 scenarios project rises of ~390 ppm 

and ~234 ppm CO2-eq, respectively. By 2099, global GHGs are projected to rise by ~546 

to >781 ppm CO2-eq (RCPs 8.5), by ~234 ppm CO2-eq (RCP 4.5) and by ~78 ppm CO2-eq 

(RCP 2.6) (IPCC, 2014). 

 
Based on the IPCC’s RCPs 8.5, 4.5 and 2.6 (high, medium and low emissions 

scenarios, respectively), we show that sea-level rise will not be uniform across our three 

regions defined for waters of western Mexico (Fig. 1b). By 2055, SLR is expected to rise 

~0.6 m for RCP 8.5, ~0.4 m for RCP 4.5 and ≤0.2 m for RCP 2.6. Most of the coastal 

areas of the southern region of the GoC are at much lower altitudes than at the entrance 

region of the GoC. The lowest altitudes (~3 m above present sea level) are in the state of 

Baja California, around the cities of Ensenada and Mexicali (INEGI, 2017). The present 

sea level in these places and the soft sediment found there are crucial factors to consider 

under future projections by 2099, which show that sea level is projected to rise between 

0.6 m and 1.0 m under the RCP 8.5, from 0.4 to 0.6 m under the RCP 4.5, and by ≤0.4 m 

under the RCP 2.6 (IPCC, 2014). 

 
Projected values of the selected oceanographic variables published by NOAA under 

the RCPs 8.5, 4.5 and 2.6 vary among the GCI, GCE and MPW regions by 2055. For the 

MPW region, the most notable changes are in SST, sea level pressure (SLP), DO, Chl-ɑ 

and pH for RCP 8.5. In addition, DO, Chl-ɑ and pH show the most remarkable changes 

for RCP 4.5. Lastly, SST, DO and Chl-ɑ for RCP 2.6. By 2099 however, the largest 

changes in some of the projected oceanographic variables are relatively similar under 

each RCP for the three study regions. For instance, under the RCP 8.5 positive SST 
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anomalies of 2.0 to 2.5 °C are projected to occur in the GCI and the MPW regions, and 

+2.0 °C in the GCE region. Positive projected SLP anomalies are higher in the GCE 

region than in the other two regions. Positive salinity anomalies would be higher in the 

GCI region than in the other two regions. Marked changes in DO and Chl-ɑ are projected 

to occur in the MPW region, whereas more acidic conditions are projected to occur in the 

GCE region. Under the RCPs 4.5 and 2.6, the GCI and the MPW regions are projected to 

have the largest changes in the selected oceanographic variables (Table 1, Appendix Figs. 

A1, A2, A3). 
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Table 1. Projected anomalies by 2055 and 2099 relative to 1956–2005 under three IPCC emissions scenarios for three regions inside and outside 

the Gulf of California (GoC). GCI: the region inside the GoC excluding the entrance region of the GoC (GCE), and MPW: the region that 

includes the rest of Mexico’s Pacific waters inside the Exclusive Economic Zone (Fig.1b). 

 

⃰ No IPCC projections; −No IPCC projections, aMean of projections from a suite of Earth System Models (ESMs) from the Coupled Model 
Intercomparison Project 5 (CMIP5) for 2090–2099 relative to 1990 –1999 (Bopp et al., 2013). 
 

 

          Anomalies (median or range) for each region of each RCP   
IPCC 
scenario 

RCP 
8.5 

RCP 
4.5 

RCP 
2.6   RCP 8.5   RCP 4.5   RCP 2.6 

Region Global anomaly 
projections    GCI GCE MPW   GCI GCE MPW   GCI GCE MPW 

Period 2100  2055 2099 2055 2099 2055 2099  2055 2099 2055 2099 2055 2099  2055 2099 2055 2099 2055 2099 

SST (°C) 2.73a  1.28a   0.56a   ~+1  
+2.0 to 

+2.5 
1 2 

+0.5 
to 

+1.25 

+2.0 
to 

+2.5 

 +1.0 
+1.5 to 

+2.0 
1 ~+1.0 1 1  ~+1 

+1.0 to 
+1.5 

~+1 
+0.5 to 

+1.0 
+0.5 to 

1.25 
+1.0 to 

+1.5 

SLP (mbar) 
−1 to 

+1 
− −  ~+0.1 

to 0.2 
+0.2 to 

+0.4 
~+0.1 
to 0.2 

+0.4 
to 

+0.7 

~+0.1 
to 0.2 

up to 
+0.6 

 * − * − * −  * − * − * − 

Wind speed  
(eastward)(m/s) 

− − −  +0.06 +0.16 +0.06 
+0.16 

to 
+0.20 

+0.04 
to 

+0.12 

+0.16 
to 

+0.40 
 

+0.06 
to 

+0.08 
~+0.08 +0.08 ~+0.12 

+0.08 
to 

+0.16 

~+0.08 
to 

~+0.12 
 +0.02 ~+0.04 

+0.02 
to 

+0.04 

+0.02 
to 

+0.04 

+0.02 
to 

+0.18 

+0.02 
to 

+0.16 

Salinity (psu) 
−1.2 

to 
+1.2 

−0.8 
to 

+0.8 

−0.8 
to 

+0.8 

 +0.2 to 
+0.4 

+0.2 to 
+0.8 

+0.1 to 
+0.2 

+0.1 
to 

+0.2 

+0.1 
to 

+0.2 

+0.1 
to 

+0.2 

 ~+0.2 
+0.2 to 

+0.8 
+0.1 to 

+0.2 
+0.2 to 

+0.4 
+0.1 to 

+0.2 
−0.4 to 

+0.4 
 +0.1 to 

+0.2 
−0.1 to 

+0.2 
−0.1 

−0.2 to 
+0.1 

−0.1 to 
−0.2 

~−0.8 
to +0.2 

DO (mg/L) −1.81a −2.37a −3.45a  
−0.03 

to 
−0.06 

−0.18 
to 

−0.27 
−0.06 

−0.18 
to 

−0.21 

−0.06 
to 

−0.12 

−0.32 
to 

+0.32 

 
−0.06 

to 
−0.12 

−0.12 
to 

−0.18 
−0.06 0.09 

−0.06 
to 0.09 

−0.09 
to 

−0.18 

 0.32 0.24 0.32 
+0.06 

to 
+0.38 

−0.18 
to 

+0.32 

−0.18 
to 

~+0.38 

Chlorophyll-a  
(mg/m3) 

−0.12 
to 

+0.12 

−0.10 
to 

+0.10 

−0.07 
to 

+0.07 

 
−0.01 

to 
+0.01 

−0.01 
to 

~−0.04 

−0.01 
to 

−0.02 

0.02 
to 

0.03 

−0.01 
to 

−0.07 

−0.03 
to 

−0.1 

 
−0.01 

to 
+0.01 

−0.01 
to 

−0.02 

−0.01 
to 

+0.01 

−0.01 
to 

−0.02 

+0.01 
to 

~−0.04 

−0.01 
to 

−0.08 

 −0.01 
+0.01 

to 
−0.01 

−0.01 −0.01 
−0.01 

to 
−0.04 

−0.01 
to 

~−0.07 

pH −0.33a −0.15a −0.07a   ~−0.08 
−0.08 

to −0.1 
~−0.08 −0.1 

−0.09 
to 

−0.1 

−0.08 
to 

−0.1 
  −0.08 

−0.08 
to −1.0 

~−0.01 −0.01 
−0.07 

to 
−0.08 

−0.08   
~−0.06 

to 
~−0.08 

~−0.08 
to −0.1 

~−0.06 
to 

~−0.08 

~−0.08 
to −0.1 

~−0.06 
to 

~−0.08 

~−0.08 
to −0.1 
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4. Discussion 
 

 
Changes in the physical conditions of marine ecosystems are expected due to 

climate change. The body of literature showing evidence that conditions have already 

changed has increased in the last few years. A total of 24 discrete marine hotspots have 

been identified by Hobday and Pecl, (2014). Among these, the Gulf of California (GoC) 

is a region where recent marine heatwaves and a hotspot called “El Blob” have affected 

the oceanography of the GoC and its marine fauna. The degree of these impacts, however, 

remains uncertain.    

 
The waters in the EEZ off the west coast of Mexico, particularly those of the GoC, 

provide an important fishing region (Bizzarro et al., 2009a; Bizzarro et al., 2009b; 

Cartamil et al., 2011), so there has been considerable attention on sea surface temperature 

(SST) trends in this area over the past two decades (Lavín et al., 2003; Lavín and 

Marinone, 2003; Kahru et al., 2004; Escalante et al., 2013; Saldívar-Lucio et al., 2015; 

Ayala-Bocos et al., 2016). Furthermore, based on the GoC’s physical, chemical, and 

biological composition (Álvarez-Borrego, 2010), it is reasonable to expect that 

oceanographic variables other than SST would cause major changes in marine 

communities, particularly in terms of the distribution and abundance of fish species 

(Reyes-Bonilla, 2003; Ayala-Bocos et al., 2016).  

It is unknown whether the GoC acts as a sink or as a source of CO2; and there is a 

need to know whether the California Current contributes CO2 to the GoC via the 

movement of CO2-rich deep waters into the mixed layer (Di Lorenzo et al., 2005; Hauri 

et al., 2009; Reimer et al., 2013; Rodriguez-Ibáñez et al., 2013; Cao et al., 2014). The 

IPCC (2014) has projected a global increase in atmospheric CO2 of ~585 ppm CO2-eq by 
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2050 and >1000 ppm CO2-eq by 2100, which would have a far greater effect. For the 

three regions studied here, uncertainty arises due to the scarcity of regional projections. 

Takahashi et al. (2009), however, based on climatological mean annual sea-air CO2 flux 

under non-El Niño conditions, showed that the GCE region is a larger source of CO2 than 

most of the Mexican Pacific waters’ region. The importance of this calculation has been 

previously noted by Páez-Osuna et al. (2016). 

 
Changes in sea level pressure (SLP) can generate severe weather, with its 

destructive winds and waves that physically damage the habitats that some species depend 

on (Chin and Kyne, 2007). Changes in SLP were observed from 1960 to 2017, and we 

argue that these probably link to phenomena in the GoC such as the “El Niño” and “La 

Niña” events (Cane, 1983; Lluch-Cota et al., 2010), and the “El Blob” (Hartmann, 2014; 

Bond et al, 2015; Cavole et al., 2016) from 2013 to 2014. These winds and waves could 

also be linked to the Pacific oscillation and to the “El Niño Modoki”, a new type of the 

“El Niño” described in Japan in 2004. This phenomenon differs from the “El Niño” in its 

effect on temperatures. While the “El Niño” brings warmer temperatures to the GoC, the 

“El Niño Modoki” brings cooler temperatures not only to the GoC but to the entire eastern 

Pacific Ocean (Ashok et al., 2007; Yeh et al., 2009), including the MPW region. 

Nevertheless, not all the “El Niño” and “La Niña” events correspond to low and high 

SLP, respectively. The GoC has its own characteristic atmospheric pressure pattern, 

which differs from other parts of the world, particularly in those parts for which the “El 

Niño” index was created. Atmospheric patterns peculiar to specific regions have recently 

been discovered in other parts of the world such as Chile (Xue et al., 2020), California 

and off Baja California (Yuan and Yamagata, 2014). Not all of the coastal 

warming/cooling events were associated with the ENSO in those areas, as this study 
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shows. Thus, it would be appropriate to explore or develop local indices for the GoC and 

adjacent waters that can explain changes in oceanographic variables (Hernandez de la 

Torre et al., 2012; Godínez-Padilla, 2017; Hernández de la Torre and Hernández-Walls, 

2019), to project warming or cooling events. 

 
Overall, by 2055 and 2099, remarkable increases in SLP are projected to the study 

regions, particularly to south Sinaloa and the state of Nayarit in the GCE region, as 

compared to those SLP increases projected for the GCI and MPW regions. If unusual 

high SLP occurred together with changes in wind speed, particularly weaker wind speed, 

plus the possible arrival of “El Niño” and “El Blob, this would suppress the local heat 

loss at the surface layers. Although SLP cannot significantly affect sea-level rise, high 

temperatures can. Thus, if the entrance region experiences unusual high SLP combined 

with other atmospheric and oceanographic changes, sea-level rise could increase as has 

been observed in the Northeast Pacific (Wang et al., 2019). This would make this region 

susceptible to inundation and erosion due to their low altitude (Byrne and Emery, 1960). 

The GoC still has important areas of mangroves along the GCI and GCE shorelines that 

are protective in times of hurricanes and storms. We suggest the mangrove forests in the 

GoC require careful management because they are currently being degraded by the 

erosion of sand beaches due to the development of marinas, residential housing, cattle 

fields, and fish and prawn farms (Páez-Osuna et al., 2016). 

 
For marine species, the effects will depend on the type of species. For instance, 

severe storms (associated with low pressure) influences lobsters to move towards deeper 

and saltier waters (Jury et al., 1995) probably as a result of the fact that they would be 

damaged by the low salinity of heavy rain and/or the strong wave surge of storms. Perhaps 
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other crustaceans of commercial importance will experience similar effects. Other marine 

invertebrates, however, such as polychaetes, are reported to increase in abundance after 

storm events (Corte et al., 2017). Some marine vertebrates are also affected. Several 

authors have reported that tropical storms cause juvenile blacktip sharks, Carcharhinus 

limbatus, to leave their nursery areas (Heupel et al., 2003) where they are likely to be 

exposed to increased predation. For other species such as Carcharhinus melanopterus 

however, the response is different. This species has been observed to remain in its nursery 

area during severe weather (Udyawer et al., 2013; Schlaff et al., 2014). The authors 

assume that the benefits of remaining in the habitat would be greater than if juveniles 

depart. On the other hand, if SLP is higher than the mean rate, SST would increase 

because of intense solar radiation, and under conditions of weak upwelling and weak 

winds, perhaps some species of chondrichthyans would have to move to other areas and 

be exposed to increased risk of predation. There is an urgent need to plan for large 

economic investments to mitigate the damage climate change is likely to cause and to 

reconstruct where possible. 

 
We also note that the largest increases in SST during 1960–2017 are related to the 

“El Niño” for some years, and the “El Blob” plus the “El Niño” for 2013−2015 in the 

GCI and GCE regions. The “El Niño” in 1998 (the strongest one to date) and the “El 

Blob” in 2013–2014 have strongly affected the oceanography of the Gulf of California 

(Leising et al., 2015), resulting in a static upper layer of warm water that is believed to 

remain (Peterson et al., 2016; Cavole et al., 2016). Furthermore, based on future scenarios 

developed by NOAA, SST in the three regions is expected to increase, but the highest 

increase are projected to occur in the GCI and the MPW regions by 2055 and 2099. 

Previous investigations (Lluch-Cota et al., 2010; IPCC, 2014) have projected the 
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strongest increases in inshore regions. If that were to happen, inshore areas close to the 

port of Guaymas in Sonora, north Sinaloa, and the Marias Islands in the state of Nayarit 

would be most vulnerable to increased SST (Lluch-Cota et al., 2007), as the present study 

shows. 

 
Because most marine species are ectothermic, small changes in SST can have 

adverse effects, and changes in SST can disturb them both physiologically and 

metabolically. Functions such as digestion, somatic growth and reproduction are 

regulated by body temperature, which is directly controlled by the temperature in the 

environment (Schlaff et al., 2014). Also, some elasmobranchs detect rapid changes in 

water temperature (e.g., the thornback ray Platyrhinoidis triseriata may react to changes 

as small as 0.001 °C) (Brown, 2003), and these changes can induce stress responses 

(Kneebone et al., 2013). In contrast, other species such as the bull shark, Carcharhinus 

leucas, can tolerate temperatures of ~40 °C (Shipley, 2005). Marine mammals would also 

be affected, particularly baleen whales, which respond to changes in SST and Chl-ɑ 

(García-Morales et al., 2017), and bottlenose dolphins are known to be also vulnerable to 

climate change stressors (Sousa et al., 2019). Other groups, however, such as 

dinoflagellates, would obtain benefits from warmer conditions and extreme changes in 

other variables. This phytoplanktonic group is reported to proliferate when water 

temperature increases (Gárate-Lizárraga et al., 2004; Gárate-Lizárraga and González-

Armas, 2015). Phytoplankton blooms, in turn, can generate negative effects on other 

marine species, particularly commercial species, as a great number of dinoflagellate 

species are harmful in the Mexican Pacific (Maciel-Baltazar, 2015). We also emphasize 

that changes in SST influence other oceanographic variables, such as sea level rise. 
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Sea-level rise (SLR) records and climate models indicate an increase in sea level 

rise globally, but data for the GoC remains scarce. The estimates generated from satellite 

altimetry for the GoC and adjacent Pacific waters indicate a greater rate of increase during 

the period 1993–2019 than reported by Páez-Osuna et al. (2016) for the GoC. These 

authors estimated an increase in SLR from −0.7 to 2.5 mm/year and an overall mean value 

of 0.8±0.8 mm/year. They also pointed out that the highest trend in sea level was in the 

north-eastern part of the GoC from 1993 to 2015, and slower rises were apparent in the 

southern and the entrance regions of the GoC. Differences between the information 

reported by these authors and the present investigation may be the result of using 

projected data from different sources. White et al. (2005), however, argue that a more 

rapid coastal rise corresponds to “La Niña-like conditions in the tropical Pacific Ocean 

and a slower rate corresponds to El Niño-like conditions. The GoC had three very strong 

“El Niño” and seven very strong “La Niña” events during 1960–2017 (NOAA, 2019). 

Whatever the rate is, any substantial sea level rise will impact estuarine and coastal 

ecosystems. Also, any change in sea level affects the biogeochemistry of sediments and 

nutrients (Statham, 2012). This supports the need for more intensive monitoring of 

sea-level rise in the Gulf of California. 

 
The IPCC RCP 8.5 projections for global sea-level rise indicate a rise of ~0.6 m by 

2055 and ~1.0 m by 2099 (IPCC, 2014). This agrees with the extrapolation of global 

sea-level trends by White et al. (2005). Furthermore, increases in SST are projected to 

prevail by the year 2100. If future warming in the GoC and adjacent areas increases, 

coastal sea levels have the potential to rise, and coastal communities will be more 

susceptible to severe weather. We suggest, however, that the action of the MCC plus the 

coastal trapped waves close to the Marias Islands in the state of Nayarit may offset the 
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negative effects of warming and sea-level rise. The MCC forms continuing eddies that 

intensify the local currents, and these eddies are intensified by the Cabo Corrientes and 

Marias Islands headlands (Zamudio et al., 2007). Therefore, the recirculation of water 

masses by the MCC may be enough to enhance rates of upwelling and reduce surface 

temperatures, distributing nutrients and DO, as the projected changes in this investigation 

suggest. We also emphasize that the use of more appropriate indices to predict warming 

or cooling events would be useful for human communities to plan how to cope with 

extreme changes in the three study regions.  

 
Upwelling processes are generally linked to currents along the eastern boundaries 

of oceans, at low latitudes where winds blow predominately westward and towards the 

equator as part of the global atmospheric pressure systems (Diffenbaugh, 2005; Lara-

Lara, 2008). We found variations in upwelling in the southern and entrance regions of the 

GoC in the period 1960–2017. Before 1975, the yearly upwelling index was <100 m3/s 

per 100 m, a value corresponding to the weakest events off Western Mexico (Zaytsev et 

al., 2003). After 1975 and before 2002, the upwelling index increased, with low intensity 

when the “El Niño” events occurred, particularly in 1998–1999 (the strongest “El Niño” 

year). After 2005 and before 2011, both the yearly and the summer upwelling indices 

seem to correspond to lower than average SLP and weak wind speed. We also found 

remarkable downwelling in 2004 when several events occurred together; a global increase 

in CO2 (IPCC 2014), a weak “El Niño”, and a stronger “El Niño Modoki”. That 

combination perhaps led to the water at the surface being much colder, and saltier (in 

response to the high evaporation in the GoC) and thus denser than the water beneath. All 

these possible reasons perhaps enhanced the flow of Gulf of California Water that comes 

from the north into the southern part of the GoC.  
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Jiménez-Quiroz et al. (2019) found weaker coastal upwelling in 2014 in Bahia 

Magdalena, a bay inside of our MPW region. The data presented here shows wind speed 

from 2014 to 2017 was lower than in the previous years. The authors also reported a 

recovery in upwelling after 2017. The present study shows the recovery beginning in 

2011 for annual values and after 2016 for summer values. These differences can be 

explained by local characteristics of the bay, which differ from those in the Gulf of 

California and the entrance region, or because the authors used the cumulative upwelling 

index (CUI) from 2015 to 2016. This index represents summation of the daily mean 

upwelling indices at each location starting on January 1st and continuing to the end of the 

year (Bograd et al., 2009). Although the index is useful to represent a cumulative effect 

on ecosystem productivity, the coastal upwelling index used in our study contributes to 

the understanding of physical and biological relationships for marine species in a more 

general way. 

Santamaría-del-Ángel et al. (1999) showed that the GoC summer upwelling had a 

noticeable effect on the distribution of SST and Chl-a but it was very weak. The authors 

argue that this is due to extreme water stratification as a result of SST >31°C. High 

primary productivity on the Mexican Pacific coast is usually related to coastal upwelling 

activity that brings cold, nutrient-rich water to the surface in response to prevailing 

alongshore winds (from the northwest to the north) (Zaytsev et al., 2003). The direction 

and speed of winds in the GoC may change during the seasons. Páres-Sierra et al. (2003) 

they found that the two dominant wind patterns: down the gulf  from the northwest or up 

from the southeast, did not always apply in some parts of the GoC. For instance, in 

summer, winds flowing from directions between the south and the east, occasionally 

occur in the southern region of the GoC, and winter season starts with the strongest winds. 
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This wind pattern was also noted by Santamaría-del-Ángel et al. (1999). They also 

concluded that the intensity of upwelling is not just due to wind speed but also the 

influence of SST >31 °C that causes weak upwelling.  

In any case, a balanced rate of upwelling is necessary for a diverse marine fauna. 

Intensified upwelling would lead to greater turbulence in the upper ocean, changing the 

composition of phytoplankton and zooplankton communities. In contrast, weak upwelling 

would lead to less nutrient enrichment than the optimal environmental range (Bakun et 

al., 2015). Furthermore, variations in upwelling can change the availability of prey 

species (Bograd and Lynn, 2003); and alter the migration patterns of various species of 

commercial importance such as the jumbo squid, Dosidicus gigas, a species that supports 

an important fishery in the southern region of the GoC (Robinson et al., 2013).  

We also show that the years with low wind speed corresponded to warmer and “El 

Niño” years, and also to years with low SLP. In contrast, years with the highest wind 

speed corresponded to years when SST began to increase and SLP was high. The average 

magnitude of wind speed for the period from 1992 to 2019 was 4.2 m/s, which is less than 

that reported (4.93 m/s) by Páres-Sierra et al. (2003) for the period 1996–2002. Normal 

conditions returned to cold after the warm event “El Niño 2015–16” when a recovery in 

upwelling was observed. Although ocean temperatures began to cool after August 2018, 

after the “La Niña” 2017–18 event, SST remained above average along the Pacific coast 

of the Peninsula of Baja California (inside the MPW region) (unpublished data). Thus “El 

Niño and La Niña” events may not always explain changes in oceanographic variables in 

the Mexican Pacific. For future projected changes, we point out that by 2055 and 2099, 

wind speed is projected to increase in the three study regions, particularly in the MPW 

region under low, medium and high emission scenarios. In any case, extreme changes in 
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wind speed will affect the distribution of heat, upwelling intensity and concentrations of 

Chl-a, among other oceanographic variables. 

 
We also show the years with extreme variation in salinity during 2011–2015. 

Previous publications have reported salinity values higher for 1969 (Álvarez-Borrego, 

1983; Lavín and Marinone, 2003) than we report in the present study, but our salinity 

values are slightly lower than those published by Castro et al. (2000), who reported values 

of salinity <34.6 psu near Sinaloa, and >34.8 psu near South Baja California. By 2055 

and 2099, salinity is projected to increase in the GCI and GCE regions, with the highest 

salinity anomalies close to the port of Guaymas in Sonora and towards the northern part 

of the GCI region. For the MPW region, the projections are for both negative and positive 

salinity anomalies by 2099 but not by 2055, when only positive salinity anomalies are 

projected. Several authors argue that the highest values of salinity are associated with 

Subtropical Subsurface Water (Collins et al., 1997), whereas lower values of salinity 

(~34.6 psu) are associated with the California Current (Lavín and Marinone, 2003). Other 

authors have related increases in salinity to the Pacific Decadal Oscillation (Schneider et 

al., 2005). Roden (1958) pointed out that highly saline water coming from the northern 

GoC and cooling in winter, fills the isolated basins there and moves southward along the 

coasts of the GoC. Perhaps due to extreme changes in wind stress, higher evaporation, 

and high salinity, together with their interactions with other oceanographic variables, 

changes in the arrival times of these water masses may occur.  

 
For the three study regions, major changes in salinity would have a great impact on 

marine coastal communities, particularly coral reefs and coastal seagrass communities. 

Increased salinity in coastal areas of the GoC may be a result of southward flow in winter 
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from the northern GoC (Roden, 1958). Higher temperatures will also increase evaporation 

and may reduce DO (Chin and Kyne, 2007). In the GoC, freshwater, estuarine and coastal 

habitats are crucial for many species. For example, increasing salinity in some rivers and 

lagoons along southern GoC would affect the bull shark (Carcharhinus leucas) and the 

dwarf round stingray (Urotrygon nana); species that are present in this habitat for mating 

and parturition (Last et al., 2016). Furthermore, changes in salinity would influence 

changes in other stressors such as DO, Chl-ɑ and pH. Based on an estuarine equilibrium 

model by Moss et al. (2010), pH declined (~7.1 units) at salinities <2 psu and pH 

increased (~7.9 units) at salinities >15~30 psu. More investigation is needed in this arena 

as salinity profiles are very complex in our study regions. 

Hypoxic zones have been detected in various parts of the world (Hendrickx, 2001; 

Lluch-Cota et al., 2007), and one of these is located in the east Pacific, including much 

of the GoC (Diaz and Rosenberg, 1995; Lluch-Cota et al., 2007). Dissolved oxygen (DO) 

depends on several processes such as circulation, ventilation, air-sea exchange, 

production and respiration (Deutsch et al., 2005). During 2011–2015, the lowest values 

of DO were observed when the “El Blob phenomenon occurred, presumably because 

warm waters, low SLP and saltier water create strong downwelling of water that carries 

less oxygen. The minimum values of DO reported in our study were previously found for 

the same region but at depths of 300 m and 700 m by Roden (1958) and from the surface 

to 100 m depth by Hendrickx (2001) in samples taken in August 1991 and 2000, years 

related to a strong El Niño year and a weak La Niña, respectively. In August 1981, a rapid 

decrease in oxygen was observed below 60–65 m depth, where the presence of a zone of 

minimum oxygen begins to manifest (Hendrickx, 1984), and when a very strong El Niño 

year was beginning. Measurements and model studies have consistently identified a 
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decreasing trend of DO in the ocean over the last several decades (Joos et al., 2003). 

Lluch-Cota et al., (2007) have pointed out that minimum concentrations of DO occur off 

the coast of Sinaloa at 150–750 m depth, a place devoid of benthic macrofauna. As this 

example shows, DO is important for marine fauna and further investigation is needed to 

determine how fauna inhabiting the deeper waters of the GoC are affected by low DO. 

 
The future projected changes are for decreases in DO in the three regions with the 

largest in the MPW region by 2055 and 2099. However, more analyses of historical data 

are necessary to determine whether changes in DO in the GCI, GCE and MPW regions 

and elsewhere reflect long-term anthropogenic climate trends or are associated with 

decadal climate variability. Models for some greenhouse gas emissions scenarios project 

a decline in midwater oceanic DO as a result of enhanced stratification and reduced 

ventilation (Keeling and Garcia, 2002). Long time series of DO are relatively scarce, but 

those regions with available information of DO exhibit a systematic decline (Whitney et 

al., 2007).  

 
The GoC receives nutrients from three main sources: upwelling, tidal mixing, and 

water exchange with the Pacific Ocean (Álvarez-Borrego, 2012; Escalante et al., 2013). 

However, along the coasts of Sinaloa and Nayarit, inputs from the rivers and other runoff 

also contribute to nutrients (e.g., organic matter) (De la Lanza Espino, 1991). Our results 

demonstrate that past high concentrations of Chl-ɑ occurred at very shallow depths in the 

GoC, mainly along the coasts of Sinaloa and Nayarit in the GCE region. This pattern has 

also been reported by other authors (Álvarez-Borrego, 1983, Álvarez-Borrego and Lara-

Lara, 1991; Hidalgo-González and Álvarez-Borrego, 2001, Álvarez-Borrego, 2010; 

Escalante et al., 2013). Past concentrations of Chl-ɑ, however, were higher in oceanic 
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waters in the southern GoC than in oceanic waters at the GoC entrance (Escalante et al., 

2013). The entrance of the GoC receives water from the Equatorial Surface Water, which 

is considered oligotrophic (<0.05 mg/m3) due to high temperatures and also high salinities 

(Álvarez-Borrego and Schwartzlose, 1979). The high salinity makes it denser and thus it 

extends deeper, so that when winds blow surface water away, cold nutrient-rich waters 

do not rise to the surface. 

 
Projected Chl-ɑ decreases in the GCI and GCE regions by 2055, but the most 

notable decreases are projected for the MPW region. By 2099, the MPW region is 

projected to have larger negative Chl-ɑ anomalies than the GCI and GCE regions. Based 

on the past Chl-ɑ data, a decreasing trend was observed in the MPW region from 2016 to 

2018, with the lowest concentration in 2018 (unpublished data). Continuation of this 

decline implies a need to mitigate climate change impacts on Chl-ɑ. Chlorophyll is a 

proxy for ecosystem productivity, and decreases would cascade down through food 

chains and depths, to affect species in all of our study regions, and this is particularly 

important for significant fishing areas and where inhabitants depend on fishing resources 

to consume protein. In tis study, the period of maximum Chl-a was 2011–2012, when a 

recovery in upwelling intensity and wind speed was observed. This relationship is 

relevant because if these patterns persist through time, perhaps projections of when 

upwelling will occur would be crucial to project climate change impacts in the GoC and 

adjacent areas.  

Ocean acidification is changing the carbonate system of the world oceans and will 

impact on marine organisms, particularly those that build calcium carbonate skeletons, 

and also may result in changes to species distributions and trophic levels of marine food 

webs (Guinotte and Fabry, 2008). Oceans absorb CO2, and dissolved CO2 lowers pH 
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(Caldeira and Wickett, 2003). We highlight decreases in past pH values for the southern 

region of the GoC to levels which are considered an extremely acid condition by the IPCC 

(2014). There are no other data of pH recorded in situ in this area. Here, we provide 

insight into how pH is varying currently and what it is expected to be in the future. 

Monitoring of pH is urgently needed in the GoC. Water carried from the poles, which 

already has a higher CO2 content, is introduced into the GoC by upwelling and we do not 

know how acidic the GoC upwellings may be. By 2055 and 2099, pH is projected to 

decrease ~0.1 units, which corresponds to a 30% increase in acidity (NOAA, 2019), with 

the highest projections for the MPW region (Table 1). In 1985, values of pH decreased 

from 8.1 to 7.8 units from the north to the south of the GCI region (Zirino et al., 1997). 

We reported low values of ~7.6 units on the eastern side of the entrance region of the 

GoC. Perhaps, the projected decrease by the IPCC has ready occurred. Many marine 

organisms are sensitive to changes in pH, particularly on coral reefs, leading to significant 

degradation of coral habitats and indirectly to species associated with these habitats. 

Furthermore, emissions of methane from the continental slope can also contribute 

to increased acidification by 2100 (Judd et al., 2002). For instance, in the Guaymas Basin 

in the state of Sonora (located in the GCI region), there are several hydrothermal vents 

that convert organic matter to methane (Simoneit et al., 1998; Paull et al., 2007). These 

hydrothermal vents contribute to high rates of organic sediment accumulation and large 

temperature gradients in the sediments, stimulating rapid methane production 

(Merewether et al., 1985). Under different RCP scenarios, corals, echinoderms, mollusks 

and fishes are projected to be more sensitive to ocean acidification than crustaceans due 

to their low capacity to adjust to changes in the pH of seawater (Wittmann and Pörtner, 

2013). Although studies evaluating the impacts of changes in pH on chondrichthyans are 
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scarce, these changes are likely to impact them by increasing energy demands and 

reducing their metabolic efficiency and ability to locate food, and by affecting their food 

chains, as many sharks and rays feed on benthic molluscs. Thus, considerable reductions 

in growth rates are likely (Pistevos et al., 2015). Ocean acidification also affects critical 

behaviors of both teleosts and molluscs by affecting neuro-receptors (Munday et al., 

2009; Watson et al., 2014). Recently, evidence of denticle corrosion on six individuals of 

Haploblepharus edwardsii, an endemic demersal shark from South Africa was found 

(Dziergwa et al., 2019). The individuals were exposed to pH of 7.3 units, a value projected 

to occur by 2300 (IPCC, 2013) and recorded in our study for the southern region in 2012. 

As shark skin has the same elements that form the denticles, the corrosion could also 

affect the skin. Chondrichthyans which require high mobility to maintain the ventilation 

rate and/or species without denticles such as the devil fishes, Mobula spp. (Meyer and 

Seegers, 2012), may be more affected due to damaged skin structure. Investigation of 

these and other potential impacts of future ocean acidification on chondrichthyan fauna 

and their habitats is needed (Dixson et al., 2015; Pistevos et al., 2015).   
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5. Conclusions  
What do we know now that we did not know before? 
 
 

We have described observed and projected changes for three important periods of 

time. The first is from 1960 to 2017, when two important phenomena, “El Niño” and “El 

Blob”, were present in the southern and entrance regions of the Gulf. These provide an 

idea of the effect of warmer surface water conditions in the region. The second and third 

periods are from 2006 to 2055 and from 2050 to 2099, when increases in sea level 

pressure, wind speed, SST, sea-level rise, and salinity, and decreases in DO, Chl-ɑ and 

pH (~0.1 units) are projected to occur in the GCI, GCE and MPW regions. 

 
We describe the complex sources and arrangement of water masses in the GoC and 

relate the changes in sea level rise, SLP, wind speed, upwelling intensity, SST, salinity, 

DO, Chl ɑ and pH as far as possible to the observed and projected temperature changes 

and CO2 levels, and to each other. We suggest that further research into how these 

variables are related in the GoC would allow better projections and assessment of impacts. 

Also, we suggest the development of new indices for characterizing climatic and 

oceanographic cycles in the GoC and the Mexican Pacific, because the main decreases 

and increases in some of the selected variables, particularly SLP and SST, were not 

always related to “El Niño and La Niña” events. It is necessary to examine in detail 

changes in SST, SLP and CO2 in the GoC, as the GoC has a complex interaction between 

the atmosphere and the ocean. It seems that the GoC is more connected with changes in 

the Gulf of Alaska (COMET, 2017) than to changes in the south Pacific, but more 

investigation is needed to understand how the GoC and adjacent waters respond to 

environmental changes. We have also provided insight into the main potential 

oceanographic and ecological changes under alternative emissions scenarios, and how 
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changes in projected oceanographic variables vary in the three regions. We identify how 

various potential climate change stressors may affect various important taxa, such as 

corals, other invertebrate groups, teleosts and chondrichthyans in the study regions. This 

is crucial for fisheries managers who have a special interest in and conservation priorities 

for any of these study regions. 
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Fig. A1. Projected anomalies based on the RCP 8.5 from the period 1956–2005 to the 
periods 2006–2055 and 2055–2099 for sea level pressure (a & b), wind speed (c & d), sea 
surface temperature (e & f), salinity (g & h), dissolved oxygen (i & j), chlorophyll (k & 
l) and pH (m & n).  
Data source: http://www.esrl.noaa.gov/psd/ipcc/ocn/timeseries.html 
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Fig. A2. Projected anomalies based on the RCP 4.5 from the period 1956–2005 to the 
periods 2006–2055 and 2055–2099 for wind speed (a & b), sea surface temperature (c & 
d), salinity (e & f), dissolved oxygen (g h), chlorophyll (i & j), pH (k & l).  
Data source: http://www.esrl.noaa.gov/psd/ipcc/ocn/timeseries.html 
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Fig. A3. Projected anomalies based on the RCP 2.6 from the period 1956–2005 to the 
periods 2006–2055 and 2055–2099 for wind speed (a & b), sea surface temperature (c & 
d), salinity (e & f), dissolved oxygen (g h), chlorophyll (i & j), pH (k & l). 
Data source: http://www.esrl.noaa.gov/psd/ipcc/ocn/timeseries.html 
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Abstract 
 

We report results from the first detailed investigation of elasmobranch bycatch that 
contains data on species, sex, and length-frequency distributions of animals collected in 
the coastal south-eastern and entrance region of the Gulf of California. Using data from 
fishery-independent prawn trawl surveys between 2011–17, we found differences 
between years and zones in the number of species per tow in summer when more samples 
were taken, but we did not find differences in autumn and winter. We present size-
frequency distributions with size at first maturity for Urobatis halleri, Urotrygon 
chilensis, Rhinoptera steindachneri, Hypanus dipterurus, Gymnura marmorata, and 
Pseudobatos glaucostigmus, which were the species most frequently present in the prawn 
trawls during the surveys. These distributions are presented by zone, depth stratum, and 
season (mainly summer, when commercial prawn trawling is prohibited, and thus 
information from commercial catches is not available). We found significant differences 
in the mean size between mature females and mature males for five of these six species. 
We also found that fish escape devices installed in the prawn nets early in 2016 improved 
the escape of mid-sized rays, demonstrating size selectivity of the fishery and suggesting 
the potential to improve further the escape of large-sized rays by modifying fish escape 
devices. Furthermore, the large number of rays caught (21 species) compared with the 
number of sharks caught (four species) suggests much lower catchabilities for sharks than 
for rays in demersal prawn trawl gear. 

 
Key words: Fishery manegement; sharks; rays; closed season for prawn fishing; FEDs; 
bycatch reduction devices.  
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Chapter 3. Elasmobranch bycatch by prawn trawls in the Gulf of 
California: first comprehensive analysis and the effect of fish escape 
devices 
 

1. Introduction 
 

Demersal trawl fisheries can have significant consequences for populations, food 

webs, and ecosystems (Crowder and Murawski, 1998). In Mexico, the industrial prawn 

trawl fishery has operated since 1921 in the Gulf of California (GoC) and on the 

southwest coast near to the border with Guatemala (Aguilar and Grande-Vidal, 2008), 

representing the most important fishery in terms of income and employment, and 

providing ~40% of the total national fish production value (Lluch-Cota et al., 2007). The 

composition of retained and discarded elasmobranch catches in the industrial demersal 

prawn trawling fishery of Mexico has seldom been reported and never in detail. This lack 

of specific data limits stock assessment and ecological risk assessment of the 

elasmobranch species. Fishery-independent surveys in several parts of the world have 

shown that elasmobranch bycatch species have suffered marked declines in abundance 

(Walker, 2005a) and that in multi-species fisheries, non-target species require special 

management to prevent depletion of their populations, particularly species with low 

productivity such as elasmobranchs (Walker, 2005b).  

 
In the GoC, previous work on evaluating the impacts of prawn trawling on 

elasmobranchs is mostly limited to lists of the main bycatch species taken during 

industrial fishing (López-Martínez et al., 2010; Rodríguez-Romero et al., 2012; Herrera-

Valdivia et al., 2015), and the latitudinal and bathymetric distribution of the most 

abundant and frequent bycatch species taken during research cruises (Rábago-Quiroz et 

al., 2011). A few studies have analysed the somatic growth rates and population dynamics 

of some of the most common species (e.g., Urobatis halleri and Pseudobatos productus) 
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(López-Martínez et al., 2010; Morales-Azpeitia et al., 2013; Soto-Barron, 2013) or their 

feeding habits (Navarro-González et al., 2012).  

 
Detailed information on elasmobranch catch composition by species, sex, and size-

frequency for separate sampling zones, seasons, depth strata, and years is thus very 

limited. This limitation is in contrast to the artisanal fisheries, where elasmobranch catch 

composition in the GoC has been studied intensely (Pérez-Jiménez et al., 2005; Bizzarro 

et al., 2009a; Bizzarro et al., 2009d; Smith et al., 2009; Torres-Herrera and Tovar-Ávila, 

2014). In addition, earlier works have been undertaken on commercial vessels, and thus 

do not provide information about elasmobranchs present during the summer, which is 

closed to prawn fishing because the prawns reproduce in this season (NOM-002-

SAG/PESC-2013-DOF, 2013).  

 
The present study focuses on the elasmobranch species caught as bycatch during 

fishery-independent prawn trawling surveys undertaken during 2011‒17 by the National 

Fisheries and Aquaculture Institute of Mexico (INAPESCA) in the coastal south-eastern 

and entrance region on the continental shelf of the GoC. Although the surveys occurred 

during all seasons, activity was most intense during summer, when prawn trawling is 

prohibited. We report the number of species collected, and for each of the six most 

commonly caught species, compare the size-frequency distributions among the zones, 

seasons, and depth strata surveyed.  

 
We expected the presence of bycatch reduction devices (BRDs), such as the turtle 

exclusion device (TED) (mandatory in Mexico since 1996) and a fish escape device 

(FED) (mandatory since the start of 2016) fitted to all prawn trawl nets, to affect the size-

frequency distributions of these species both in the catch and the population. Appropriate 

data to investigate the size-selectivity of the TED in the net were not available, but we 
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investigated the size-selectivity of the FED by testing for a difference in the size-

frequency distributions of each of the six most commonly-caught species (a 

taxonomically diverse set of rays) between the periods before and after adoption of the 

FEDs. 

 
2. Material and Methods 

2.1 Data collection 

The GoC, also known as the Sea of Cortés (Fig. 1a), is located on the northwest 

coast of Mexico, covering an area of ∼350,000 km2 (Ezcurra et al., 2009). 

Oceanographically, it is strongly influenced by north-westerly winds and two major 

oceanic currents from the Pacific Ocean. The two currents are the cold-temperate water 

south-flowing California Current during winter-spring and the warm water north-flowing 

Mexican Current during summer-autumn. Both currents produce noticeable variations in 

physical and chemical conditions, such as SST, mixing tides and upwelling (Álvarez-

Borrego, 1983; Álvarez-Borrego and Lara- Lara, 1991; Lavín and Marinone, 2003; 

Álvarez-Borrego, 2010).  

We used data from sampling undertaken onboard RV INAPESCA I and RV BIP 

XII, between 2011 and 2017 (Table 1). INAPESCA has assigned zone and subzone 

numbers to prawn fishery survey areas along the coast (Fig. 1b). For our study, we 

selected data from zones 30, 40, and 60 as representative of the coastal south-eastern and 

entrance region on the continental shelf of the GoC (Liedo-Galindo and González-Ania, 

2005).  

Animals were collected by sampling the catch at each of a series of fixed stations 

on the continental shelf at between 9 and 74 m depth, for a trawl time of 60 min at a 
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towing speed of 2 knots, using a cone-shaped trawl net on each side of the boat. The nets 

were the typical design (model “super mixto”, 33 m in length) (Quevedo, 2001) used in 

the industrial demersal prawn trawl fishery. These nets are constructed of nylon 

monofilament webbing with a mesh size of 51 mm in the square, belly, and wings, and 

38 mm in the cod end. The horizontal trawl mouth is held open when towed, by two metal 

doors (3.35 × 1.68 m).  

Each of the two survey trawl nets was fitted with a TED at the rear of the main body 

of the net immediately in front of the cod end (mandatory for Mexico’s demersal prawn 

trawl fishery since 1996) (DOF, 2013). TEDs used in the fishery and surveys have an 

angled oval or semi rectangular-shaped grill, ranging in size from 810 × 1150 mm to 1070 

× 1300 mm and constructed of either stainless steel bars (6–16 mm thick) or aluminum 

tubes (9–32 mm diameter) spaced up to 102 mm apart. The grill is designed to prevent 

turtles from entering the cod end and to guide them out through an escape hatch (1420 

mm wide x 510 mm long) forced open on the underside of the net.  

At the beginning of 2016 following a legislative change (DOF, 2013, 2016), each 

survey net and prawn trawl net used in the fishery was also fitted with a FED (“fish-eye” 

design) inside the cod end, well behind the TED, to facilitate the escape of fishes from 

the cod end. According to the legislation the FEDs should be attached to the top of the 

cod end, as most fishers do. However, some fit the FED to the underside of the cod end. 

The convenience of setting the device to the underside of the cod end is currently under 

investigation. The FED is constructed as an elliptical ring (200 mm minor axis and 400 

mm major axis), attached to three bars, 630 mm long and joined at the apex to form a 

cone 520 mm long that supports the ring so that it provides a vertical opening in the net 
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that faces forwards. The FED bars are 9 mm thick and mostly of stainless steel, but some 

fishers use other materials.  

 For each of the most commonly-caught elasmobranch species, a sample was 

randomly selected from each trawl, whereas all the specimens were sampled for less 

commonly-caught species. The animals were frozen on board and transported to the 

Regional Aquaculture and Fisheries Research Centre (CRIAP) of Bahía de Banderas from 

INAPESCA in Nayarit state for processing. In the laboratory, the species were identified 

by using several taxonomic keys (McEachran and Notarbartolo-Di Sciara, 1995; Castro-

Aguirre and Espinosa-Pérez, 1996; Corro-Espinosa and Ramos-Carrillo, 2004; Santana-

Morales et al., 2004). All individuals were sexed and total length (TL) was measured 

from the tip of the snout to the flattened tip of the caudal fin for all sharks and one species 

of ray (Pseudobatos glaucostigmus). Disc width across the widest part of the disc (DW) 

was measured for the rest of the rays. Size at first maturity for each of the males and 

females of each species was determined as the size of the smallest observed mature animal 

among the collected animals. Maturity stages were assigned to each animal based on 

macroscopic inspection of the reproductive structures: primarily ovary development 

confirmed by uterus and oviducal condition for the females; and testis development 

confirmed by clasper rigidity stage for males (Walker, 2005a) (Table 2). Animals 

recorded as ‘immature’ or ‘maturing’ were classed as ‘immature’ and only those recorded 

as ‘mature’ were classed as ‘mature’. Size at birth for Urobatis halleri and Rhinoptera 

steindachneri was determined by considering the smallest free-swimming specimen and 

the largest embryo (Bizzarro et al., 2007).  

Not every individual elasmobranch randomly selected from the catch during the 

INAPESCA prawn surveys had all the variables of zone, season, depth stratum, and the 
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year recorded. Thus, provided an animal had zone recorded as 30, 40, or 60, it was 

included for analyses of size-frequency composition by season where the season was 

known, by depth stratum where the depth was known, and by period where the year was 

known. As observers were instructed in 2017 to focus on collecting larger individuals, 

rather than specimens at random, of Hypanus dipterurus, Gymnura marmorata, and P. 

glaucostigmus for separate length-at-age studies, we used only the data from trawls in 

2016 for these three species. However, as sample sizes for Urobatus halleri, Urotrygon 

chilensis, and R. steindachneri were very small in 2016 and the instruction to observers 

did not apply to these last species, we used data from both 2016 and 2017. Thus, size-

frequency composition was analysed for each of the six most frequently-caught species 

in the trawls using available 2011‒16 data for three of the species and 2011‒17 data for 

the other three species.  

The size at first maturity for each sex of these six species is presented with length-

frequency distributions by zone, season, and depth stratum (<12 and ≥12 m). For this 

study, the seasons were defined as follows: spring, April–June; summer, July–September; 

autumn, October–December; and winter, January–March, depending on when the surveys 

were completed. Levene’s test was performed to test for homogeneity of variances in the 

number of species of elasmobranchs per trawl among zones, seasons, depth strata, and 

years, and the Shapiro-Wilk analysis was used to test for normal distributions. 

Furthermore, we applied Kruskal-Wallis test, using the individual tows in each year as 

replicates, to test for differences in the number of species present among years, zones, 

seasons (for seasons, we tested summers, autumns, and winters) and depth strata. For the 

autumn and winter samples, we tested zones 30 and 40 in each year.  
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Fig.1. a) Regions and bathymetry of the Gulf of California (GoC) (adapted from Lavín and Marinone, 2003), b) the subzones in the south-
eastern and entrance region on the continental shelf of the GoC adopted for prawn fishery studies by INAPESCA, Mexico (adapted from Liedo-
Galindo and González-Ania, 2005). UGC, NGC, SGC: Upper, Northern, and Southern Gulf of California, respectively, SBC: South Baja 
California. 
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Table 1. Sampling seasons by year and zone during this study. 
 
 

 

 

 

 

 

 
Table 2. Maturity stages assigned based on development of reproductive structures (adapted from Walker, 2005a). 

 
 

Maturity 
stages  

   Females      Males 
Ovary Oviducal gland Uterus Testis Clasper 

Immature 
 Not differentiated from the 

epigonal organ, without visible 
oocytes.  

Indistinct from anterior 
oviduct. 

Indistinct from anterior 
oviduct. 

 Not differentiated from 
the epigonal organ. 

Pliable, short with no 
calcification.  

Maturing 
 Differentiated from the epigonal 

organ, with whitish oocytes of 
diameter <3 mm.   

Differentiated from 
anterior oviduct, larger 
than wider. 

Uniformly enlarged 
tubular structure. 

 Differentiated from 
epigonal organ, not lobed 
or vascularized. 

Enlarged, partly 
calcified.   

Mature 
 Differentiated from the epigonal 

organ, with yellowish oocytes of 
diameter ≥3 mm. 

Heart⎼shape well 
differentiated from 
oviduct. 

Enlarged tubular structure 
distended, with eggs or 
embryos. 

 Enlarged, lobed and 
vascularized.  

Enlarged, rigid and 
fully calcified. 

 
  

Year Zone 30 Zone 40 Zone 60 
2011 Summer Summer Summer 
2012 Summer Summer Summer 
2013 Summer Summer Summer 
2014 Summer, Autumn and Winter Summer, Autumn and Winter Summer 
2015 Summer Summer Summer 
2016 Summer, Autumn and Winter Summer, Autumn and Winter Summer, Autumn and Winter 
2017 Spring and Summer Spring and Summer Spring and Summer 
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The ratio of mature females to mature males of the most frequently occurring species 

was analysed using a chi-squared test. Mature females and mature males were tested for 

normality (Anderson–Darling test) and equal variances (F-test for independent samples). 

Potential differences in mean size were then tested using either the Mann–Whitney test or the 

unequal variance t statistic (Welch test), as appropriate. We scored the commercial importance 

of 25 species as low, medium, or high based on retention rates and value in the artisanal fishery 

(Bizzarro et al., 2009b).  

To test for the effects of FEDs on the size distributions of chon- drichthyans in the catch, 

we compared the size-frequency distributions of the six most common species before and after 

FEDs were introduced into the prawn trawls nets at the start of 2016. As our results and 

preliminary analyses showed that there were often differences in size distributions between 

seasons and years, we used the overall size distributions of these species in the bycatch surveys 

for summer, over all the years from 2011 to 2015, as the standard to compare the 2016 or 2016–

17 size distributions, depending on the species. We combined the size data of each species, 

ordered the sizes, and calculated the quartiles of the size distribution over the years 2011–17 

for Urobatis halleri, Urotrygon chilensis, and R. steindachneri and 2011–16 for H. dipterurus, 

G. marmorata, and P. glaucostigmus. The frequencies of rays in each quartile before 2016 and 

during 2016 or 2016–17 were then compared using a chi-square test of heterogeneity. This 

provided a consistent method for each species and avoided any bias in choosing size cate- 

gories. 
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3. Results  

3.1 Species composition of the catch 

A total of 4774 elasmobranchs (25 species from 14 families within 5 orders) were 

collected and analysed during 18 surveys and 486 tows during 2011–17. The animals were 

collected from all three zones (30, 40, and 60), four seasons, and two depth strata. The 

percentage of tows with elasmobranch catches varied among the zones: 34 % in zone 30, 36 % 

in zone 40, and 30 % in zone 60, and among the seasons: 11 % in spring, 70 % in summer, 7% 

in autumn and 12 % in winter (Table 3). Of the 25 species caught by the prawn trawl, 8 were 

scored as of high commercial importance, 6 as of medium, and 11 as of low importance (Table 

4).  

Levene’s test detected significant heterogeneity of variances in the number of species of 

elasmobranchs in summer per zone (F(2,329) = 3.71, P = 0.02) and years (F(6,325) = 2.55, P = 

0.01). This is likely to be a result of sampling more seasons in some years and zones (Table 3). 

But not between the two depth strata (F(1,329) = 1.76, P = 0.02). For spring season, Levene’s 

test detected significant heterogeneity of variances in the number of species of elasmobranchs 

per zone (F(2,50) = 5.14, P = 0.01) but not between the two depth strata (F(1,51) = 0.63, P = 0.43). 

For autumn, Levene’s test did not detect significant heterogeneity of variances in the number 

of species of elasmobranchs per zone (F(1,29) = 0.42, P = 0.51), per year (F(1,29) = 0.91, P = 

0.34), and between the two depth strata (F(1,28) = 0.09, P = 0.76). We also found that for winter 

samples, Levene’s test did not detect significant heterogeneity of variances in the number of 

species of elasmobranchs per zone (F(1,50) = 0.44, P = 0.50), per year (F(1,50) = 0.15, P = 0.69), 

and between the two depth strata (F(1,50) = 0.05, P = 0.82).  
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The number of species for each zone in each year deviated significantly from a normal 

distribution (W= 0.87, P= <0.001). The Kruskal–Wallis test showed only significant 

differences in the number of species per tow among the summers from 2011 to 2017 (W(6) = 

27.26, P = < 0.001) and among zones (W(2)= 18.75, P = < 0.001). The post hoc test showed 

that the differences were between years 2013–2016, 2014–2016 and 2014–2017, and zones 

30–40 and 30–60, when more tows were done. For autumn, the analysis did not show 

differences in the number of species per tow between 2014 and 2016 (W(1) = 0.0004, P = 0.98), 

among zones (W(1) = 1.05, P = 0.30) and between the two depth strata (W(1) = 0.25, P = 0.61). 

For winter, the analysis did not show differences in the number of species per tow between 

2014 and 2016 (W(1) = 0.43, P = 0.51) and between zones (W(1) = 0.27, P = 0.59). But the test 

showed significant differences between the two depth strata (W(1) = 7.53, P = 0.006). Thus, 

there is no evidence of any change between years and zones in the number of species present 

per tow for autumn and winter samples.  

In zone 30, the maximum number of species of elasmobranchs was 16 in summer 2017. 

In zone 40, the maximum number of species was 15 in spring 2017 and summer 2013, whereas 

in zone 60, the maximum number of species was 14 in summer 2014. In 2014, 2016 and 2017, 

when samples from different seasons were available, summer was the season with the highest 

number of species in most cases (Table 3).  

Of 25 species, 24 were present in zone 30, 15 in zone 40, 16 in zone 60, and 15 were 

present in all zones (Table 4). The rays Urobatis halleri, Urotrygon chilensis, Rhinoptera 

steindachneri, Hypanus dipterurus, Gymnura marmorata, and Pseudobatos glaucostigmus 

were the six species present most often (Table 5).  
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Table 3. Number of animals collected and number of trawl survey tows by year, zone and season in the coastal south-eastern and entrance 
region of the Gulf of California. 

 
Year Number of animals and species collected in brackets with number of trawl tows in parentheses     

  
Spring   Summer   Autumn     Winter   

  Total Zone 
30 

Zone  
40 

Zone  
60   

Zone  Zone  Zone  
  

Zone  Zone  
40 

Zone 
  

Zone  Zone  Zone  
30 40 60 30 60 30 40 60 

2011 - - -   [82,3](4) [105,8](7) [46,7](5)   - - -   - - -   [233,9](16) 

2012 - - -   [191,11](28) [267,11](23) [104,5](15)   - - -   - - -   [562,17](66) 

2013 - - -   [80,9](13) [304,15](25) [183,12](27)   - - -   - - -   [567, 17](65) 

2014 - - -   [127,10](7) [232,14](23) [146,14](23)   [31,6](3) [120,11](8)     [286,11](23) [47,6](6) -   [989,17](93) 

2015 - - -   [74,5](3) [189,12](13) [184,11](14)   - - -   - - -   [447,14](30) 

2016 - - -   [144,9](15) [112,11](20) [107,8](14)   [8,2](1) [191,13](19) [111,10](6)   [112,9](17) [23,9](6) [27,7](5)   [835,18](103) 

2017 [37,5](15) [190,15](18) [119,13](20)   [621,16] 
(36) [36,5](9) [138,4](15)   - - -   - - -   [1141,19](113) 

 Total  [37,5](15) [190,15](18) [119,13](20)   [1319,21] 
(106) [1245,17](120) [908 

,16](113)   [39,7](4) [311,14](27) [111,10](6)   [398,16](40) [70,11](12) [27,7](5)   [4774,25](486) 
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             Table 4. Elasmobranch composition in prawn trawls in the three zones sampled in coastal south-eastern and entrance region of the 
Gulf of California between 2011 and 2017. P= presence of species. Species in bold font were used to analyse size-frequency 
distributions trawls before and after the introductions of Fish Escape Devices (FEDs). 

 

 

Order Family Scientific name Common name Zone 
30 

Zone 
40 

Zone 
60 

Percentage of 
trawl tows in 
which each 

species 
occurred 

Commercial 
Importance 

 Carcharhiniformes Carcharhinidae Rhizoprionodon longurio Pacific sharpnose shark P P  P  4.63 High 
 Carcharhiniformes Sphyrnidae Sphyrna lewini Scalloped Hammerhead shark P  P  P  17.56 High 
 Carcharhiniformes Triakidae Mustelus albipinnis White-margin fin hound shark P    0.73 High 
 Carcharhiniformes Triakidae Mustelus henlei Brown smoothhound shark P    1.46 High 
 Myliobatiformes Aetobatidae Aetobatus laticeps Pacific eagle ray P  P  P  6.34 Medium 
 Myliobatiformes Dasyatidae Hypanus dipterurus Diamond stingray P  P  P  24.39 High 
 Myliobatiformes Dasyatidae Hypanus longus Longtail stingray P  P  P  6.10 High 
 Myliobatiformes Gymnuridae Gymnura marmorata California Butterfly ray P  P  P  25.85 High 
 Myliobatiformes Mobulidae Mobula munkiana Pygmy devilray P   P  0.49 Medium 
 Myliobatiformes Urotrygonidae Urobatis maculatus Spotted round ray P  P  P  8.05 Low  
 Myliobatiformes Urotrygonidae Urobatis halleri Haller's round ray P  P  P  35.85 Low  
 Myliobatiformes Urotrygonidae Urotrygon aspidura Spiny-rail round ray P    0.49 Low  
 Myliobatiformes Urotrygonidae Urotrygon nana Dwarf round ray P  P  P  10.73 Low  
 Myliobatiformes Urotrygonidae Urotrygon rogersi Roger's round ray P  P  P  12.44 Low  
 Myliobatiformes Urotrygonidae Urotrygon chilensis Chilean round ray P  P  P  18.29 Low  
 Myliobatiformes Urotrygonidae Urotrygon munda Munda round ray P    0.98 Low  
 Rajiformes Rajidae Beringraja inornata California skate P    0.49 Medium 
  Rajiformes Rajidae Rostroraja velezi Rasptail skate P    0.73 Medium 
 Rajiformes Rhinopteridae Rhinoptera steindachneri Pacific cownose ray P  P  P  33.90 Medium 
 Torpediniformes Narcinidae Narcine entemedor Cortez numfish P  P  P  8.54 Low  
 Torpediniformes Narcinidae Narcine vermiculata Vermiculate numfish P  P  P  13.90 Low  
 Torpediniformes Narcinidae Diplobatis ommata Pacific dwarf numbfish P    0.24 Low  
 Torpediniformes Platyrhinidae Platyrhinoidis triseriata Thornback fanray  P   0.24 Low  
 Rhinopristiformes Rhinobatidae Pseudobatos glaucostigmus Speckled guitarfish P  P  P  35.61 High 
 Rhinopristiformes Trygonorrhinidae Zapteryx xyster Southern banded guitarfish P    7.56 Medium 
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Table 5. Summary statistics for the effects of FEDs on the size-frequency distributions of the 
six most common species in prawn.  

Species Sample sizes Size of animals (cm) 
Test of 2011–15 

versus 2016–17 or 
2016    

  2011–15 2016‒17 or 
2016 Min Max                               

χ2 DOF Significance 

Urobatis halleri 327 380 5 28 315.32 3    P<0.001  
Urotrygon chilensis 177 38 6 31 19.442 3    P<0.05 
Gymnura marmorata 203 53a  21 92 26.911 3 P<0.001 
Hypanus dipterurus 67 54a  16 69 22.217 3 P<0.001 
Rhinoptera 
steindachneri 242 31 24 74 92.903 3 P<0.001 

Pseudobatos 
glaucostigmus 247 61a  14 82 10.354 3 N.S. 
aSamples for 2016 only post adoption of fish excluder device. 
 
 
3.2. Sex and size of the most common ray species  

The sex and size-frequency compositions of these six most commonly collected species 

during the surveys are shown in Fig. 2. Rhinoptera steindachneri was represented by juveniles 

of both sexes in all zones and individuals ranged from 23 to 65 cm (DW). In contrast, H. 

dipterurus was represented mainly by mature males in all zones, and individuals ranged in size 

from 16 to 69 cm (DW). Gymnura marmorata was represented mostly by juvenile males in all 

zones, and individuals ranged from 9 to 92 cm (DW). Pseudobatos glaucostigmus was mainly 

represented by juvenile males and females in zones 30 and 40, and individuals ranged from 14 

to 82 cm (TL). In contrast, Urobatis halleri and Urotrygon chilensis included mature 

individuals in all zones, mainly males for Urobatis halleri and both sexes for Urotrygon 

chilensis. Sizes ranged from 5 to 32 cm (DW), and from 7 to 31 cm (DW), respectively. For R. 

steindachneri, size at birth was estimated to be between 34 and 46 cm (DW) and for Urobatis 

halleri, between 7 and 9 cm (DW).  

We found significant differences in the mean size between mature females and mature 

males for all five species tested: Urobatis halleri (females = 20.00 cm (DW), n = 267 and males 
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= 19.00 cm (DW), n = 118, W = 79972, P < 0.001); G. marmorata (females=61.28 cm (DW), 

n = 49 and males = 38.94 cm (DW), n = 69; W = 3094 15, P < 0.001); P. glaucostigmus 

(females = 62.88 cm (TL), n = 57 and males=55.65 cm (TL), n = 176, W = 7174.5, P < 0.001); 

Urotrygon chilensis (females = 20.20 cm (DW), n = 165 and males = 18.40 cm (DW), n = 50, 

t = 4.37, P < 0.001; and, H. dipterurus (females = 62.42 cm (DW), n = 4 and males = 44.55 cm 

(DW), n = 40, W = 159, P = 0.001). For R. steindachneri, we did not test for differences because 

all specimens were juveniles.  

The ratio of females to males (F:M) was not significantly different from 1:1 for 3 of 6 

species tested; the exceptions were Urobatis halleri (χ2 = 5.20, df = 1, P = 0.02), Urotrygon 

chilensis (χ2 = 4.18, df = 1, P = 0.04) and R. steindachneri (χ2 = 8.69, df = 1, P = 0.003). For 

Urobatis halleri males predominated, and for the other two species females predominated.  

Size-frequency distributions by sex were different among seasons (Fig. 3). For four of 

the six most frequently caught species, more juvenile males were present during summer, when 

most samples were taken. The two exceptions were R. steindachneri, of which more juvenile 

females than juvenile males were recorded; and H. dipterurus, of which more mature than 

immature individuals of both sexes were recorded.  

The distribution of sizes for Urobatis halleri, R. steindachneri and G. marmorata was 

similar between depth strata. For Urobatis halleri, animals of both sexes and all size classes 

were more abundant at depths ≥12 m (Fig. 4). For Urotrygon chilensis, Fig. 4 indicates larger 

mature females are predominantly in depths ≥12 m. For H. dipterurus and P. glaucostigmus, 

the figure indicates that larger animals of both sexes may be more abundant in depths ≥12 m.  
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For five of the six species, there was a significant difference in the size distribution after 

FEDs were fitted (Table 5, Figs. 5 and 6). The exception was P. glaucostigmus, as discussed 

below. For the two small species, Urobatis halleri and Urotrygon chilensis, small juveniles < 

15 cm and down to a disc width just larger than the net mesh size, continued to be retained in 

the survey trawl nets after the introduction of the FEDs, while larger individuals were less often 

caught. This effect, however was strong for Urobatis halleri and Urotrygon chilensis because 

of the small maximum sizes of these species, but the effect was not apparent for the other four 

species because for these species such small juveniles were not observed in the trawls before 

the FEDs were fitted. They all have larger sizes at birth and presumably rapid initial growth. 

The FEDs apparently allow larger rays (≥ about 15 cm) to escape from the cod end, but this 

effect reduces with the size of the animal, so that for the larger ray species H. dipterurus, G. 

marmorata, and R. steindachneri, less of the individuals in disc width from 15 to 35 or 40 cm 

and higher proportion of large animals caught is found when FEDs are present. The exception 

was the more fish-shaped guitarfish, P. glaucostigmus (ranging in length from 14 to 82 cm), 

where there was no significant change in the size distribution caught before and after the FEDs 

were installed. Fig. 6 shows that a slightly smaller proportion of the largest animals (>55 cm 

length) and relatively more of the smallest individuals (<24 cm) were caught when FEDs were 

used. While the changes are small and may have been produced by chance, it is note-worthy 

that these differences are in contrast to the pattern for the other large rays. 

We were unable to estimate the effects on the length-frequency distribution of rays 

escaping through the TED hatch beneath the net, or outswimming the trawl, but our results 

indicate that all sizes of the two smallest rays pass through the TED grill into the cod end, and 

many much larger individuals of the larger rays are caught too. Furthermore, as the adult size 

range we recorded for the larger species is similar to those in the artisanal fishery (except for 
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R. steindachneri, whose individuals caught in the artisanal fishery are larger) in the same area, 

this might apply to most sizes of all the rays.  
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Fig. 2. Size-frequency distributions of the six species most commonly caught in the prawn trawls by zone (30, 40 and 60), combined over all 
depth strata and seasons during 2011–17 (U. halleri, U. chilensis, and R. steindachneri) or 2011‒16 (H. dipterurus, G. marmorata, and P. 
glaucostigmus). The females are shown as black bars and males as grey bars, and the two dashed lines represent the sizes at first maturity for 
the females (F) and males (M), separately. 
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Fig. 3. Size-frequency distributions of the six species most commonly caught in the prawn trawls by season, combined over all zones (30, 40 
and 60) and depth strata during 2011–17 (U. halleri, U. chilensis, and R. steindachneri) or 2011‒16 (H. dipterurus, G. marmorata, and P. 
glaucostigmus). The females are shown as black bars and males as grey bars, and the two dashed lines represent the sizes at first maturity for 
the females (F) and males (M), separately.  

 
 

Total length (cm)
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Fig. 4. Size-frequency distributions of the six species most commonly caught in the prawn trawls by depth stratum (<12 m, ≥12 m), combined 
over all zones (30, 40 and 60) and seasons during 2011–17 (U. halleri, U. chilensis, and R. steindachneri) or 2011‒16 (H. dipterurus, G. 
marmorata, and P. glaucostigmus). The females are shown as black bars and males as grey bars, and the two dashed lines represent the sizes 
at first maturity for the females (F) and males (M), separately.  
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Fig. 5. Size-frequency distributions of the six species (females and males combined) most commonly in the prawn trawls by period (before 
and after the adoption of fish exclusion devices), combined over all zones (30, 40 and 60), seasons, and depth strata during 2011–17 (U. halleri, 
U. chilensis, and R. steindachneri) or 2011‒16 (H. dipterurus, G. marmorata, and P. glaucostigmus).  
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Fig. 6. Percent-frequency quartile distributions for the six species (females and males combined) most commonly caught in the prawn trawls 
by period (before and after the adoption of fish exclusion devices), combined over all zones (30, 40 and 60), seasons, and depth strata during 
2011–17 (U. halleri, U. chilensis, and R. steindachneri) or 2011‒16 (H. dipterurus, G. marmorata, and P. glaucostigmus). The before adoption 
period is shown as black bars and after adoption period as grey bars. 
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4. Discussion 

4.1. Species composition of the catch 

 
 In the present study, the number of species recorded exceeds those described in 

previous investigations of bycatch during prawn surveys (e.g., 3 species of sharks and 16 

species of rays reported by López-Martínez et al., 2010; 3 species of sharks and 17 species 

of rays by Rodríguez-Romero et al., 2012). These differences may be because previous 

studies used commercial vessels, whereas the present study was based on research cruises, 

as no information is recorded from the commercial vessels during the closed season for 

prawn fishing. We have presented, for the first time, data from the closed seasons (which 

usually includes six months of the year, from early April to early September) for seven 

years. This intensive summer sampling has likely increased the number of species found, 

since many species of elasmo- branchs, particularly rays, converge in summer to 

reproduce in the GoC (Salomón-Aguilar, 2015). Another factor to consider is the 

sampling area. Previous studies have reported information from either the south- eastern 

or the entrance region of the GoC, whereas we have data from both. We found, however 

that almost all the species recorded were present in zone 30, the south-eastern region of 

the GoC. 

 
Several elasmobranch species in the prawn trawl bycatch are commonly caught as 

target species in the artisanal fisheries in the GoC. Such species include Mustelus henlei, 

Rhizoprionodon longurio, Sphyrna lewini, Pseudobatos glaucostigmus, Rhinoptera 

steindachneri, Hypanus dipterurus, and Gymnura marmorata (Márquez-Farías and 

Blanco-Parra, 2006; Bizzarro et al., 2009a; Smith et al., 2009; Torres-Herrera and Tovar- 

Ávila, 2014). Although the artisanal fisheries differ greatly from the prawn trawl fishery 

in terms of the fishing gear used and the fishing capacity of the vessels, the fishing zone 
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and depth may explain the similarity in species caught, since most artisanal elasmobranch 

fishing is demersal in the Gulf of California (Bizzarro et al., 2009b). Both prawn trawlers 

and artisanal shark fishers operate at similar depths along the coast of Sinaloa and Nayarit 

(> 4 m to 40 m and sometimes deeper) (Márquez-Farías and Blanco-Parra, 2006; DOF, 

2013). 

 
An important issue is the large number of batoid species (21) compared to the 

number of shark species (4) caught by prawn trawls during our study. The morphological 

characteristics of rays (e.g., dorsal spiracles) allow them to be associated with the bottom 

(e.g., Urobatis halleri and Urotrygon chilensis) or to explore the bottom of the continental 

shelf (e.g., R. steindachneri and Mobula munkiana). Furthermore, based on Bizzarro et 

al. (2007), 2009a and Bizzarro et al. (2009d), we note that the artisanal fishery of the GoC 

catches all of the ray species caught by prawn trawls, but also catches many more species 

of sharks. As strong swimming animals, we consider most sharks can readily outswim 

the relatively slow prawn trawls, which suggests much lower catchabilities for the sharks 

than for the rays by prawn trawling. 

 
The majority of species analysed are in the “Data Deficient” (56 %) category, and 

the rest of the species are categorized as “Vulnerable” (4%), “Endangered” (4%), “Near 

threatened” (16 %) or “Least Concern” (20 %) according to the IUCN Red List (IUCN, 

2019). We have added useful data for the “data deficient” species, and some might be 

classed as threatened because of low catches of small rays in the artisanal fisheries, as the 

bycatch of prawn trawls has not been extensively examined to date. Though most species 

we recorded have low commercial value, the prawn trawl fishery is clearly an important 

source of additional fishing mortality for these species. The impact of this fishery on these 

bycatch species, however, is not known. In the same way, the non-fishing period of this 
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fishery represents an indirect protection measure for some species, at least during some 

months of the year, that would need to be considered in an evaluation of the populations. 

The previously unavailable information we provide should allow a future detailed 

estimation of the fishing stressors, which may severely affect populations of some 

elasmobranchs in the GoC, as has happened in other parts of the world (Last et al., 2011). 

Other aspects, such as spatio-temporal distributions of species relative to oceanographic 

conditions and the ecology of the region, and the vulnerability of these species to climate 

change should be considered. Such ideas will be explored in subsequent papers. 

 
4.2. Seasonality and reproductive strategies 
 
 
 It has been difficult to precisely determine the number of species of elasmobranchs 

present and their size-frequency distributions by season in Mexico (Bizzarro et al., 

2009a). Here, we have recorded the number of species present in each zone and the 

distribution of sizes of the most frequently-caught species over several years for all 

seasons, in particular during summer. 

 
 Some of the most frequently caught species such as Urobatis halleri and Urotrygon 

chilensis tended to appear more frequently in summer and winter, whereas others (H. 

dipterurus, R. steindachneri, and G. marmorata) were caught more often in summer. 

These patterns might be related to environmental factors; when temperatures are warmer 

in the GoC some species may migrate to nearshore and inshore waters in the GoC to mate 

or to give birth (Salomón-Aguilar, 2015). Also, the sex ratio of the mature animals was 

different from 1:1 for Urobatis halleri, Urotrygon chilensis, and R. steindachneri. 

Differences in the frequency of occurrence and sex ratio may be related to their 

reproduction strategies, breeding season (Bizzarro, 2005; Salomón-Aguilar, 2015; Lara-

Mendoza, 2016), and segregation according to stages or sex (Walker, 2005a). 
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 We determined a size at first maturity for Urobatis halleri similar to the size at 

first maturity and at 50 % maturity found in other regions in the Mexican Pacific (Serrano-

Acevedo, 2007) and in nearby areas (Mull et al., 2010). For Urotrygon chilensis, the size 

at first maturity we observed is smaller than that reported by De la Rosa-Meza (2010) in 

the GoC. Likewise, we found specimens of G. marmorata with size at first maturity 

smaller than that observed by Dávila-Ortiz (2002). For P. glaucostigmus the size at first 

maturity was smaller than that reported by De la Rosa-Meza (2010) and similar to the 

mean size at maturity reported by Lara-Mendoza (2016). For H. dipterurus, a common 

component of artisanal elasmobranch fisheries in western Mexico, we recorded a size at 

first maturity smaller than the size observed in the Bahia Magdalena lagoon in the western 

part of the GoC (Smith et al., 2007). Variations in size at maturity among populations, 

however, are common for chondrichthyan species because of differences in food 

availability, habitat and environmental conditions, or sex (Walker, 2005b), and the effects 

of length-selectivity in the fishery (Walker, 2007). The fact that we did not record mature 

specimens of R. steindachneri may be due to escape by larger individuals, as discussed 

below, implying that larger, mature fish are only caught by other fisheries such as the 

artisanal fishery (Bizzarro et al., 2009a), but it may indicate too that this part of the 

population is not available in our study area or on the sea bed where the trawl fishery 

operates. 

 
 We recorded the smallest size at birth to date for two species for our study area 

(Bizzarro et al., 2007; Burgos-Vázquez et al., 2019). Based on the largest embryos and 

smallest free-swimming individuals of R. steindachneri, size at birth is between 34 and 

46 cm (DW), but births possibly occur at smaller sizes. López-López (2018) determined 

that individuals of R. steindachneri from 37.5–42.9 cm (DW) were one year old. We do 
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not consider the possibility of pregnant females aborting in response to capture because 

we did not record mature females. For Urobatis halleri, based on the largest embryos and 

smallest free-swimming individuals, size at birth is between 7 and 9 cm (DW), but births 

may occur at smaller sizes. Diliegros-Valencia (2019) determined that animals from 8 to 

9 cm (DW) were one year old, whereas Serrano- Acevedo (2007) reported neonates of 4 

cm (DW) in Sonora, Mexico. 

 
4.3. Size-frequency distributions of the most common ray species 

 
 Size classes of elasmobranchs caught in the GoC vary depending on the fishery 

and the fishing area in which they are caught (Bizzarro et al., 2009a). We found a wide 

range of sizes for the most frequently collected species. In addition, we have now 

documented size-frequency distributions for the zones and trawl depths in the south-

eastern and entrance region. We note that adult size ranges of the most frequently 

collected species in each zone were similar to those reported for the artisanal fishery near 

to our study area (Bizzarro et al., 2007, 2009a; Bizzarro et al., 2009d). In contrast, juvenile 

size ranges were similar to those that have been reported for prawn trawl fishing in our 

study area (Nieto-Navarro et al., 2010; Lara-Mendoza, 2016). This suggests that mature 

animals of some (commercial) species are caught mainly by the artisanal fishery, whereas 

the prawn fishery catches more juveniles and more of the small species. 

 
We found that larger individuals of some species appear to be more abundant in 

deeper water (≥12 m). This applies to Urotrygon chilensis females, and perhaps to both 

sexes of H. dipterurus and P. glaucostigmus. All size classes of Urobatis halleri appear 

to be more common at depths ≥12 m. The abundances and size distributions of G. 

marmorata and R. steindachneri, however appear to be similar in both depth strata. For 

the last two of these species, we consider that their larger body sizes compared to the 
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small round rays allow them to move easily between inshore and offshore waters (Parson 

et al., 2011; Guida et al., 2017). 

 
For Urobatis halleri and Urotrygon chilensis, biological information is scarce, but 

based on the life-history strategies of Urobatis halleri, we hypothesize that young rays of 

Urotrygon chilensis remain close to shore and gradually move seaward with growth, and 

perhaps they segregate by sex as Urobatis halleri does (Babel, 1967). Mature females of 

Urotrygon chilensis are mainly distributed in offshore waters (Guzmán-Castellanos, 

2015), but may become exposed to commercial prawn trawling when moving to inshore 

waters.  

4.4. Size selectivity associated with trawl towing speed, TEDs, and FEDs 

  
Although mesh size in the cod end of a prawn trawl net can be regulated to allow 

escapement of small prawns and other small animals, it is not feasible to control the mesh 

size for the escapement of elas- mobranch species or other large animals through the cod 

end meshes. However, other features of a prawn trawl allowing escapement that affect 

the size selectivity for various species by the net include the slow speed of the trawls, a 

‘tickler’ chain ahead of the net, and the fitting of a TED or FED, or both. The slow trawl 

speed is likely to select for small rather than large animals, as the larger animals may be 

able to outswim the trawl nets. Similarly, the TED is likely to select for small rather than 

large animals, as large animals such as turtles and potentially some rays and sharks may 

be caught on the grill and forced out through the TED hatch, while smaller animals pass 

through the TED grill into the cod end. Once entrapped in the cod end, an animal, 

depending on its size, condition and swimming behaviour, might escape through a FED 

before it becomes exhausted or being constrained or crushed as the cod end fills with 

prawns, other bycatch, and debris. 
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As TEDs have been fitted since 1996, we were unable to test for their effect, but we 

were able to test for the effect of FEDs as they were fitted during the period of our survey 

data. The data cover only one or two years after FEDs were fitted, so that the post-FED 

data might be affected by short-term changes such as a strong year class and movement 

patterns of a species, but we have found consistent results for a number of species. Unlike 

invertebrate and teleost species, it is unusual for elas- mobranchs to exhibit observable 

inter-annual changes in cohort strength. Our analyses suggest that the smallest-sized rays 

(<15 cm disc width) do not readily escape, as we show for the small species Urobatis 

halleri and Urotrygon chilensis. These small juveniles may stay close to the bottom, or 

be unable to escape through the FED hoop opening by swimming faster than the trawl 

speed. For the larger species G. marmorata, H. dipterurus and R. steindachneri, the FED 

appears to allow 15–40 cm disc width animals to escape more often than larger animals. 

The reduction in the escapement with size for these three rays may be explained by 

increasing width across the pectoral fins (disc width), such that they eventually reach a 

width where they cannot readily fit through the 40 cm maximum diameter of the FED. 

For P. glaucostigmus, on the other hand, the width across the pectoral fins is much 

narrower, and animals of all or most sizes can presumably fit through the FED. However, 

this species may remain at the bottom of the cod end preventing their escape through the 

FED (if this is located at the top as in our surveys), so that no significant changes in the 

size- frequency composition were observed in relation to the device. It is also possible, 

however, that larger animals of this species are partly excluded by the bars of the TED, 

and this explains the lack of any significant change after the FEDs were fitted. In fact it 

is possible that the TED excludes some larger individuals of all the large rays from 

passing into the cod end, as we do not know if these were caught in the body of the net 

before the TED grill, rather than in the cod end. It would be useful to record, in future 
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surveys, whether elasmobranchs are found in the body or the cod end of the net. 

Nevertheless, the reduction in relative numbers of 15–40 cm disc width rays after the 

FEDs were fitted raises the question of whether ray escapement could be improved by 

increasing the size of the elliptical ring of the FED. Such changes are unlikely to affect 

the catchability of prawns.  

Although ignored by most studies (Cadrin et al., 2016), the size- selectivity of the 

fishing gear, including the bycatch escape devices, may have profound effects on the size-

frequency distributions of animals in the catch (as we have shown) and also in the wild 

population through size-selective fishing mortality (Ricker, 1969). Sampling bias 

associated with size selectivity of the gear used for the scientific collection of samples 

occurs where the size-frequency distribution in the catch is not representative of the size-

frequency distribution in the population. Size-selective fishing mortality, on the other 

hand, occurs where the size-frequency distributions of the various cohorts in the wild 

population change in response to fishing. Size-selective fishing mortality, together with 

sampling bias can lead to severe distortion of growth curves through the phenomenon of 

apparent change of growth rate (Lee, 1912; Ricker, 1969; Walker et al., 1998) and also 

to distortion of maturity and maternity ogives (Walker, 2007).  

A better understanding of the relative contributions of trawl speed, TEDs and FEDs 

on the size-frequency distributions of the catch and wild population for each of these 

species could be achieved by an experimental approach during the summer survey. The 

approach would re- quire variously repeating the standard procedure with two standard 

prawn trawl survey nets without either of the TED or FED, with only the TED, with only 

the FED, and with both the TED and FED. Ideally, two nets would be used where the 

TED and FED can be readily removed or inserted so that these options can be compared 
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in pairs. In addition to the variables presently recorded, each animal should be measured. 

Although the tow time of the trawls should be standardised as in the present study to 

provide accurate catch per unit effort data as a measure of the relative abundance of the 

bycatch species. Further information on size-selectivity could be achieved by having two 

or three different trawl speeds, and different spacing of the grill bars of the TED and 

different position of FEDs, in the upper or lower side of the net.  

5. Conclusions 

5.1. What do we know now that we did not know before? 
 
 

Our analysis of available data on bycatch collected during fishery-independent 

prawn demersal catch surveys has provided information on the species of elasmobranchs 

that may be taken as bycatch during prawn trawling, particularly in the closed period 

when prawn trawling is prohibited, and information from commercial catches is not 

available. We have determined which species are most frequently caught by prawn trawl, 

in which zones, seasons and depth strata, and the size-frequency distributions in the 

catches of the most common species. We recorded the smallest size at birth observed for 

two species collected in the south-eastern and entrance region of the GoC. One is 

Rhinoptera steindanchneri (Pacific cownose ray), a primary component of artisanal 

elasmobranch fisheries in the Gulf of California and the southern Pacific coast of the Baja 

Peninsula (Mexico), indicating that this species is born at a smaller size than the size 

reported by other authors. The other species is Urobatis halleri, the most common species 

caught as bycatch, but with scarce biological information. Furthermore, our findings 

indicate that the species and length-frequency composition of the bycatch are influenced 

by trawl depth and fishing zones, and the mandatory exclusion devices. The recent 

implementation of fish escape devices appears to reduce the bycatch of adults of the small 

species and juve- niles of the larger species in the prawn trawl fishery. We also suggest 
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much lower catchabilities for the sharks than for the rays caught during prawn trawling 

may be attributable to the slow towing speed of the trawls. Although further investigation 

is required, we have provided insight into how depth, seasons, and zone influence the 

bycatch of elasmobranchs caught during prawn trawling in the GoC. Also, this is the first 

time selectivity has been demonstrated in this fishery. Updates of biological information 

of elasmobranch species taken as bycatch as well as species-specific monitoring should 

be considered for the GoC. 
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Abstract 
 
We assess the vulnerability of 106 species of chondrichthyans in the EEZ off western 
Mexico. Risks to each species from exposure to nine climate change stressors are 
determined for separate scenarios defined by projected greenhouse gas emissions in 2100. 
The risks are also related to stressors associated with four types of fishing. We developed 
six ecological groups (EGs) into which to allocate species of chondrichthyans for these 
analyses. We determine the vulnerability of the chondrichthyan species inside the Gulf 
(GCI) and compare these results with those for two other contiguous broad regions with 
different oceanographic conditions, the region around the entrance to the Gulf of 
California (GCE) and Mexico’s remaining Pacific waters (MPW). We identified a total 
of 54 species of sharks, 48 species of rays and 4 species of chimaeras. The EGs of 
shelf-inshore and shelf-sand (<75 m) had high exposure to the fishing stressors in the GCI 
region. The exposure of the EG of shelf-inshore to prawn demersal fishing is reduced to 
medium in the GCE region. In the MPW region, the exposure is high for the EG of 
shelf-inshore, and low for the other EGs. A total of 33 species were highly vulnerable to 
present fishing stressors in the GCI and GCE regions, and one species in the MPW region. 
At depths >150 m, exposure of the bathyal EG to climate change is low compared to the 
EGs of shelf-inshore, shelf-reef and shelf-sand (<75 m). Ten species are highly vulnerable 
to high-emissions climate-change scenarios. 
 

Keywords: vulnerability, IPCC emission scenarios, chondrichthyans, potential fishing 
stressors, potential climate change stressors  
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Chapter 4. Vulnerability of the chondrichthyan fauna in the Mexican 
Pacific from fishing and climate change: first integrated risk analysis  
 

 

1. Introduction 

 

The term vulnerability has been defined in different ways by different disciplines, 

but in the context of ecological vulnerability, we adopt the term applied by the IPCC 

(2003), which defines vulnerability as the degree to which a system is susceptible to, or 

unable to cope with, adverse effects. In the case of climate change, this includes projected 

changes, climate variability and extremes. Vulnerability to climate change effects is 

related to three components, which are exposure, sensitivity and adaptability. Exposure 

is the degree to which a system is exposed to climatic variability, sensitivity is the degree 

to which a system is affected either adversely or beneficially, and adaptability is the 

ability of the system to cope with, moderate or take advantage of climate change impacts 

(IPCC, 2003). In my vulnerability analyses, the systems are species of chondrichthyans, 

and vulnerability is the risk of a substantial reduction in the population of a species. 

Vulnerability to fishing stressors is also related to three components. In this case these 

are exposure, productivity and susceptibility, where exposure is the fishing pressure to 

which a species is exposed, productivity is the rate at which the species can produce new 

adults to replace those removed, and susceptibility is the chance that individuals of a 

species will be caught and killed by the fishing gear used. For both climate change and 

fishing, the exposure to the stressor, which is extrinsic to the species, is separated from 

the intrinsic characteristics of species that increase or decrease the vulnerability of that 

particular species. These intrinsic characteristics to the ‘resilience components’ (Walker 

et al. in review). 
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Based on previous work by Chin and Kyne (2007), Chin et al. (2010), Hobday et al. 

(2011) and Walker et al. (in review), we have applied a risk analysis of vulnerability to 

both fishing and climate changes stressors, to the chondrichthyan fauna in the Gulf of 

California and adjacent areas. 

 

The Gulf of California (GoC) is one of the world’s largest gulfs, with unique 

topographic and complex oceanography, which influences the distribution and diversity 

of marine organisms there. Of these organisms, chondrichthyans (sharks, rays and 

chimaeras) are amongst the best examples of adaptation to extreme conditions in the GoC. 

For instance, lamnid sharks can modulate heat retention in response to changes in water 

temperature (Bernal et al., 2012). Also, some elasmobranchs detect rapid changes in water 

temperature (e.g., based on behaviour experiments, the thornback ray Platyrhinoidis 

triseriata may react to changes as small as 0.001 °C) (Brown, 2003); and these changes 

can induce stress responses (Kneebone et al., 2013). Other species such as the bull shark, 

Carcharhinus leucas, can tolerate temperatures of ~40 °C (Shipley, 2005). Nevertheless, 

chondrichthyans are a group that is vulnerable to anthropogenic stressors associated with 

climate change (Dulvy et al., 2014). The most important climate change stressors are 

increased sea surface temperature (SST) (Heithaus, 2007; Matich and Heithaus, 2012; 

Bouyoucos et al., 2020) and decreased pH (Rosa et al., 2017), but information to 

understand the effects of these variables on chondrichthyans remains scarce. Overall, it 

is known that some species of marine organisms can benefit (“winners”) from climate 

change, but the majority of them cannot (“losers”) (Cavole et al., 2016). For those 

considered “losers”, we need a framework that provides the scientific basis for an 

informed and effective plan for mitigation and prioritisation for research and monitoring 

of species at high risk from the effects of climate change.  
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Climate change, however, is not the only source of negative impacts on marine organisms, 

especially for species that are as commercially important as chondrichthyans in the 

Mexican Pacific. Fisheries may have very large impacts and can even have negative 

consequences for chondrichthyans that are not targeted, but caught unintentionally, as 

occurs in most parts of the world (Stevens et al., 2000).  

 
Management agencies need an assessment of which species are at risk and their 

major stressors, in order to develop effective and practical management strategies. An 

assessment is most effective if it can assess vulnerability for several regions, particularly 

if there are different oceanographic characteristics or major differences in exposure to 

fishing between those regions; and our vulnerability assessment can achieve this. This 

analysis is explicitly designed to assess the vulnerability of the species in each of three 

broad, contiguous regions off western Mexico viewed for the purpose of the assessment 

as separate management units. The components of exposure, sensitivity and adaptability 

(ESA) and exposure, productivity and susceptibility (EPS) analysis form different and 

independent approaches merged within a framework named ESA-EPS to evaluate risk for 

individual and/or combined climate change and fishing scenarios. This assessment is 

based on information about the fisheries and an analysis of the oceanography of the study 

area, observed changes from 1960 to 2017 and the IPCC scenario projections to 2100 (see 

chapter 2). To do so, we use ecological groups (EGs), which is a flexible and novel way 

for categorising a large number of species based on habitat use, depth strata (shelf-inshore 

and shelf-offshore or bathyal), habitat dependence (freshwater, reef substrate, and sandy 

substrate), and lifestyle (demersal or pelagic). Importantly, the ecological groups provide 

a basis for distinguishing and quantifying exposure of each species to climate change 

stressors and fishing stressors. For example, species distributed predominantly inshore 
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experience much higher exposure to increasing storm frequency and severity than those 

distributed elsewhere. Similarly, species favouring reef habitats experience much lower 

exposure to demersal trawl fishing than those predominantly inhabiting sandy substrates 

where it is more practical and less damaging to deploy trawl nets. 

 
For this analysis, we determine the vulnerability of the chondrichthyan species in 

each study region, for example at the entrance to the GoC, referred to as GCE, and 

compare these results with those for the other two contiguous broad regions. One of these 

regions is the waters inside the rest of the GoC (GCI), and the other region (MPW) 

includes the rest of Mexico’s Pacific waters inside the Exclusive Economic Zone (Fig. 

1). Unlike the analysis for southern Australia (Walker et al. in review), which treats the 

entire region as a single management zone, this analysis treats these three regions as 

isolated regions, with the objective of assessing differences in vulnerability among very 

different zones in terms of management and oceanographic conditions. The analysis in 

each region assesses vulnerability to climate change stressors for alternative scenarios 

defined by greenhouse gas emissions expressed as equivalent carbon dioxide in the year 

2100, and vulnerability to current fishing stressors. Although it is not possible to predict 

what will occur in future, it is reasonable to analyse the risks from climate change 

scenarios assuming an absence of fishing (to show the potential impacts of climate change 

alone) or that fishing persists as it is now (to show what might happen if fishing practices 

continue as they are now). This vulnerability analysis, therefore, calculates the risks for 

three scenarios of climate change given the absence of fishing, the risks from the present 

fishing scenario (2006–2017) given the absence of climate change, and the risks for three 

hypothetical scenarios combining the fishing scenario with each of the three climate 

change scenarios. These last assume that fishing will persist as it is now (to show what 
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might happen if fishing practices and pressures continue as they are now under possible 

climate impacts). The ten steps of the vulnerability analysis are listed in Table 1. 

 

 

Fig.1. Gulf of California (GoC) and its internal and external subregions for evaluation of 
distributional flexibility of the chondrichthyan species. Pacific subregions outside GoC: 
N‐MP=North of Mexico, MP‐N=North West Mexico, MP‐C= Central Mexico, MP‐S= 
South West Mexico, MP‐O=Oceanic offshore waters in the EEZ of Mexico inhabited by 
pelagic species, S‐MP= South of Mexico. Subregions inside GoC: GC‐U= Upper, GC‐
N=Northern, GC‐S=Southern, GC‐ E=Entrance). Most of these subregions fall within 
three regions of the waters off western Mexico adopted for vulnerability comparison: 
GCE=GoC entrance (equivalent to GC‐E), GCI=GoC inside (GC‐U, GC‐N, GC‐S). 
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Table 1. The ten steps of vulnerability analysis of chondrichthyan species to 
anthropogenic stressors in waters off western Mexico.  

Adapted from Walker et al. (in review). Regions for separate vulnerability analyses (Fig. 1b): GCE 
(Gulf of California entrance), GCI (Gulf of California inside), and MPW (Mexican Pacific waters). 
IPCC, Intergovernmental Panel on Climate Change  
  
 

1. Describe the geographic range, topography, and substrates of the waters off western 

Mexico (GCE, GCI, and MPW regions). 
 

2. Describe the oceanography of the Gulf of California and Pacific waters of the EEZ off 

western Mexico (see Chapter 2). 
 

3. Describe the adopted IPCC emissions scenarios and current fishing scenario (mix of 

types of fishing) for evaluating anthropogenic stressors (Table 2). 
 

4. Identify potential oceanographic and ecological changes in the GCE, GCI, and MPW 

regions for alternative emissions scenarios. 
 

5. Identify chondrichthyan species with ≥10% of their distributions inside the range of 

the GCE, GGI, and MPW regions. 
 

6. Define ecological groups to categorise species according to lifestyle and habitat. 
 

7. Identify anthropogenic stressors. 

8. Evaluate exposure of each ecological group to anthropogenic stressors in each region. 
  

9. Identify species attributes and evaluate associated risk for each resilience component 

in each region. 
 

10. Calculate the vulnerability risk of each species for each identified emissions and 

current fishing scenario in each region. 
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2. Materials and Methods 

 

Framework for vulnerability analysis 

 

The steps 1, 2, 3, and 4 (table 1) are covered in chapter 2, and in table 2 (chapters 2 

and 4). We then identified 106 species of chondrichthyans with ≥10% of their distribution 

within the EEZ off western Mexico. Depth distribution in the water column is categorized 

as <75 m, 75–150 m, and >150 m. Because of a temperature gradient increasing from 

north-western Mexico to south-western Mexico in coastal waters (see chapter 2), we 

defined ten contiguous ‘subregions’ in these waters (Fig. 1). This allowed us to determine 

possible thermal tolerance ranges in terms of the following categories: all waters (AW), 

cool waters (CW), warm waters (WW) or Gulf of California water (GW), which includes 

warm and cold waters (chapter 2). These categories provided a basis for projecting how 

the species distributions might change in response to climate change, and thus better 

understand the risk associated with the attribute 'distributional flexibility' of each 

chondrichthyan species (discussed below). The categories are based on the criteria above 

and on SST patterns from 1956 to 2005 (chapter 2) and have been determined for each 

species from the pattern of its presence or absence (i.e., P or blank, respectively, in Table 

3a) in each subregion.  

 

We have arranged the selected species taxonomically in order of superorder, order, 

family, scientific name, because some taxonomic characteristics are used for evaluating 

risk associated with certain attributes, following Chin et al., (2010), Fernandes et al., 

(2017), and Walker et al. (in review). The distributions of the ray species were based on 

the IUCN species red list (2016, 2017, 2018) and Last et al. (2016); the distribution of 

shark species was based on Ebert et al. (2013, 2017); and the distribution of chimaera 

species on Del Moral-Flores et al. (2016). Technical reports, master theses, doctoral 
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theses and dissertations were also used where relevant. We also included data collected 

during fieldwork as part of a research project of the National Fisheries and Aquaculture 

Institute of Mexico (INAPESCA) to assemble information on spatial and bathymetric 

distribution, Values for the parameters discussed below were assigned based on these 

data. 

Ecological groups (EGs) 

 

Each species was assigned to one of six ecological groups (EGs), which is a flexible 

and novel way to allocate a large number of species based on habitat use, depth strata 

(shelf-inshore and shelf-offshore or bathyal), habitat dependence (freshwater, reef 

substrate, and sandy substrate), and lifestyle (demersal or pelagic). Ecological groups 

were previously developed for the Great Barrier Reef in Australia (Chin and Kyne, 2007; 

Chin et al., 2010), and more recently for the chondrichthyan fauna of southern Australia 

(Walker et al. in review). This is the first time that EGs have been developed and applied 

for the Mexican chondrichthyan fauna. 

 
Identification of fishing and climate change stressors 

 
 

For fishing stressors, we selected the four main Mexican fisheries in the region that 

either target chondrichthyans or catch them as bycatch. The assessment of these fisheries 

was based on the available data on specific characteristics of fishing gear, bathymetric 

range, position in the water column, the area of deployment and the species of 

chondrichthyan caught as targeted, bycatch and byproduct. We thus analyzed data from 

the prawn trawl fishery (Garcés-García et al., 2020), data sets provided by INAPESCA 

and others from the elasmobranch fishery (artisanal fishery and semi-industrial) and the 

sardine fishery, and published information on the sport-recreational fishing. These 
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fisheries have the potential to reduce the size of the population of a chondrichthyan 

species by altering the mortality rate in the regions where the fisheries operate. We then 

characterised the fishing stressors in terms of four types of fishing categorised on the basis 

of being pelagic or demersal fishing, inshore or offshore, and trawl or non-trawl (see 

Appendix). The fishing scenario adopted for evaluation of exposure was from 2006 to 

2017, when a series of conservation management measures were implemented to monitor 

and assess the chondrichthyan species. The use of gill-nets in the industrial fishery was 

prohibited in 2009, the fishing ban during three months each year started in 2012 might 

have had a very important impact in several species (Castillo-Géniz et al., 2016) and the 

yearbooks from 2006 to 2017 reported an increase in elasmobranch catches in the GoC 

and adjacent areas (Saldaña-Ruiz et al, 2019).  

 
For climate change stressors, we obtained data sets from several sources to show 

trends in the past oceanographic conditions and how they may vary in response to climate 

change. We then characterised the oceanography of the GoC and adjacent waters of the 

GoC, and we assembled the information on the stressors we identified (chapter 2 & table 

2). The analysis is based on observed changes from 1960 to 2017, and projected changes 

by 2055 and 2099 using the following Representative concentration pathways (RCPs) 

8.5, 4.5 and 2.6 which represent low (LE), medium (ME) and high (HE) emission 

scenarios. 

 
Exposure of each ecological group to fishing and climate change stressors  

                          
We evaluated the exposure of a species’ population to each fishing stressor or a 

species’ habitats to each climate change stressor as the proportion of the spatial area 

occupied by its EG  exposed to the stressor, low (L), medium (M), or high (H), where the 

exposed proportion of the area was L = 0.333 for >0 and <⅓ of the area exposed, M = 
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0.667 for ≥⅓ and <⅔ exposed, and H = 1.000 for ≥⅔ exposed, respectively (Walker et al. 

in review). 

 
Chondrichthyan attributes used to evaluate risk associated with resilience 

components  

 

Vulnerability to fishing is the product of exposure, productivity and susceptibility, 

where exposure depends on the fishing pressure and practices used, and so is extrinsic to 

the species, and productivity and susceptibility are intrinsic ‘resilience components’ of 

each species (Walker et al. in review) and with study region for the present analysis. In 

this assessment, exposure is ranked as low (L), medium (M) or high (H). It is based on 

the proportion of the spatial area that is exposed to a mix of fishing types. The risk is L 

(0.333) where the risk value is ≥0 and <⅓, M (0.667) where the value is ≥⅓ and <⅔, and 

H (1.000) where the value is ≥⅔ (Table 6).  

 
To evaluate vulnerability from fishing stressors, we used the following equation: 

(Equation 1) 

 

Vulnerability (to fishing) = Exposure x Productivity risk x Susceptibility   

 
The other two components of productivity and susceptibility in equation 1 are intrinsic to 

the species and we refer to them as resilience components. 
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Table 2. 

Observed-

past and model-

projected 

changes in 

marine climate- 

                                                               

Low emmissions Medium emissions High emmissions

RCP2.6 (475 ppm CO2-eq) RCP4.5 (630 ppm) RCP6.0 (800 ppm) &

RCP8.5 (1313 ppm)

GlobalA RCP2.6:  +0.56 (±0.71) °C RCP4.5:  +1.28 (±0.45) °C RCP6.0:  +1.58 (±0.48) °C      
RCP8.5:  +2.73 (±0.72) °C

GCI RCP2.6: 0.4 to 1 °C  (±0.50) °C RCP4.5:  +1.28 (±0.45) °C RCP8.5: +0.5 to 2.5 (±0.50) °C

GCE RCP2.6: 0.4 to 1 °C  (±0.50) °C RCP4.5: 1.5 °C RCP8.5: +0.5 to 2.5 (±0.50) °C

MPW RCP2.6: 0.4 to 1 °C  (±0.50) °C RCP4.5: 2 °C RCP8.5: +0.5 to 2.5 (±0.50) °C

Rising sea            
level

Mean sea level rose 0.19 (0.17‒0.21) m during 1901‒2010 mainly from 
the effects of thermal expansion, but also from reduced land water storage 
and melting of glaciers and Greenland and Antarctic ice sheets (IPCC 
2013c).

Spatial distribution of mean sea level in the Gulf of California during the period from 
1960 to 2019, shows changes of ~–0.25 to 4.68 mm/y. The largest rise was in the 

northern region of the GoC (average: 2.0 ±0.4 mm year−1), whereas rises in the GCI 

and GCE regions were lower (average: 0.1±0.3 mm year−1) (Páez-Osuna et al. 2016). 
GlobalB RCP2.6:  0.40 (0.26‒0.55) m RCP4.5:  0.47 (0.32‒0.63 m)

RCP6.0:  0.48 (0.33‒0.63) m 
RCP8.5:  0.63 (0.45‒0.82) m

GCI

GCE

MPW

Changing currents 
& upwelling

Upwelling from eastern boundary currents (e.g., the Mexican Coastal 
Current, the California Current is projected to strengthen but poleward 
migration of ocean high pressure systems will lead to weakened winds 
and upwelling in the equatorward upwelling system (Garcia-Reyes et al. 
2015).

Southeast winds in summer generate precipitation in Sonora, Sinaloa and Nayarit and 
cause upwelling events on the Baja California coast (Zaytsev et al., 2003). 

GCI, GCE, MPW

GCI RCP2.6: −0.1 to +0.2 psu RCP4.5: +0.2 to +0.8 psu RCP8.5: +0.2 to +0.8 psu 

GCE RCP2.6: −0.2 to +0.1 psu RCP4.5: +0.2 to +0.4 psu RCP8.5: +0.1 to +0.2 psu 

MPW RCP2.6: ~−0.8 to +0.2 psu RCP4.5: −0.4 to +0.4 psu RCP8.5: +0.1 to +0.2 psu

Global O2  

concentrationA
RCP2.6:  −1.81 (0.31) % RCP4.5:  −2.37 (0.31) %

RCP6.0:  −2.57 (0.39) % RCP8.5:  
−3.45 (0.44) %

GCI RCP2.6: 0.24 mg/L RCP4.5: +0.09 mg/L RCP8.5: −0.18 to −0.27 mg/L

GCE RCP2.6: +0.06 to +0.38 mg/L RCP4.5: +0.09 mg/L RCP8.5: 0.18 to −0.21 mg/L

MPW RCP2.6: −0.18 to ~+0.38  mg/L RCP4.5: −0.09 to −0.18 mg/L RCP8.5: −0.32 to +0.32 mg/L

GCI RCP2.6:+0.01 to −0.01 mg/m3 RCP4.5: −0.01 to −0.02 mg/m3 RCP8.5: −0.01 to ~−0.04 mg/m3

GCE RCP2.6: −0.01 mg/m3 RCP4.5: −0.01 to −0.02 mg/m3 RCP8.5: −0.3 to −0.4 mg/m3

MPW RCP2.6: −0.01 to ~−0.07 mg/m3 RCP4.5: −0.01 to −0.08 mg/m3 RCP8.5: −0.03 to −0.1 mg/m3

Global SSpHA RCP2.6:  −0.07 (±0.001) RCP4.5:  −0.15 (±0.001) RCP6.0:  −0.22 (±0.002) RCP8.5:  
‒0.33 (±0.003)

GCI RCP2.6: ~−0.08 to −0.1 units RCP4.5: −0.08 to −1.0 units RCP8.5: −0.08 to −0.1 units 

GCE RCP2.6: −0.1 units RCP4.5:  −0.1 units RCP8.5: ~−0.08 to −0.1 units 

MPW RCP2.6: ~−0.08 to −0.1 units RCP4.5: −0.08 units RCP8.5: −0.08 to −0.1units 

Decreasing 
chlorophyll-a 
concentrations

Images show Chl decreasing as SST increases. In the warm season, the 
subtropical Pacific equatorial waters prevail in the top layer of the GCI. In 
the cold season, upwelling events prevail along the Sonora-Sinaloa 
continental coast distributing nutrients there (Ledesma-Vázquez et al., 
2009; Lavin et al., 2013).

From records available since 2012, mean annual concentrations decreased and mean 
summer concentrations decreased from 2009 to 2015, particularly along the coast of 
Sinaloa, Nayarit and offshore areas, where usually high concentrations of chlorophyll 
were found in the earlier years.

Increasing ocean 
acidity

Since the beginning of the industrial era, oceanic uptake of CO2 has 
resulted in acidification of the ocean; the pH of ocean surface water has 
decreased by 0.1, corresponding to a 26% increase in acidity (IPCC 
2013a). 

pH of 7.6 was observed in the GCE region, which is considered an extremely acidic 
condition in IPCC projections.

Increased storm intensity is likely from rapid hydrological cycling between the atmosphere & ocean, and 
increased winds. Shorelines are likely to be affected by inundation and flooding, and as the intensity and 
frequency of extreme sea-level events increase, storm surges and more severe wave conditions will increase 
erosion in coastal and inshore areas (Harley 2006; IPCC 2018; Walker et al., submitted). 

Observations show that wind-driven upwelling along the California coast has increased over the past 30 years. 
With intensified upwelling, enrichment can be increased which would be beneficial to organisms; however, 
concentration may be decreased due to increased mixing and retention may also be decreased by increased 
seaward transport of surface water (Snyder et al., 2003).

Increasing salinities The GC region has open comunication with the Pacific Ocean  to the 
southeast. The main changes in salinity are ~40 and 100 m (Roden, 1964).

From records available since 2011 to 2015 for the GCE region, mean salinity was 
~34.5 psu (present study). Salinity was slightly higher in 2012 and 2013 than in other 
years. Previous publications have reported somewhat higher and lower values (Álvarez-
Borrego, 1983) in 1969 and (Lavín & Marinone, 2003).

Decreasing ocean 
dissolved oxygen 
concentrations

Long-term warming of the upper waters of the ocean has reduced oxygen 
concentrations since about 1960 as oxygen solubility declines with rising 
temperature and thermal stratification of the ocean reduces the transport of 
dissoved oxygen from the surface to deepers layers.

From 2011–2015, the lowest values of dissolved oxygen were observed when the “El 
Niño and “El Blob phenomena occurred, because warm waters, low sea level pressure 
and saltier water create strong downwelling that carries less oxygen (present study).

Rising water 
temperature

The global mean surface temperature (GMST), which reached 0.87°C in 
2006–2015 above 1850–1900, increased frequency and magnitude of 
impacts (Hoegh-Guldberg et al., 2018). Deep bottom water warmed since 
the 1990s at the rate of 0.03 °C per decade around Antarctica, but warmed 
less northwards in the Pacific, Atlantic and Indian Ocean basins (IPCC 

2013a). SST isotherms are moving poleward at 40 km y–1 (IPCC 2018).

From 1960 to 2017, the average SST was 26 °C but five notable peaks occur in 1963, 
1983, 1998, 2009 and 2014, and notable decreases in 1971, 1979, 1988 and 2000. 
SST anomalies are projected to be >1.0 °C particularly close to Mazatlan and Guaymas 
ports in the GoC.

Increasing storm 
frequency & 
intensity

Remarkable changes in sea level pressure are associated with intensity of 
storms and severe weather.

Records since the 1960s for GCI and GCE show remarkable oscillations in sea level 
pressure from 1960 to 2017. The warming phenomenon named "El Blob in 2013 was 
related to extreme increases in pressure. The California Current brought this mass of 
warm water to the GCI and GCE regions with important consequencues for marine 
fauna (Cavole et al., 2016).

Climate-change 
stressors

                                            Observed past changes in marine climate-change stressors globally and in GCI, GCE, and MPW regions.                                            

     (2017 concentrations of atmospheric CO2 is ~410 ppm and total GHGs is ~493 ppm expressed as CO2-eq) Global or GCI, GCE 
and MPW regions 

Model projected changes by 2100 (or before) for selected RCP scenarios (with CO2-eq)

Global GCI, GCE, and MPW region

Table 2. Observed-past and model-projected changes in marine climate-change stressors to 2100 both globally and in MP, GC and GE for selected green-house-gas emission scenarios.
GHG, greenhouse gas; ppm, parts per million by volume; RCP, representative concentration pathway of a scenario of radiative forcing associated with an ongoing constant level of GHG emissions adopted for the fifth report (2014) of the IPCC; CO2-eq, GHGs atmospheric
concentration expressed as CO2 equivalent concentration (IPCC 2013b); SST, sea surface temperature; NPP, net primary production; SSpH, sea surface pH. Regions: MPW, Mexican Pacific waters excluding Gulf of California (GoC); GCI, GoC excluding the entrance
subregion GC-E; GCE, GoC entrance subregion GC-E.

AMean with standard deviation of projections from a suite of Earth System Models (ESMs) from the Coupled Model Intercomparison Project 5 (CMIP5) for 2090–2099 relative to 1990–1999 (Bopp et al.  2013); BMedian with 90% prediction interval for 2081‒2100 relative to 1981‒2000 (IPCC 2013c).
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Evaluation of risk associated with with species attributes 

 
Following the rationale explained by Walker et al. (in review), the risk associated with 

the component productivity in this analysis is related to the natural mortality of the 

chondrichthyan species, which in turn can be related to the single attribute of maximum age of 

the species. The risk associated with the component susceptibility derives from the product of 

four parameters, based on four attributes related to the catchability of each species. These 

attributes are regional availability, the proportion of the population distribution within the 

range where the fishing gear is deployed; ‘encounterability’, the proportion of the available 

population in the fished area that ‘encounter’ the fishing gear, as related to the vertical 

distribution of the species in the water column relative to the gear; selectivity, the proportion 

of the population encountering a fishing gear that are captured (Stobutzki et al., 2002; Hobday 

et al., 2011; Clarke et al., 2018; Mejía-Falla et al., 2019) and post-encounter mortality, the 

proportion that die as a result of ‘encountering’ the gear (Walker et al. in review; Dapp et al., 

2016). Because we are addressing the question of vulnerability within each of three 

independent regions and all regions outside Exclusive Economic Zone of western Mexico, we 

have adopted the term availability as suggested by Walker et al. (in review). Thus, availability 

here is the product of regional availability and exposure, where regional availability is the 

proportion of the spatial distribution of a species enclosed inside the boundary of one of the 

three regions (GCI, GCE and MPW), and exposure is the proportion of the distribution of a 

species within the boundary that overlaps where the fishery operates. By defining availability 

in this way, provides the option to undertake an ESA-EPS analysis for any prescribed part of a 

species global distribution. This allows management agencies to address conservation issues 

specifically in the areas of their jurisdiction (Fig. 1). The parameter ‘regional availability’ takes 

the value of 1 and the others take on a value of 0.333 as low (L) when the value is ≥0 and <⅓, 
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0.667 as medium (M) when the value is ≥⅓ and <⅔, or 1.000 as high (H) when the value is 

≥⅔. 

The maximum observed age, used as an indicator of natural mortality, was based on 

published information and used in equation 3. To calculate the productivity risk of a species, 

we follow Walker et al. (in review) assuming the theoretical condition where the population is 

held in equilibrium at biomass BMSY by fishing mortality FMSY, required to produce the 

maximum sustainable yield, following depletion from initial biomass !! , where the 

instantaneous total mortality, Z, is given by 

""#$ =	%"#$ + '"#$. 

Re-expressing this equation to provide the relationship between 	""#$  and natural 

mortality	%"#$, gives 

""#$ = (1 + κ)	%"#$, 

 
where κ is the ratio of '"#$ to	%"#$ (i.e., '"#$ =	κ%"#$). 

As a relative measure of productivity in chondrichthyan species, we also adopt the assumption 

that %"#$ is constant for all age classes above a minimum age, ,"%& (excludes the youngest 

age classes which have higher natural mortality), and can be related to longevity as the highest 

detected age ,'() in a population. The population equation 

-(*+ = -(	.‒-(, 

where -(		and -(*+ are the numbers of animals surviving in the population at ages , and , +

1 years, respectively, when the stock is in equilibrium at !"#$ transposes to 

""#$ =
‒./	(!.!+)
(!"#4(!$%

. 

This transposed equation for calculating ""#$  from maximum age (,'() ) modifies the 

assumption of the number of animals in the population at age 0 years, -!, declining to 1% by 

age ,"()  at a population size of -(!"# (Hoenig, 1983). We calculate ""#$  using the 
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assumption of the number of animals at age 2 years (i.e., ,"%& = 2 years) reducing to 1% by 

age ,'() (Walker, 2005b) (Fig. 3). The equations further transpose to give 

(Equation 2) 

    %"#$ =
‒./(!.!+)

	(+*5)((!"#‒(!$%)	
. 

 
Theoretical population dynamics models and the application of fishery stock assessment 

models indicate that there is high uncertainty about the value 0 (Au and Smith, 1997; Au et al., 

2008; Cortés and Brooks, 2018; Francis, 1974; Smith et al., 1998; Smith et al., 2008; 

Thompson, 1992; Walker, 2005a; Zhou et al., 2012). Walker et al. (in review) exploring the 

sensitivity of ESA-EPS analysis to the value of κ and two forms of a linear equation for 

calculating productivity risk, found the results to be fairly insensitive to the value of κ and the 

form of the equation. One form of the risk equation is given by 

(Equation 3) 

      12345678987:	28;< = 1 − ""#$, 

and the other form is given by 

12345678987:	28;< = 1 − ""#$/(1 + κ), 

derived from productivity risk related to %"#$ by 

				12345678987:	28;< = 1 −%"#$, 

which replaces ""#$ with %"#$, where 

%"#$ = ""#$/(1 + κ), 

We apply the first simpler equation, which gives a direct relationship between productivity risk 

and total mortality derived from maximum age (Appendix, Fig. A1). 

 
where productivity risk is 1‒Z and ranges from 0‒1. For species with no available data for 

maximum age, we use the precautionary principle and set the productivity risk at the maximum 

value of 1.   
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For climate change, exposure is the severity of the climate change stressor and is extrinsic 

to the species. The intrinsic resilience components are sensitivity and adaptability. The 

component sensitivity is defined as the degree to which a species is affected either adversely 

or beneficially by climate change stressors; and this has two risk factors associated with the 

attributes ‘rarity’ and ‘habitat specificity’. The latter comprises three dependences: reef habitat 

dependence, freshwater habitat dependence, and any inshore nursery habitat dependence, 

which may have an associated migration phenology of the species. The component 

adaptability (hereafter referred as adaptive capacity) is the ability of the species to adjust to 

climate change stressors, and this has two risk factors associated with the attributes 

‘distributional flexibility’ and ‘trophic level’. Thus, I used the following equation, which was 

applied by Chin et al. (2010) to assess the vulnerability of the chondrichthyan fauna on the 

Great Barrier Reef region and adapted by Walker et al. (in review) for the chondrichthyan fauna 

in southern Australia. 

 

(Equation 4) 

 
Vulnerability (to climate change) = Exposure x Sensitivity x Adaptive capacity  

 

 

Exposure is extrinsic to the species and varies with the scenario of future climate change (low 

emission scenario; LE, medium emission scenario; ME, or high emission scenario; HE). 

Sensitivity and adaptive capacity are the intrinsic resilience risks for species to climate change. 

We determined the sensitivity of each species (with rarity and habitat specificity), and adaptive 

capacity of the species (with distributional flexibility and trophic level as attributes). The 

vulnerability risk was determined by assessing 1) the exposure of each ecological group; 2) 

The sensitivity of each species, with rarity and habitat specificity as attributes expressed as risk 
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factors and 3) adaptive capacity, with distributional flexibility and trophic level as attributes 

expressed as risk factors of the species.  

 
Rarity is used as an attribute of sensitivity because small populations tend to be more 

affected by environmental events than large populations (Chin and Kyne, 2007; Chin et al., 

2010). We estimated rarity risk based on literature reporting the chondrichthyan species in 

catches or surveys in the GCI, GCE and MPW regions. We used this method due to the scarcity 

of specific catch information for each species in Mexico. For those species not detected during 

the surveys, we set their rarity to zero if their distribution is known to be outside the GCE, GCI, 

and MPW regions (following Walker et al. in review). Habitat specificity comprises reef habitat 

dependence, freshwater habitat dependence, and inshore nursery habitat dependence where 

overall risk was set to 0.333 or 1 (Table 6). 

 
Reef-habitat dependence is a risk factor for species allocated to the ecological group (EG) 

of shelf-reef because the reef areas will remain immovable as climate change intensifies. 

Freshwater-habitat dependence is a risk factor for species allocated to the EG shelf-inshore 

because this habitat is influenced by the intensity of rain. Inshore nursery habitat dependence 

applies only to species known to have nursery areas in the shelf-inshore habitat and departing 

or arriving depending on climate conditions, prey abundance, or predators among other factors 

at specific sites (Walker et al. in review) as has been demonstrated for some chondrichthyans 

(Cavole et al., 2016). These risk factors are zero when the rarity risk is set to zero if a species 

is known to be common from the literature, or 1 when the risk is maximal based on published 

literature. 

 
 Distributional flexibility is related to the physical and chemical tolerance of a species, 

as we assume that the wider its distribution the greater the tolerance of the species to cope with 

changes in the environmental conditions. We calculated risk associated with distributional 
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flexibility for each species from its presence or absence in the ten subregions shown in Fig. 1 

and apply equation 5, which was modified from the original equation applied for calculating 

risk associated with distributional flexibility for southern Australia (Walker et al. in review). 

(Equation 5) 

 

Distributional	flexibility	risk = O1 −
-3.		;5Q2.R83S;

10
 

 

The attribute trophic level (TL) is treated as a continuous variable depending on what a 

species eats. For those species with no available TL, I used the TL calculated from a species of 

the same genus, family or subfamily. We used the trophic level of each chondrichthyan species 

in equation 6 to calculate trophic level risk (Walker et al. in review). 

 
Trophic level risk of each chondrichthyan species was calculated by using published 

information on TL for each species from the study area. Where we could not obtain the TL 

value, we substituted from a closely related species or the mean value for the family, order, 

genus or subfamily. We then assigned risk by using the following equation developed by 

Walker et al. (in review).  

 
 (Equation 6) 

U23Vℎ86	X.9.X	28;< = , + Y ∗ U[ 

, = 1 − \ 67!"#
67!"#467!$%

] and Y = +
(67!"#467!$%)

 

 
where TL is trophic level for each species and , and Y are constants that are calculated by using 

the maximum and the minimum trophic level of the chondrichthyan species in the area 



Chapter 4. Vulnerability analysis 

 149 

assessed. In the GoC area of this study, U["%& is 3.20 (Heterodontus francisci) and U["() is 

4.70 (e.g., Notorynchus cepedianus). Hence, ^ is –2.133, and Y is 0.667.  

 
Vulnerability of each species by scenario 
 

Following Walker et al. (in review), we calculated the risk for each of the four resilience 

components (sensitivity, adaptability, susceptibility, and productivity) from the individual 

attributes treated as risk factors using the equation 

_.;8X8.S6.	63`V3S.S7	28;< = 1 −a(1 − V&)
8

&9+
 

where N is the number of risk factors evaluated for the component and V& is the risk contributed 

by the nth risk factor of the component.  

 

Finally, for each species separately, the vulnerability of exposure to climate change stressors,  

 

b:: , for each of the three future scenarios (LE, ME, and HE) given by 

b:: = cdV3;52.:: 	d	e.S;878987:	28;<	d	f4,V7,Q8X87:	28;< , 

 

the vulnerability of exposure to fishing stressors,  b;, for the past fishing scenario is given by 

b; = cdV3;52.; 	d	e5;6.V78Q8X87:	28;<	d	12345678987:	28;< , and 

 

the vulnerability of exposure to climate change and fishing stressors together, b::	&	;, for each 

of the three climate change and fishing combined scenarios (LE & F, ME & F, HE & F) is 

given by 

b::	&	; = 1 −	(1 − b::)(1 − b;). 

 

b:: , b;, and  b::	&	; were calculated for each of the three study regions MPW, GCI, and GCE. 
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3. Results 
 
 

A total of 54 species of sharks, 48 species of rays and 4 species of chimaeras were 

identified in 3 superorders, 12 orders, and 33 families. The majority of chondrichthyan species 

belong to the orders Carcharhiniformes (sharks) and Rajiformes (rays) (Table 3a). 

 
Each region has different mixes of species present, such that 93 species are within the 

GCI, 92 species in the GCE and 103 in the MPW region. Based on thermal tolerance ranges 

indicated by current presence-absence of each species in the subregions, a total of 35 

chondrichthyan species were classed AW, suggesting these species are adapted to the full range 

of temperatures currently occurring in Mexican waters. The majority of these are commercial 

shark species and are the least likely species to redistribute out of Mexican waters as waters 

warm progressively northward as climate change progresses. A total of 31 species were classed 

CW (i.e., favouring cooler waters) and likely to reduce their distributional range northwards 

from Mexican waters as the waters warm in response to climate change. The majority of these 

are commercial shark species. On the other hand, 34 species of chondrichthyans were classed 

WW (i.e., favouring warm waters), and are likely to expand their distribution northwards within 

Mexican waters. The majority of these are ray species, some of them of commercial 

importance. One species of shark, one species of ray and one species of chimaera are distributed 

only in the GoC waters, and another species of shark and two species of rays are distributed 

only inside and outside the GoC in the adjacent MP-C subregion (Table 3a).  

 
The majority of chondrichthyan species within the GCI region were distributed in 

shallow depths, mainly at <75 m depth and in deep waters >150 m depth. In the GCE region, 

relatively fewer species are distributed in deeper waters. In the MPW region, the majority of 

species inhabit shallow waters, and very few species inhabit waters of 75‒150 m depth and 
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>150 m depth (Table 3a). In the three regions the majority of species live from 10 to 30 years, 

and few reach ages <10 years and >30 years (Table 3a and 3b). 

 
The majority of medium and large chondrichthyans (600 mm and 1500 mm and >1500 

mm, respectively) are in the MPW region, whereas the number of small species with maximum 

total length <600 mm is roughly similar in the three study regions (Table 3b). The minimum 

value of trophic level (TL) was 3.20, which applied to four species; Sphyrna tiburo, 

Heterodontus francisci, H. mexicanus and Cetorhinus maximus, and the maximum value was 

4.70 for the broadnose sevengill shark, Notorynchus cepedianus. We identified 17 species with 

trophic level (TL) <3.5, 53 species of chondrichthyans with a TL of 3.5–4.0 and 37 species with 

trophic levels >4.0 (Table 3b). 
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Table 3a. Available information used for calculating the components 

of vulnerability for each chondrichthyan species with ≥10% of its present 

distribution spread over 
three regions of the 
waters off western 
Mexico. 

 

 

 

 

Order
N-MP MP-N GC-U GC-N GC-S GC-E MP-C MP-S S-MP MP-O MPW GCI GCE

Family

Squalomorphii (Squalomorph sharks)              

Echinorhiniformes (Bramble sharks)              

Echinorhinidae (Bramble sharks) Echinorhinus cookei Prickly shark Bathyal (>150 m) P P P P P P P P P  AW 0.467 0.213 0.067

                 

Hexanchiformes (Sixgill & sevengill sharks)                  

Chlamydoselachidae (Cow sharks) Chlamydoselachus anguineus Frilled shark Bathyal (>150 m) P P         CW 0.700   

Hexanchidae (Cow sharks) Notorynchus cepedianus Broadnose sevengill shark Shelf-sand (<75 m) P P P P P P P    CW 0.392 0.294 0.020

                  

Squaliformes (Dogfish sharks)                  

Etmopteridae (Lantern sharks) Centroscyllium nigrum Combtooth dogfish Bathyal (>150 m) P P P P P P P P P  AW 0.467 0.213 0.067

Squalidae (Dogfish sharks) Squalus suckleyi North Pacific spiny dogfish Shelf-sand (75‒150 m) P P P P P P P    CW 0.377 0.302 0.038

                  

Squatiniformes (Angelsharks)                  

Squatinidae (Angelsharks) Squatina californica Pacific angelshark Shelf-sand (75‒150 m) P P P P P P P    CW 0.392 0.275 0.039

                 
                 

Galeomorphii (Galeomorph sharks)                 

Carcharhiniformes (Ground sharks)                  

Carcharhinidae (Requiem sharks) Carcharhinus albimarginatus Silvertip shark Shelf-reef  P P P P P P P   AW 0.625 0.286 0.089

Carcharhinus altimus Bignose Shark Pelagic waters   P P P P P P  P WW 0.790 0.160 0.050

Carcharhinus brachyurus Copper shark Shelf-sand (<75 m) P P P P P P P P   AW 0.484 0.352 0.110

Carcharhinus cerdale Smalltail shark Shelf-sand (<75 m)   P P P P P P P  WW 0.444 0.356 0.111

Carcharhinus galapagensis Galapagos shark Shelf-reef  P  P P P P P P  AW 0.340 0.268 0.082

Carcharhinus falciformis Silky shark Pelagic waters  P P P P P P P  P AW 0.790 0.160 0.050

Carcharhinus leucas Bull shark Shelf-sand (<75 m)   P P P P P P P  WW 0.444 0.356 0.111

Carcharhinus limbatus Blacktip shark Shelf-sand (<75 m) P P P P P P P P P  AW 0.560 0.256 0.080

Carcharhinus longimanus Oceanic whitetip shark Pelagic waters  P P P P P P P P P AW 0.782 0.158 0.050

Carcharhinus obscurus Dusky shark Shelf-sand (75‒150 m) P P P P P P P    CW 0.460 0.368 0.115

Galeocerdo cuvier Tiger shark Shelf-sand (75‒150 m) P P P P P P P P P  AW 0.560 0.256 0.080

Nasolamia velox Whitnenose shark Shelf-sand (<75 m)   P P P P P P P  WW 0.500 0.320 0.100

Negaprion brevirostris Lemon shark Shelf-sand (<75 m)   P P P P P P P  WW 0.500 0.320 0.100

Carcharhinidae (Requiem sharks) Prionace glauca Blue shark Pelagic waters  P P P P P P P  P AW 0.790 0.160 0.050

Rhizoprionodon longurio Pacific sharpnose shark Shelf-sand (<75 m) P P P P P P P P P  AW 0.364 0.364 0.121

Sphyrna corona Great hammerhead Shelf-sand (<75 m)     P P P P P  WW 0.586 0.103 0.172

Sphyrna lewini Scalloped hammerhead shark Pelagic waters  P P P P P P P  P AW 0.682 0.242 0.076

Sphyrna media Scoophead shark Shelf-sand (<75 m)    P P P P P P  WW 0.538 0.269 0.108

Sphyrna mokarran Great hammerhead Pelagic waters   P P P P P P  P WW 0.625 0.286 0.089

Sphyrnidae (Hammerhead sharks) Sphyrna tiburo Bonnethead shark Shelf-sand (<75 m) P P P P P P P P P  AW 0.538 0.246 0.077

Sphyrna zygaena Smooth hammerhead Shelf-sand (<75 m) P P P P P P P    CW 0.392 0.314 0.098

Apristurus brunneus Brown catshark Bathyal (>150 m) P P  P P P P    CW 0.370 0.315 0.037

Apristurus kampae Longnose catshark Bathyal (>150 m) P P  P P P P    CW 0.370 0.315 0.037

Cephaloscyllium ventriosum Swell shark Shelf-sand (<75 m) P P P P P P P P   AW 0.508 0.271 0.085

Cephalurus cephalus Lollipop catshark Bathyal (>150 m)   P P P P P    GW 0.106 0.681 0.213

Proportion of 

species distribution 
Taxonomic grouping

Scientific name Common name Ecological group

Presence-absence of species in each subregion 

               

Thermal 

tolerance  

 range

Table 3a. Available information used for calculating the components of vulnerability for each chondricthyan species with ≥10% of its present distribution spread over three regions of the waters off western Mexico 

Data on taxonomic grouping, presence (P) or absence (blank) in each subregion are for sharks and chimaeras from Ebert et al. (2013; 2017); Del Moral-Flores (2016); and for rays from IUCN (2016, 2017, 2018); Last et al. (2016). The subregions and ecological 
groups are defined in Figure 1 and Table 4, respectively. Regions of waters off western Mexico: MPW, Mexican Pacific excluding Gulf of California (GoC); GCI, GoC excluding subregion GC-E; GCE is GC-E subregion. Thermal tolerance range: AW, All 
water of Mexico; CW, cool water of the north; WW, warm water of the south; GW, GoC waters.
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Scyliorhinidae (Catsharks) Galeus piperatus Peppered catshark Bathyal (>150 m)   P P P      GW  1.000  

Parmaturus xaniurus Filetail catshark Shelf-sand (75‒150 m) P P P P P P P    CW 0.370 0.296 0.056
Galeorhinus galeus Tope shark Shelf-sand (75‒150 m) P P P P P P P    CW 0.364 0.291 0.073
Mustelus albipinnis White-margin fin houndshark Shelf-reef    P P P P P P  WW 0.450 0.425 0.025
Mustelus californicus Grey smoothhound Shelf-sand (<75 m) P P P P P P P    CW 0.408 0.327 0.020
Mustelus henlei Brown smoothhound Shelf-sand (75‒150 m) P P P P P P P    CW 0.370 0.296 0.056
Mustelus lunulatus Sicklefin smoothhound Shelf-sand (75‒150 m) P P P P P P P P P  AW 0.579 0.264 0.041
Triakis semifasciata Leopard shark Shelf-sand (<75 m) P P P P P P P    CW 0.400 0.280 0.020

                  
Heterodontiformes (Bullhead sharks)                  

Heterodontidae (Bullhead sharks) Heterodontus francisci Horn shark Shelf-sand (<75 m) P P P P P P P    CW 0.374 0.299 0.047
Heterodontus mexicanus Mexican hornshark Shelf-sand (<75 m)   P P P P P P P  WW 0.526 0.337 0.053

                  
Lamniformes (Mackerel sharks)                  

Alopiidae (Thresher sharks) Alopias vulpinus Pelagic thresher Pelagic waters  P P P P P P P  P AW 0.790 0.160 0.050
Alopias pelagicus Thresher shark Pelagic waters  P P P P P P P  P AW 0.790 0.160 0.050
Alopias superciliosus Bigeye thresher shark Pelagic waters  P P P P P P P  P AW 0.790 0.160 0.050

Cetorhinidae (Basking shark) Cetorhinus maximus Basking shark Pelagic waters  P P P P P P P  P AW 0.790 0.160 0.050
Carcharodon carcharias White shark Shelf-sand (<75 m) P P P P P P P P P  AW 0.467 0.213 0.067
Isurus oxyrinchus Shortfin mako Pelagic waters  P P P P P P P  P AW 0.790 0.160 0.050
Isurus paucus Longfin mako Pelagic waters  P P P P P P P  P AW 0.790 0.160 0.050
Lamna ditropis Salmon shark Pelagic waters  P    P P   P CW 0.900  0.100

Odontaspididae (Sandtiger sharks) Odontaspis ferox Sand tiger shark Bathyal (>150 m) P P P P P P P    CW 0.370 0.463 0.056
Odontaspis noronhai Bigeye sand tiger Pelagic waters  P P P P P P P  P AW 0.790 0.160 0.050

Pseudocarcharhiidae (Crocodile shark) Pseudocarcharias kamoharai Crocodile shark Pelagic waters P P P P P P P P P  AW 0.556 0.254 0.079
                  

Orectolobiformes (Carpet sharks)                  
Ginglymostomatidae (Nurse sharks) Ginglymostoma unami Nurse sharks Shelf-reef   P P P P P P   WW 0.543 0.348 0.109
Rhincodontidae (Whale shark) Rhincodon typus Whale shark Pelagic waters  P P P P P P P  P AW 0.790 0.160 0.050

                                   
Batoidea (Rays)                  

Myliobatiformes (stingrays)                  
Aetobatidae (Pelagic eagle rays) Aetobatus laticeps Pacific eagle ray Shelf-sand (<75 m)   P P P P P P P  WW 0.390 0.390 0.122
Dasyatidae (Stingrays) Hypanus dipterurus Diamond stingray Shelf-sand (<75 m)  P P P P P P P P  AW 0.609 0.278 0.043

Hypanus longus Longtail stingray Shelf-sand (<75 m)     P P P P P  WW 0.514 0.143 0.229
Pteroplatytrygon violacea Pelagic stingray Pelagic waters  P P P P P P P  P AW 0.790 0.160 0.050

Gymnuridae (Butterfly rays) Gymnura crebripunctata Mazatlan butterfly ray Shelf-sand (<75 m)   P P P P  P P  WW 0.375 0.400 0.125
Gymnura marmorata Californian buttlerfly ray Shelf-sand (<75 m) P P P P P P P    CW 0.488 0.390 0.049

Mobulidae (Devilrays) Mobula birostris Giant manta ray Pelagic waters  P P P P P P P  P AW 0.790 0.160 0.050
Mobula mobular Giant devilray Pelagic waters  P P P P P P P  P AW 0.790 0.160 0.050
Mobula munkiana Pygmy devilray Pelagic waters    P P P  P P  WW 0.411 0.342 0.137
Mobula tarapacana Sicklefin devilray Pelagic waters     P P P   P GW 0.350 0.500 0.150
Mobula thurstoni Bentfin devilray Pelagic waters    P P   P  P WW 0.580 0.420  

Myliobatidae (Eagle rays) Myliobatis californicus Bat eagle ray Shelf-sand (<75 m) P P P P P P P    CW 0.385 0.308 0.019
Myliobatis longirostris Longnose eagle ray Shelf-sand (<75 m)   P P P P P  P  WW 0.308 0.492 0.077

Platyrhinidae (Fanrays) Platyrhinoidis triseriata Thornback fanray Shelf-sand (<75 m) P P   P P P    CW 0.571 0.143 0.071



Chapter 4. Vulnerability analysis 

 154 

   

Potamotrygonidae (Neotropical stingrays) Styracura pacifica Pacific chupare Shelf-sand (<75 m)        P P  WW 0.636   
Urotrygonidae (Round rays) Urobatis concentricus Bullseye round ray Shelf-sand (<75 m)   P P P P P P   WW 0.535 0.372 0.093

Urobatis halleri Haller's round ray Shelf-sand (<75 m) P P P P P P P P P  AW 0.467 0.213 0.067
Urobatis maculatus Spotted round ray Shelf-sand (<75 m)   P P P P P    GW 0.333 0.533 0.133
Urotrygon aspidura Spinytal round ray Shelf-sand (<75 m)      P P P P  WW 0.778  0.044
Urotrygon cimar Cimar round ray Shelf-sand (<75 m)        P P  WW 0.789   
Urotrygon chilensis Chilean round ray Shelf-sand (<75 m)   P P P P P P P  WW 0.583 0.267 0.083
Urotrygon nana Dwarf round ray Shelf-inshore     P P  P P  WW 0.566 0.094 0.189
Urotrygon munda Munda round ray Shelf-sand (<75 m)     P P  P P  WW 0.612 0.122 0.102
Urotrygon rogersi Roger's round ray Shelf-sand (<75 m)   P P P P P P P  WW 0.455 0.364 0.091

                
Rajiformes (Skates)               

Arhynchobatidae (Softnose skates) Bathyraja abyssicola Deepsea skate Bathyal (>150 m) P P         CW 0.063   
Bathyraja kincaidii Sandpaper skate Bathyal (>150 m) P P         CW 0.010   
Bathyraja microtrachys Fine-spined skate Bathyal (>150 m) P P         CW 0.010   
Bathyraja spinosissima Pacific white skate Bathyal (>150 m) P P P P P P P P P  AW 0.467 0.213 0.067
Bathyraja trachura Roughtail skate Bathyal (>150 m) P P         CW 0.375   

Rajidae (Skates) Amblyraja hyperborea Boreal skate Bathyal (>150 m) P P P P P P P P P  AW 0.467 0.213 0.067
Beringraja binoculata Big skate Shelf-sand (75‒150 m) P P         CW 0.400   
Beringraja cortezensis Cortez skate Shelf-sand (<75 m)     P      GW  1.000  
Beringraja inornata California skate Shelf-sand (75‒150 m) P P  P P P P    CW 0.417 0.229 0.042
Beringraja rhina Longnose skate Bathyal (>150 m) P P         CW 0.400   
Beringraja stellulata Pacific starry skate Shelf-sand (75‒150 m) P P         CW 0.375   
Rostroraja equatorialis Equatorial skate Shelf-sand (75‒150 m)    P P P P P P  WW 0.568 0.284 0.057
Rostroraja velezi Rasptail skate Shelf-sand (75‒150 m)    P P P  P P  WW 0.333 0.433 0.100

Rhinopteridae (Cownose rays) Rhinoptera steindachneri Pacific cownose ray Shelf-sand (<75 m)  P P P P P P P P  AW 0.576 0.271 0.085
                  

Rhinopristiformes (shovelnose rays)                  
Pristidae (Sawfishes) Pristis pristis Largetooth sawfish Shelf-sand (<75 m)      P  P P  WW 0.385  0.308
Rhinobatidae (Guitasfishes) Pseudobatos glaucostigmus Speckled guitarfish Shelf-sand (<75 m)     P P P P P  WW 0.513 0.256 0.128

Pseudobatos leucorhynchus Whitesnout guitarfish Shelf-sand (<75 m)    P P P  P P  WW 0.411 0.411 0.068
Pseudobatos productus Shovelnose guitarfish Shelf-sand (<75 m) P P P P P P P P   AW 0.386 0.281 0.070

Trygonorrhinidae (Banjo rays) Zapteryx exasperata Banded guitarfish Shelf-sand (<75 m) P P P P P P P    CW 0.377 0.358 0.038
Zapteryx xyster Southern banded guitarfish Shelf-sand (<75 m)     P P  P P  WW 0.577 0.192 0.077

                  
Torpediniformes (Electric rays)                  

Narcinidae (Numbfishes) Diplobatis ommata Bulleye electric ray Shelf-sand (<75 m)     P P P P P  WW 0.513 0.205 0.179
Narcine entemedor Cortez numfish Shelf-sand (<75 m)   P P P P P P P  WW 0.510 0.327 0.082
Narcine vermiculata Vermiculate numfish Shelf-sand (<75 m)     P P  P P  WW 0.441 0.294 0.147

Torpedinidae (Torpedo rays) Tetronarce californica Pacific torpedo Shelf-sand (75‒150 m) P P   P P P    CW 0.519 0.026 0.065
                                    

Holocephali (Chimaeras)                  
Chimaeriformes                  

Rhinochimaeridae (Spookfishes) Hydrolagus colliei Spotted ratfish Bathyal (>150 m) P P P P P P P    CW 0.357 0.286 0.089
Harriotta haeckeli Smallspine spookfish Bathyal (>150 m)     P      GW  1.000  
Hydrolagus melanophasma Eastern Pacific ghostshark Bathyal (>150 m) P P P P P P P P   AW 0.623 0.302 0.057
Harriotta raleighana Narrownose chimaera Bathyal (>150 m) P P P P P P P    CW 0.377 0.302 0.094
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Table 3b. Available information with sources on LMax, aMax, and trophic level for each chondrichthyan species with ≥10% of its present 
distribution spread over three regions of the waters off western Mexico. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Order

Family

Squalomorphii (Squalomorph sharks)     
Echinorhiniformes (Bramble sharks)     

Echinorhinidae (Bramble sharks) Echinorhinus cookei 4000 TL ‒  4.40  Castro (1996)     ‒ Cortés (1999)
      

Hexanchiformes (Sixgill & sevengill sharks)       
Chlamydoselachidae (Cow sharks) Chlamydoselachus anguineus 1960 TL ‒  4.20  Ebert et al. (2017)     ‒ Cortés (1999)
Hexanchidae (Cow sharks) Notorynchus cepedianus 2960 TL 30 † 4.70  Ebert et al. (2017) Ebert et al. (2013) Cortés (1999)
        

Squaliformes (Dogfish sharks)        
Etmopteridae (Lantern sharks) Centroscyllium nigrum   38 † 4.03   Walker et al. (submitted) Walker et al. (submitted)
Squalidae (Dogfish sharks) Squalus suckleyi 1300 TL 80 ☓ 3.90  Ebert (2003) Saunders & McFarlane (1993) Cortés (1999)
     

Squatiniformes (Angelsharks)      
Squatinidae (Angelsharks) Squatina californica 990 TL 35 4.10  Romero-Caicedo et al. ( 2016) Natanson (1984) Cortés (1999)
     
     

Galeomorphii (Galeomorph sharks)     
Carcharhiniformes (Ground sharks)     

Carcharhinidae (Requiem sharks) Carcharhinus albimarginatus 3000 TL ‒  4.20  Compagno et al. (2005)     ‒ Cortés (1999)
Carcharhinus altimus 3000 TL ‒  4.30  Ebert et al. (2017)     ‒ Cortés (1999)
Carcharhinus brachyurus 2940 TL 30 † 4.20  Walter & Ebert (1991) Walter & Ebert (1991) Cortés (1999)
Carcharhinus cerdale 1280 TL 12 † 4.10  Lessa et al. (1999) Lessa & Santana (1998) Cortés (1999)
Carcharhinus galapagensis 3000 TL ‒  4.20  Wetherbee et al. (1996)     ‒ Cortés (1999)
Carcharhinus falciformis 3160 TL 16 ✤ 4.50  Hoyos-Padilla et al. (2012) Sanchez de Ita et al. (2011) Estupiñán-Montaño et al. (2017)
Carcharhinus leucas 3660 TL 28 † 4.45  Weigmann (2016) Cruz-Martínez et al. (2005) Navia et al. (2017)
Carcharhinus limbatus 2240 TL 12 † 4.28  Estupiñán-Montaño et al. (2017) Ebert et al. (2013) Estupiñán-Montaño et al. (2017)
Carcharhinus longimanus 3000 TL 17 † 4.20  Compagno (2001) Lessa et al. (1999) Cortés (1999)
Carcharhinus obscurus 3600 TL 29 ✚ 4.20  Ebert et al. (2017) Shoou Jeng et al. (2015) Cortés (1999)
Galeocerdo cuvier 4030 TL 22 † 4.37  Ebert et al. (2017) Kneebone et al. (2008) Navia et al. (2017)
Nasolamia velox 1920 TL ‒  4.25  Estupiñán-Montaño et al. (2017)     ‒ Estupiñán-Montaño et al. (2017)
Negaprion brevirostris 3400 TL 27 † 4.20  Eber et al. (2013) Ebert et al. (2013) Cortés (1999)

Carcharhinidae (Requiem sharks) Prionace glauca 2700 TL 16 ✤ 4.10  Carrera (2004) Blanco-Parra et al. (2008) Cortés (1999)
Rhizoprionodon longurio 1290 TL 10 ✤ 4.20  Corro-Espinoza (2011) Corro-Espinoza (2011) Alatorre-Ramirez et al. (2013)
Sphyrna corona 920 TL ‒  3.90 * Compagno (1984)     ‒ Cortés (1999)
Sphyrna lewini 2760 TL 31 † 4.10  Anislado-Tolentino et al. (2008) Piercy et al. (2007) Cortés (1999)
Sphyrna media 1500 TL ‒ † 3.90 * Ebert et al. (2013)     ‒ Cortés (1999)
Sphyrna mokarran 4240 TL 45 ✤ 4.30  Tovar-Ávila & Gallegos-Camacho (2014) Tovar-Ávila & Gallegos-Camacho (2014) Cortés (1999)

Sphyrnidae (Hammerhead sharks) Sphyrna tiburo 1500 TL 18 † 3.20  Ebert et al. (2013) Frazier et al. (2014) Cortés (1999)
Sphyrna zygaena 3400 TL 25 † 3.70  Compagno (1984) Rosa et al. (2017) Ochoa-Díaz (2009)
Apristurus brunneus 690 TL ‒  3.70  Ebert et al. (2013)     ‒ Cortés (1999)
Apristurus kampae 690 TL ‒  3.90  Ebert et al. (2013)     ‒ Cortés (1999)
Cephaloscyllium ventriosum 1000 TL ‒  3.90  Ebert et al. (2013)     ‒ Cortés (1999)
Cephalurus cephalus 298 TL ‒  3.70 Balart et al. (2000)     ‒ Cortés (1999)

 

Trophic level reference  Max.   
size  
(mm)

Max.  
size   

measure

  aMax     

 (y)
Trophic 

level

Taxonomic grouping

Scientific name

Attribute values

Reference for maximum size Maximum age reference 

Table 3b. Values and sources of maximum size, maximum age, and trophic level for each chondrichthyan species with ≥10% of its present distribution distributed in EEZ of  western Mexico 

Maximum size measure: TL, total length; DW, disc width. aMax, maximum age; ‒, unknown; source: ✤, study from within the study regions of western Mexico; ◉, study from near the study regions; ✚, study from the western Pacific;☓, study 
from other regions of the Pacific; †, study from another ocean. Trophic level for species source: *, mean of family; ▼, substitute species Heterodontus mexicanus; mean of order; ✓, mean of genus; ▲, mean of sub-family; ✦, as reported for the 
species in Fish Base.

†
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Scyliorhinidae (Catsharks) Galeus piperatus  3.90 * Sosa, unpublished data in IUCN (2019)     ‒ Cortés (1999)
Parmaturus xaniurus  3.80  Balart et al. (2000)     ‒ Cortés (1999)
Galeorhinus galeus 1950 TL 60 † 4.20  Ebert et al. (2013) Walker (1999),  Ebert (2003) Cortés (1999)
Mustelus albipinnis 1180 TL ‒  3.90 * Pérez-Jiménez et al. (2005)     ‒ Cortés (1999)
Mustelus californicus 1600 TL 9 ✤ 3.50  Eschmeyer et al. (1983) Pérez-Jiménez (2006) Cortés (1999)
Mustelus henlei 1000 TL 18 ❖ 3.60  Yudin & Cailliet (1990) Mendez-Loeza (2008) Cortés (1999)
Mustelus lunulatus 1750 TL 22 † 3.90  Love et al. (2005) Love et al. (2005) Cortés (1999)
Triakis semifasciata 2130 TL 30 ☓ 3.70  Smith et al. (2003) Cortés (2002) Cortés (1999)

   
Heterodontiformes (Bullhead sharks)     

Heterodontidae (Bullhead sharks) Heterodontus francisci 960 TL 22 ✤ 3.20  Roedel & Ripley (1950) Domínguez-Reza (2017) Cortés (1999)
Heterodontus mexicanus 750 TL 24 ✤ 3.20 ▼ Medellin-Ortiz (2004) Medellín-Ortiz (2004) Cortés (1999)

     
Lamniformes (Mackerel sharks)     

Alopiidae (Thresher sharks) Alopias vulpinus 5730 TL 25 † 4.20  Compagno (1984) Gervelis & Natanson (2013) Cortés (1999)

Alopias pelagicus 3300 TL 29 ✚ 3.90  Mendizabal-Oriza et al. (2000) Liu et al. (1999) Polo Silva et al. (2009)

Alopias superciliosus 4610 TL 22 † 4.20  Compagno (1984) Fernandez-Carvalho et al. (2011) Cortés (1999)

Cetorhinidae (Basking shark) Cetorhinus maximus 9700 TL 50 † 3.20  Ebert et al. (2017) Pauly (2002) (Theoretical) Cortés (1999)

Carcharodon carcharias 5800 TL 44 † 4.50  Compagno (2001) Natanson & Skomal (2015) Cortés (1999)

Isurus oxyrinchus 4000 TL 14 ✤ 4.20  Ebert et al. (2017) Rodríguez-Madrigal et al. (2017) Maya-Meneses et al. (2016)

Isurus paucus 4270 TL ‒  4.30  Weigmann (2016)     ‒ Cortés (1999)

Lamna ditropis 4500 TL 30 ✚ 4.20  Goldman & Musick (2008) Goldman et al. (2006) Cortés (1999)

Odontaspididae (Sandtiger sharks) Odontaspis ferox 4500 TL ‒  4.40  Ebert et al. (2017)     ‒ Cortés (1999)
Odontaspis noronhai 4270 TL ‒  4.40  Weigmann (2016)     ‒ Cortés (1999)

Pseudocarcharhiidae (Crocodile shark) Pseudocarcharias kamoharai 1220 TL 13 † 4.00 ♢ Lessa et al. (2016) Lessa et al. (2016) Cortés (1999)
   

Orectolobiformes (Carpet sharks)   
Ginglymostomatidae (Nurse sharks) Ginglymostoma unami 2800 TL 25 † 3.80  Weigmann (2016) Nigrelli (1959) Cortés (1999)

Rhincodontidae (Whale shark) Rhincodon typus 2000 TL 80 ✚ 3.50  Ebert et al. (2017) Hsu et al. (2014) Cortés (1999)
  

   

Batoidea (Rays)   
Myliobatiformes (stingrays)   

Aetobatidae (Pelagic eagle rays) Aetobatus laticeps 2300 DW ‒  3.80  Last et al. (2016)     ‒ Ebert & Bizarro (2007)

Dasyatidae (Stingrays) Hypanus dipterurus 830 DW 28 ✤ 3.62  Smith et al. (2007) Smith et al. (2007) Ebert & Bizarro (2007); Ramirez-Rodriguez (2019)
Hypanus longus 1410 DW 11 ✤ 3.62 ✓ Villavicencio-Garayzar (1994) Vázquez-Calderon et al. (2016) Jacobsen & Bennett (2013)
Pteroplatytrygon violacea 753 DW 10 ✚ 3.62  Neer (2008) Neer (2008) Jacobsen & Bennett (2013)

Gymnuridae (Butterfly rays) Gymnura crebripunctata 812 DW ‒  4.16 * Smith et al. (2009)     ‒ Jacobsen & Bennett (2013)
Gymnura marmorata 1250 DW 13 ✤ 4.16 * Bizzarro (2005) Sánchez-Cota (2016) Jacobsen & Bennett (2013); Ramirez-Rodriguez (2019)

Mobulidae (Devilrays) Mobula birostris 4000 DW ‒  3.25  Moreno & González (2017)     ‒ Jacobsen & Bennett (2013)
Mobula mobular 2300 DW 14 ✤ 3.43  Cuevas-Zimbrón et al. (2013) Cuevas-Zimbrón et al. (2013) Sampson et al. (2010)
Mobula munkiana 1100 DW ‒  3.25  NotarBartolo Di-Sciara (1988)     ‒ Jacobsen & Bennett (2013)
Mobula tarapacana 3052 DW ‒  3.25  NotarBartolo Di-Sciara (1988)     ‒ Jacobsen & Bennett (2013)
Mobula thurstoni 1770 DW ‒  3.48  NotarBartolo Di-Sciara (1988)     ‒ Sampson et al. (2010)

Myliobatidae (Eagle rays) Myliobatis californicus 1280 DW 23 ◉ 3.37 ▲ Villavicencio-Garayzar (1996) Martin & Cailliet (1988) Jacobsen & Bennett (2013)
Myliobatis longirostris 950 DW ‒  3.70 ▲ NotarBartolo Di-Sciara (1988)     ‒ Jacobsen & Bennett (2013)

Platyrhinidae (Fanrays) Platyrhinoidis triseriata 910 DW ‒  3.80 * Last et al. (2016)     ‒ Jacobsen & Bennett (2013)
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Potamotrygonidae (Neotropical stingrays) Styracura pacifica 1870 DW ‒  3.71  De Carvalho et al. (2016)     ‒ Jacobsen & Bennett (2013)
Urotrygonidae (Round rays) Urobatis concentricus 584 DW ‒  3.52  Ehemann et al. (2018)     ‒ Jacobsen & Bennett (2013)

Urobatis halleri 433 DW 14 ◉ 3.52  Ramirez-Amaro (2013) Hale & Lowe (2008) Jacobsen & Bennett (2013)
Urobatis maculatus 420 DW ‒  3.52  Last et al. (2016)     ‒ Jacobsen & Bennett (2013)
Urotrygon aspidura 420 DW 8 ✚ 3.52  Fisher et al. (1995) Torres-Palacios et al. (2019) Jacobsen & Bennett (2013)
Urotrygon cimar 269 DW ‒  3.52  Lopez & Bussing (1998)     ‒ Jacobsen & Bennett (2013)
Urotrygon chilensis 430 DW 14 ✤ 3.56  Last et al. (2016) Guzmán-Castellanos (2015) Oñate-González et al. (2017)
Urotrygon nana 237 DW ‒  3.52  Ramirez-Amaro (2013)     ‒ Jacobsen & Bennett (2013)
Urotrygon munda 250 DW ‒  3.52  Last et al (2016)     ‒ Jacobsen & Bennett (2013)
Urotrygon rogersi 380 DW 11 ☓ 3.52  Mejía-Falla et al. (2012) Mejía-Falla et al. (2014) Jacobsen & Bennett (2013)

  
Rajiformes (Skates)   

Arhynchobatidae (Softnose skates) Bathyraja abyssicola 1375 DW 45 ✚ 3.50 * Provost (2016) Provost (2016) Jacobsen & Bennett (2013)
Bathyraja kincaidii 635 DW 18 ✤ 3.54  Pérez-Jiménez (2005) Perez et al. (2011) Ebert & Bizarro (2007)
Bathyraja microtrachys 700 DW ‒  3.90  Last et al. (2016)     ‒ Jacobsen & Bennett (2013)
Bathyraja spinosissima 1500 DW ‒  3.90  Last et al. (2016)     ‒ Jacobsen & Bennett (2013)
Bathyraja trachura 940 DW 36 ☓ 3.78  Winton et al. (2014) Winton et al. (2014) Ebert & Bizarro (2007)

Rajidae (Skates) Amblyraja hyperborea 1120 DW ‒  3.98  Last et al. (2016)     ‒ Ebert & Bizarro (2007)
Beringraja binoculata 1450 DW 26 ◉ 3.84  Ebert et al. (2008) McFarlane & King (2006) Ebert & Bizarro (2007)
Beringraja cortezensis 760 DW ‒  3.80  Last et al. (2016)     ‒ Ebert & Bizarro (2007)
Beringraja inornata 690 DW 7 † 3.76  Castillo et al. (2007) IUCN (2017) Ebert & Bizarro (2007)
Beringraja rhina 1322 DW 22 ✚ 3.86  Zeiner (1991) King et al. (2017) Ebert & Bizarro (2007)
Beringraja stellulata 761 DW 15 ✤ 3.76 ✓ James et al. (2014) James et al. (2014) Ebert & Bizarro (2007)
Rostroraja equatorialis 880 DW ‒  4.15 ✓ Robertson & Allen (2015)     ‒ Ebert & Bizarro (2007)
Rostroraja velezi 970 DW ‒  3.33  Simental-Anguiano (2013)     ‒ Simental-Anguiano (2013)

Rhinopteridae (Cownose rays) Rhinoptera steindachneri 1000 DW ‒  3.43  Bizzarro et al. (2007)     ‒ Jacobsen & Bennett (2013)
  

Rhinopristiformes (shovelnose rays)  
Pristidae (Sawfishes) Pristis pristis 656 TL 80 † 4.34 ✓ Last et al. (2016) Peverell (2010) Borrel et al. (2011)
Rhinobatidae (Guitasfishes) Pseudobatos glaucostigmus 866 TL 18 ✤ 3.72  Lara-Mendoza (2016) Lara-Mendoza (2016) Lara-Mendoza (2016)

Pseudobatos leucorhynchus 700 TL ‒  3.43 ▲ Last et al. (2016)     ‒ Jacobsen & Bennett (2013)
Pseudobatos productus 1620 TL 16 ✤ 3.43 ▲ Juaristi-Videgaray (2016) Downton-Hoffmann (2007) Jacobsen & Bennett (2013)

Trygonorrhinidae (Banjo rays) Zapteryx exasperata 1500 TL 23 ✤ 4.13  Ramirez-Amaro (2013) Cervantes-Gutiérrez et al. (2018) Blanco-Parra et al. (2008)
Zapteryx xyster 780 TL ‒  4.13 ▼ Last et al. (2016)     ‒ Blanco-Parra et al. (2008)

   
Torpediniformes (Electric rays)   

Narcinidae (Numbfishes) Diplobatis ommata 220 TL ‒  3.66  Valadez-González (2007)     ‒ Jacobsen & Bennett (2013)
Narcine entemedor 930 TL 14 ✤ 3.66  Villavicencio-Garayzar (2000) Mora-Zamacona (2017) Jacobsen & Bennett (2013)
Narcine vermiculata 343 TL ‒  3.66  Nieto-Navarro et al. (2010)     ‒ Jacobsen & Bennett (2013)

Torpedinidae (Torpedo rays) Tetronarce californica 1370 TL ‒  3.66  Last et al. (2016)     ‒ Jacobsen & Bennett (2013)
    

Holocephali (Chimaeras)  
Chimaeriformes  

Rhinochimaeridae (Spookfishes) Hydrolagus colliei 970 TL 21 ◉ 3.70 ✦ Miller & Lea (1972) King & McPhie (2015) Froese & Pauly (2019)
Harriotta haeckeli 740 TL ‒  3.60 ✦ Weigmann (2016)     ‒ Froese & Pauly (2019)
Hydrolagus melanophasma 210 TL ‒  3.90 ✦ Aguirre-Villaseñor et al. (2013)     ‒ Froese & Pauly (2019)
Harriotta raleighana 1200 TL ‒  3.60 ✦ Weigmann (2016)     ‒ Froese & Pauly (2019)
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Ecological groups for the chondrichthyan species 
 

We chose the following ecological groups for all three regions: shelf-inshore, shelf-reef, 

shelf-sand (<75 m), shelf-sand (75–150 m), pelagic waters and bathyal (>150 m) (Table 4). A 

total of 46 species were allocated to the ecological group ‘shelf–sand (<75m)’, 14 species were 

allocated to the ecological group ‘shelf-sand (75–150 m)’, and 22 species to the ecological 

group ‘pelagic waters’. Some of these species are demersal and others swim near the bottom 

or may swim up in the water column. A total of 19 species of chondrichthyans are in the 

ecological group ‘bathyal (>150 m)’, one species is in the ecological group ‘shelf-inshore’, and 

4 species are in the ecological group ‘shelf-reef’.  
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   Table 4. Defining ecological groups for vulnerability assessment of the current chondrichthyan fauna. 

 
 

Ecological group Distributional criteria for categorizing a species into an ecological group 
  
Shelf-inshore Species inhabiting lagoons, lakes, estuaries, bays and embayments 

Shelf-reef Species inhabiting coral reef areas, hard substrates, and rocky bottoms on the continental shelf 

Shelf-sand (<75 m) Species inhabiting sandy-soft substrates on the continental shelf in depths <75 m 

Shelf-sand (75‒150 m) Species inhabiting sandy-soft substrates on the continental shelf in depths 75‒150 m 

Bathyal (>150 m) Species inhabiting the continental slope in depths ≥150 m 

Pelagic waters Species exhibiting a pelagic lifestyle  
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Exposure of EGs to climate change and fishing stressors 
 

We consider that exposure to climate change stressors for chondrichthyan species 

is highest in surface waters at <75 m depth in the three study regions, but exposure 

declines with depth. This is because the uppermost 75 m exhibits high seasonal variation 

in water temperature, whereas the water temperatures are stable throughout the year at 

greater depths (Robles and Marinone, 1987). At depths >150 m, exposure of the bathyal 

EG to climate change is low compared to the EGs of shelf-inshore, shelf-reef and 

shelf-sand (<75 m). Thus, under low (LE), medium (ME) and high (HE) emissions 

scenarios, these latter three ecological groups are projected to be at increasing exposure 

to climate change stressors. The EG pelagic waters is projected to experience low 

exposure from climate change stressors, except for the direct effects of rising water 

temperature (particularly the surface 75 m), as pelagic sharks and rays would suffer from 

warmer surface waters, reduced dissolved oxygen, changing currents and upwelling. 

However, species in this group do not have shallow-water habitats, and their wide 

distribution indicates they can cope with the effects of climate change stressors. For the 

bathyal (>150 m) EG, exposure to all climate change stressors is low. However, it is 

important to investigate how acidic waters at greater depths affect chimaeras 

physiologically. On the other hand, decreasing chlorophyll is a proxy for decreasing 

ecosystem productivity, and this would cascade down through food webs and depths, so 

would affect species in all depth ranges and EGs. 

 
The species in the EGs of shelf-inshore and shelf-sand (<75 m) had high (H) 

exposure to the fishing stressors in the GCI region, as artisanal fishing, prawn demersal 

fishing and semi-industrial fishing all catch these species there. In contrast, exposure for 

the EG of shelf-inshore to prawn demersal fishing is reduced to medium (M) in the GCE 
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region. Nevertheless, the combined risk from all types of fishing remained high for the 

EGs of shelf-inshore and shelf-sand (<75 m) in the GCI and GCE regions. Exposure was 

low (L) for all other EGs and types of fishing. In the MPW region, the exposure is H for 

the EG of shelf-inshore, where species are available to most types of fisheries and gears, 

while the exposure is M for the EG of shelf-sand (<75 m), where artisanal demersal shark 

gill-nets, hooks, and seine nets are deployed mainly in depths <75 m. Medium exposure 

is assigned for the species in the EG of pelagic waters and L for the other EGs. Exposure 

levels for each type of fishing, these fishing types combined, and the climate change 

stressors combined for each of the six EGs are presented for the three regions in Table 5. 

 
Species attributes and risk associated with each resilience component  

 
In addition to exposure, vulnerability depends on sensitivity and adaptive capacity 

of the chondrichthyan species. When we consider risk associated with the attribute 

“rarity”, ten chondrichthyan species are evaluated at H risk (Table 6). In contrast, for risk 

related to habitat specificity with three factor dependences, most species are not at H risk, 

except for those which are in the EG shelf-reef, as reefs are immovable and often 

nearshore. Pristis pristis is the only species with freshwater habitat dependence, and thus 

is at H risk. Lastly, the risk is H for those species with inshore nursery habitat dependence.  

Overall, the majority of the chondrichthyan species are assumed at L risk and the 

exceptions are listed in Table 6.  

 
Table 6 also shows that most EGs are susceptible to at least some types of fishing. 

For instance, based on availability all EGs are locally available, as all types of fishing 

occur in each study region. Based on encounterability, most species are at H risk, except 

for species in the pelagic EG, for those fisheries that are not pelagic and where the 

sport-recreational catch of the species is L. Based on the attribute selectivity, all EGs are 
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at H risk. Finally, target and by product species are retain, and much of the discarded 

chondrichthyan bycatch is moribund (particularly bycatch from the prawn trawl fishery), 

so that post-encounter mortality is M for most EGs, and H for species in the classes 

Squalomorphii, Carcharhiniformes, Lamniformes, or Orectolobiformes. Species 

allocated in the bathyal (>150 m) EG tend to experience large pressure and temperature 

changes when the animals are brought to the surface, so that they are unlikely to survive 

if caught in any gear, but encounterability is low as fishing is less often carried out at 

these depths.  

 
Chondrichthyan species vulnerability by scenario, EG and taxonomic order 
 
 

For total vulnerability to fishing stressors, there were 10 species in the GCI and 

GCE regions, and 40 species in the MPW region at M vulnerability risk. We determined 

33 species in the GCI and GCE regions, and one species in the MPW region at high 

vulnerability risk. For climate change (CC) stressors in the whole of western Mexico, 15 

and 10 species are at M vulnerability risk under the ME and HE scenarios, respectively, 

and 10 species are at H vulnerability risk under the HE scenario. The most vulnerable EG 

to fishing stressors is shelf-sand (<75 m), in which 40 species in the MPW region, and 10 

in the GCI and GCE regions are at M vulnerability. In contrast, 32 species are at H 

vulnerability in the GCI and GCE regions. For CC stressors, 11 species under the ME 

scenario and 6 species under the HE scenario are at M vulnerability, and 6 species are at 

H vulnerability under the HE emission scenario (Table 7a). 

 
Table 7b also shows the numbers of chondrichthyan species at each vulnerability 

risk category for western Mexico, by scenario and taxonomic order. For instance, the 

majority of the species at medium vulnerability belong to the orders Carcharhiniformes 

and Myliobatiformes for the MPW region, while the same orders are at high vulnerability 
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risk for the GCI and GCE regions. For climate change stressors, the order 

Carcharhiniformes has 8 species under the ME scenario and 4 species under the HE 

scenario at M vulnerability, while the order Myliobatiformes has 3 and 2 species, under 

the ME and HE scenarios, respectively. There are fewer species for the same orders at H 

vulnerability under the HE scenario (Table 7b).  

 
For climate change and fishing combined stressors, the vulnerabilities vary 

depending on the combination of the region and emission scenario. The highest number 

of species at H vulnerability (44 species) is in the GCI region for fishing combined with 

the HE scenario, followed by the GCI and GCE regions (36 species) for fishing combined 

with the ME scenario. In contrast, the lowest number of species at high risk are in the 

MPW region for fishing combined with the LE scenario (9 species), followed by the 

MPW region for fishing combined with the ME scenario (26 species) (Table 7b). 

 
Risks for each risk factor and resilience component 
 
 

Overall, adaptability and productivity risk were higher than sensitivity and 

susceptibility risk. Of a total of 106 species of chondrichthyans in the study area, 

adaptability risk risk was H, M and L, respectively, for 60 (57%), 14 (13%) and 32 (27%) 

species. Productivity risk was H, M and L, respectively, for 90 (85%), 14 (13%) and 2 

(2%) species. High risk for both adaptability and productivity was common among 

species in all EGs, except for the shelf-inshore EG. In contrast, for sensitivity risk was, 

H, M and L, respectively, for 23 (22%), 0 (0%) and 83 (78%) species,  and for 

susceptibility risk was H, M and L, respectively, for 47 (44%), 0 (0%) and 59 (56%) 

species (Table 8a). 
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Vulnerability to fishing and climate change, and combined stressors 

 
Table 8b shows how the vulnerability of species varied under the various conditions 

studied. For the shelf-inshore EG, exposure was H to fishing stressors in the MPW, GCI 

and GCE regions, and H exposure under the CC ME and HE scenarios, but only M under 

the CC LE scenario. Vulnerability of species in this EG was H to fishing stressors for 

each study region but not to CC for each emission scenario. In contrast, vulnerability was 

H to the combination of fishing and CC in all three regions for all the CC scenarios.  

 
For the shelf-sand <75 m EG, most of species (31) were at M exposure to fishing 

stressors in the MPW region and at H exposure in the GCI and GCE regions, while to CC 

stressors, exposure was M for the majority of species (15) under the HE scenario. 

Vulnerability for species in this EG was M to fishing stressors for all species allocated 

(46) in the MPW region, while fewer species (31) were highly vulnerable in the GCI and 

GCE regions. In contrast, vulnerability to CC was M for 11 species under the ME 

scenario, and 6 species were at H and M vulnerability under the HE scenario. For 

combined fishing and CC stressors, vulnerability was H only for 8 species in the MPW 

region under the LE, ME and HE scenarios. For the GCI and GCE regions, most species 

(33) were highly vulnerable under the three emission scenarios (Table 8b). 

 
For the shelf-sand (75–150 m) EG, the majority of the species (13) were at M 

exposure under the HE scenario. Vulnerability was M only to CC stressors under the HE 

scenario, and low for the other two scenarios. For combined stressors, only 4 species were 

at H vulnerability in the three regions for fishery stressors combined with the HE scenario. 

For the pelagic waters EG, all species (22) were at M exposure to fishing stressors in the 

MPW region, and at L exposure in the GCI and GCE regions for all emission scenarios.  

We also determined L vulnerability for all species in this EG for combined stressors in 
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the three regions. Finally, for the bathyal (>150 m) EG, exposure and vulnerability were 

L for all species in the three regions, for each emission scenario and for combined 

stressors (Table 8b). 
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Table 4. Exposure of each ecological group to stressors contributed by three climate change scenarios during 2100 and fishing stressors in each of 
three regions of waters off western Mexico. 

  

Shelf-

inshore
Shelf-reef

Shelf-sand   

  (<75 m)

 Shelf-      

sand     

(75‒150 m)

Climate change

Low M L L L L L

Medium H M M L L L

High H H H M L L

Types of fishing

MPW H L L L L L

GCI H L L L L L

GCE H L L L L L

MPW L L L L L L

GCI M L H L L L

GCE H L H L L L

MPW H L M L L L

GCI H L H L L L

GCE H L H L L L

MPW L L L L L M

GCI L L L L L L

GCE L L L L L L

MPW H L M L L M

GCI H L H L L L

GCE H L H L L L

Artisanal, sport-recreational, 

and semi-industrial 

demersal fishing

Artisanal demersal shark gillnets, hooks, and seine nets deployed mainly in depths <75 m cause fishing mortality to 

chondrichthyan species as target catch, byproduct and bycatch from high fishing intensity over large areas on the 

continental shelf mostly at depths <75 m. Fishers avoid rocky and other hard substrates to minimise damage to the 

fishing equipment. Although gillnets are highly length-selective depending on body shape of animal, overall a wide 

range of mesh sizes used are treated as non selective.

Industrial, artisanal, and 

sport-recreational pelagic 

fishing

Pelagic fisheries cause fishing mortality to chondrichthyan species as target catch, byproduct and bycatch from fishing 

over the EEZ of western Mexico concentrated in specific areas targeting squid, tunas, and clupeoids with seine nets and 

targeting tunas with artisanal surface-set hooks and gillnets. The only targeted chondrichthyan species are Isurus 
oxyrinchus  and Carcharhinus falciformis  taken by recreational fishers with hooks.

Combined Combination of all fishing stressors for calculating maximum risk. 

Climate change stressors

Rising water temperature (particularly the surface 75 m), rising sea level, reducing rainfall and freshwater runoff, 

increasing storm frequency and intensity, changing currents and upwelling, decreasing oxygen and Chl-a, and increasing 

wind speed and ocean acidity.

Artisanal and sport-

recreational inshore fishing

Recreational use of rod and reel and artisanal use of hooks, gillnets and seine nets from small boats and from shore cause 

fishing mortality to chondrichthyan species as target catch, byproduct and bycatch. This type of fishing occurs at high 

intensity in lagoons, bays, inlets, estuaries, and coastal ocean waters.

Exposure risk to each ecological group

Demersal continental shelf (0‒150 m)

Bathyal 

(>150 m)

Pelagic 

waters

Prawn demersal trawl

Prawn demersal trawl causes fishing mortality to chondrichthyan species as byproduct and bycatch from high fishing 

intensity over some areas on the contentental shelf at depths <75 m and fishers avoid rocky and other hard substrates to 

minimise damage to the fishing equipment.

Anthropogenic stressors Description of climate change and fishing stressors

Emissions 

scenario/   

fishing 

region

Table 5. Exposure of each ecological group to stressors from one fishing and three climate change scenarios for each of three regions of waters off western Mexico 

The one fishing scenario is for western Mexico during 2006‒17 and the three climate change scenarios are for low, medium and high emissions defined by CO2-equivalent in 2100 (see Table 2); L is low, M is medium, and 
H is high based on the proportion of the distributional area of each ecological group exposed. MPW, Mexican Pacific waters excluding the Gulf of California (GoC); GCI, GoC excluding sub-region GC-E; GCE is GC-E 
sub-region.



Chapter 4. Vulnerability analysis 

 167 

Table 5. Decision rules for risk values of species attributes for each resilience component, 
for climate change and fishing stressors. 

  Condition for value or default Risk Rationale for assigned risk value

Climate-change sensitivity component
Rarity Default 0.333

If Species is Galeus piperatus then 1
or if Species is Mustelus californicus then 1
or if Species is Heterodontus mexicanus then 1
or if Species is Hypanus longus then 1
or if Species is Myliobatis californicus then 1
or if Species is Urobatis maculatus then 1
or if Species is Beringraja inornata then 1
or if Species is Rostroraja equatorialis then 1
or if Species is Pristis pristis then 1
or if Species is Narcine entemedor then 1

& Habitat specificity
Reef habitat dependent Default 0 Most species are not dependent on reef habitat.

or if Species is in 'shelf-reef' EG then 1 Reefs are immovable & often nearshore, small or isolated.

or Freshwater habitat dependent Default 0 Most species are not dependent on freshwater habitat.
or if Species is Pristis pristis then 1 P. pristis is dependent on freshwater habitat.

or Inshore nursery habitat dependent Default 0.333 Most species are not dependent on inshore nursery habitat, but there 
is some risk for these species.

or if Species is Alopias pelagicus then 1
or if Species is Carcharhinus brachyurus then 1
or if Species is Carcharhinus limbatus then 1
or if Species is Carcharhinus obscurus then 1
or if Species is Galeorhinus galeus then 1
or if Species is Nasolamia velox then 1
or if Species is Notorynchus cepedianus then 1
or if Species is Sphyrna lewini then 1
or if Species is Sphyrna zygaena then 1

Climate-change adaptability component of resilience

Distributional flexibility Calc-
ulate

Calculated from Equation 5 in text.

& Trophic level Calc-
ulate

Calculated from Equation 6 in text.

Fishing susceptibility component for each of four fishing types

Availability Default 1 All EGs and types of fishing occur inside the regions.

x Encounterability Default 1 Most demersal species encounter demersally-set fishing types.

or if EG is 'pelagic waters'

& if fishing type is not 'pelagic industrial 
and recreational'

then 0 Only species in the EG 'pelagic waters' encounter the fishing type 
'pelagic industrial and recreational'.  

x Selectivity Default 1 All fishing types are treated as non selective.

x Post-encounter capture         
mortality

Default 0.667 Much of the discarded chondrichthyan bycatch is moribund 
(particularly bycatch from prawn demersal trawl).

or if EG is 'bathyal (>150 m)' 1 Bathyal species experience large pressure and temperature changes 
and are retreived dead or in poor condition (McLean et al. 2015).

or if then 1 One species of ray and most species of sharks are retained (i.e., 
target or byproduct speciss).

Fishing productivity component of resilience

Natural mortality rate Calc-
ulate

Calculated from Equation 3 in text.

or Reproductive rate Avoided because of the need for complex data & models.

or Intrinsic rate of population growth Avoided because of the need for complex data & models.

Species attribute for each component

Species is Rhinoptera steindachneri  or 
classed Squalomorphii, 
Carcharhiniformes, or Lamniformes

These species are classed as rare based on 
published records and data in databases.

These species are dependent on inshore nursery 
habitat.

Table 6. Decision rules for risk evatuation of species attributes of resilience components for climate change and fishing stressors

EG, ecological group.
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Table 6a. Numbers of chondrichthyan species at medium or high vulnerability for each of three emissions and the current fishing scenario 
for each of three regions in the waters off western Mexico, by taxonomic order and ecological group. 
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Number of species at medium vulnerability
Squalomorphii (Squalomorph sharks)

Echinorhiniformes (Bramble sharks)                             1              1       
Hexanchiformes (Sixgill & sevengill sharks)               1  1  1          1              2  1  1   
Squaliformes (Dogfish sharks)                      1       1              2       
Squatiniformes (Angelsharks)                      1                     1       
Sub-total             1  1  1   2       3              6  1  1   

Galeomorphii (Galeomorph sharks)
Carcharhiniformes (Ground sharks)        3  3     14  5 2 14 2 2 6   2    4       6    6   33  8 4 20 2 2
Heterodontiformes (Bullhead sharks)               2   1 2                        2   1 2   
Lamniformes (Mackerel sharks)               1    1          1       9    9   11    10   
Orectolobiformes (Carpet sharks)        1  1                          1       2  1     
Sub-total       4  4     17  5 3 17 2 2 6   2    5       16    15   48  9 5 32 2 2

 
Batoidea (Rays)

Myliobatiformes (stingrays) 1              17  3 2 16 2 3               6       24  3 2 16 2 3
Rajiformes (Skates)               2    1   5   2    7              14   2 1   
Rhinopristiformes (shovelnose rays)               6  1  6                        6  1  6   
Torpediniformes (Electric rays)                                                                       3  1 1 3   1                     4  1 1 3   
Sub-total 1             28  5 3 26 2 3 6   2    7       6       48  5 5 26 2 3

 
Holocephali (Chimaeras)

Chimaeriformes                             4              4       
Sub-total                             4             4       

Number of species at high vulnerability
Squalomorphii (Squalomorph sharks)

Echinorhiniformes (Bramble sharks)                             1              1       
Hexanchiformes (Sixgill & sevengill sharks)               1   1  1 1        1              2   1  1 1
Squaliformes (Dogfish sharks)                      1       1              2       
Squatiniformes (Angelsharks)                      1                     1       
Sub-total              1   1  1 1 2       3              6   1  1 1

Galeomorphii (Galeomorph sharks)
Carcharhiniformes (Ground sharks)        3   3    14   3  12 12 6       4       6       33   6  12 12
Heterodontiformes (Bullhead sharks)               2     2 2                      2     2 2
Lamniformes (Mackerel sharks)               1     1 1        1       9       11     1 1
Orectolobiformes (Carpet sharks)        1   1                        1       2   1    
Sub-total       4   4    17   3  15 15 6       5       16       48   7  15 15

Batoidea (Rays)
Myliobatiformes (stingrays) 1    1 1 1        17   1  12 12               6       24   1 1 13 13
Rajiformes (Skates)               2     2 1 5       7              14     2 1
Rhinopristiformes (shovelnose rays)               6   1  5 6                      6   1  5 6
Torpediniformes (Electric rays)               3     3 3 1                     4     3 3
Sub-total 1    1 1 1        28   2  22 22 6       7       6       48   2 1 23 23

Holocephali (Chimaeras)
Chimaeriformes                             4              4       
Sub-total                            4              4       

Total number of species at risk
Medium risk 1       4  4    46  11 6 44 4 5 14   4    19       22    15   106  15 10 59 4 5
High risk 1    1 1 1 4   4   46   6  38 38 14       19       22       106   10 1 39 39
Medium or high risk 1    1 1 1 4  4 4   46  11 12 44 42 43 14   4    19       22    15   106  15 20 60 43 44
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Climate 
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Taxonomic grouping
Number of species in each ecological group at medium or high vulnerability from each of three climate-change emissions scenarios and from present fishing in the waters of three separate regions off western Mexico

Demersal continental shelf (0‒150 m) Demersal continental slope (>150m)
Pelagic waters Total

Order

Shelf-inshore Shelf-reef Shelf-sand (<75 m) Shelf-sand (75‒150 m) Bathyal >150 m)

T
o
t
a
l

Climate 
change

Fishing 
2006‒17

T
o
t
a
l

Table 7a. Numbers of chondrichthyan species at medium or high vulnerability for western Mexico by ecological group, climate change scenario or fishing region, and taxonomic order

LE, low emissions; ME, medium emissions; HE, high emissions scenarios for climate change. Regions regions for fishing in western Mexican Pacific waters: MPW, Mexican Pacific excluding Gulf of California (GoC); GCI, GoC excluding entrance subregion GC-E; GCE, GC-E. Total 
number of species applies to all western Mexican waters.
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Table 7b. 1Numbers of chondrichthyan species in western Mexico at medium or high vulnerability by scenario and taxonomic order. 
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Number of species at medium vulnerability
Squalomorphii (Squalomorph sharks)

Echinorhiniformes (Bramble sharks)                

Hexanchiformes (Sixgill & sevengill sharks) 1    1           

Squaliformes (Dogfish sharks)                

Squatiniformes (Angelsharks)                

Sub-total 1    1           

Galeomorphii (Galeomorph sharks)

Carcharhiniformes (Ground sharks) 20 2 2  8 4 13 14 9 5 7 5 5 7 5

Heterodontiformes (Bullhead sharks) 2     1 2 1 1       

Lamniformes (Mackerel sharks) 10      7 6 6 6 6 6 7 7 7

Orectolobiformes (Carpet sharks)     1   1   1   1  

Sub-total 32 2 2  9 5 22 22 16 11 14 11 12 15 12

Batoidea (Rays)

Myliobatiformes (stingrays) 16 2 3  3 2 7 7 6 1   2 1 1

Rajiformes (Skates) 1     2 1  2   2   2

Rhinopristiformes (shovelnose rays) 6    1  3 3 2  1     

Torpediniformes (Electric rays) 3    1 1 1         

Sub-total 26 2 3  5 5 12 10 10 1 1 2 2 1 3

Holocephali (Chimaeras)

Chimaeriformes                

Sub-total                

Taxonomic grouping Number of species at medium or high vulnerability to 2006‒17 fishing scenario in the waters of three separate regions off western Mexico, from each of three climate-

change emissions scenarios, or nine combinations of the fishing and emissions scenarios  

Order
Fishing Climate change Climate change and fishing combined

Table 7b. Numbers of chondrichthyan species at medium or high vulnerability for western Mexico by scenario, region, and taxonomic order

Regions for the fishing scenario during 2006‒17 of western Mexico: MPW, Mexican Pacific excluding Gulf of California (GoC); GCI, GoC excluding entrance subregion GC-E; GCE, GC-E. Climate change 

scenarios: LE, low emissions; ME, medium emissions; HE, high emissions. Total number of species applies to each of the three regions separately, except for the three climate change scenarios, which applies 

to all waters across the three regions. 
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Number of species at high vulnerability
Squalomorphii (Squalomorph sharks)

Echinorhiniformes (Bramble sharks)                
Hexanchiformes (Sixgill & sevengill sharks)  1 1   1 1 1 1 1 1 1 1 1 1
Squaliformes (Dogfish sharks)                
Squatiniformes (Angelsharks)                
Sub-total  1 1   1 1 1 1 1 1 1 1 1 1

Galeomorphii (Galeomorph sharks)
Carcharhiniformes (Ground sharks)  12 12   6 7 9 16 12 13 17 12 13 17
Heterodontiformes (Bullhead sharks)  2 2     1 1 2 2 2 2 2 2
Lamniformes (Mackerel sharks)  1 1    3 4 4 1 1 1 1 1 1
Orectolobiformes (Carpet sharks)      1   1   1   1
Sub-total  15 15   7 10 14 22 15 16 21 15 16 21

Batoidea (Rays)
Myliobatiformes (stingrays) 1 13 13   1 10 11 12 14 15 15 14 15 15
Rajiformes (Skates)  2 1     1 1 2 2 2 1 1 1
Rhinopristiformes (shovelnose rays)  5 6   1 3 3 4 5 5 6 6 6 6
Torpediniformes (Electric rays)  3 3    2 3 3 3 3 3 3 3 3
Sub-total 1 23 23   2 15 18 20 24 25 26 24 25 25

Holocephali (Chimaeras)
Chimaeriformes                
Sub-total                

Total number of species of overall vulnerability
Low risk 43 50 48 106 91 86 43 38 34 41 36 32 38 34 30
Medium risk 59 4 5  15 10 34 32 26 12 15 13 14 16 15
High risk 1 39 39   10 26 33 43 40 42 48 40 42 47
Total 103 93 92 106 106 106 103 103 103 93 93 93 92 92 92

Medium or high risk 60 43 44  15 20 60 65 69 52 57 61 54 58 62

Total 103 93 92 106 106 106 103 103 103 93 93 93 92 92 92
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Table 7a. Risk for each attribute and resilience component for each species. 

 
 

  

Productivity

Order

Family

Squalomorphii (Squalomorph sharks)
Echinorhiniformes (Bramble sharks)

Echinorhinidae (Bramble sharks) Echinorhinus cookei Bathyal (>150 m)       H H H      

Hexanchiformes (Sixgill & sevengill sharks)

Hexanchidae (Cow sharks) Notorynchus cepedianus Shelf-sand (<75 m)    H H M H H H H H H H H

   

Squaliformes (Dogfish sharks)   

Etmopteridae (Lantern sharks) Centroscyllium nigrum Bathyal (>150 m)       M M H      

Squalidae (Dogfish sharks) Squalus suckleyi Shelf-sand (75‒150 m)      M M H H      

  

Squatiniformes (Angelsharks) Squatina californica Shelf-sand (75‒150 m)      M M H H      

   

   

Galeomorphii (Galeomorph sharks)
Carcharhiniformes (Ground sharks)

Carcharhinidae (Requiem sharks) Carcharhinus albimarginatus Shelf-reef  H   H M M H H      

Carcharhinus altimus Pelagic waters      M H H H H H H H H

Carcharhinus brachyurus Shelf-sand (<75 m)    H H M M H H H H H H H

Carcharhinus cerdale Shelf-sand (<75 m)      M M H H H H H H H

Carcharhinus galapagensis Shelf-reef  H   H M M H H      

Carcharhinus falciformis Pelagic waters       H H H H H H H H

Carcharhinus leucas Shelf-sand (<75 m)      M H H H H H H H H

Carcharhinus limbatus Shelf-sand (<75 m)    H H  H H H H H H H H

Carcharhinus longimanus Pelagic waters       M M H H H H H H

Carcharhinus obscurus Shelf-sand (75‒150 m)    H H M M H H      

Galeocerdo cuvier Shelf-sand (75‒150 m)       H H H      

Nasolamia velox Shelf-sand (<75 m)    H H M H H H H H H H H

Negaprion brevirostris Shelf-sand (<75 m)      M M H H H H H H H

Prionace glauca Pelagic waters       M H H H H H H H

Rhizoprionodon longurio Shelf-sand (<75 m)       M H M H H H H H

Sphyrnidae (Hammerhead sharks) Sphyrna corona Shelf-sand (<75 m)      M M H H H H H H H

Sphyrna lewini Pelagic waters    H H  M H H H H H H H

Sphyrna media Shelf-sand (<75 m)      M M H H H H H H H

Sphyrna mokarran Pelagic waters      M H H H H H H H H

Sphyrna tiburo Shelf-sand (<75 m)         H H H H H H

Sphyrna zygaena Shelf-sand (<75 m)    H H M M M H H H H H H

Scyliorhinidae (Catsharks) Apristurus brunneus Bathyal (>150 m)      M M H H      

Apristurus kampae Bathyal (>150 m)      M M H H      

Cephaloscyllium ventriosum Shelf-sand (<75 m)      M M M H H H H H H

Cephalurus cephalus Bathyal (>150 m)      M M H H      

Galeus piperatus Bathyal (>150 m) H    H H M H H      

Parmaturus xaniurus Shelf-sand (75‒150 m)      M M H H      

Triakidae (Houndsharks) Galeorhinus galeus Shelf-sand (75‒150 m)    H H M M H H      

Mustelus albipinnis Shelf-reef  H   H M M H H      

Mustelus californicus Shelf-sand (<75 m) H    H M  M M H H H H H

Mustelus henlei Shelf-sand (75‒150 m)      M  M H      

Mustelus lunulatus Shelf-sand (75‒150 m)       M M H      

Triakis semifasciata Shelf-sand (<75 m)      M M M H H H H H H

Regional 

Avail-

ability

Encount-

erability

Select-

ivity

Post-

encounter 

mortality

Total
Natural 

mortality

Taxonomic grouping
Species scientific name Ecological group

Risk for each attribute and resilience component

Sensitivity Adaptability Susceptibility

Rarity

Reef 

depend-

ence

Fresh-

water 

depend-

ence

Inshore 

nursery 

habitat

Total

Distri-

butional 

flex-

ibility

Trophic 

level
Total

Table 8a. Risk for each attribute and resilience component for each species

H, high risk; M, medium risk; blank, low risk. Note that if the artisanal and semi-industrial fishing fleets were to expand to harvest species in the shelf-sand (75‒150 m) and bathyal (>150 m) ecological groups, the risk for 
each of the four susceptibility attributes would be H.  
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Heterodontiformes (Bullhead sharks)   
Heterodontidae (Bullhead sharks) Heterodontus francisci Shelf-sand (<75 m)      M  M H H H H H H

Heterodontus mexicanus Shelf-sand (<75 m) H    H M  M H H H H H H
   

Lamniformes (Mackerel sharks)   
Alopiidae (Thresher sharks) Alopias vulpinus Pelagic waters       M H H H H H H H

Alopias pelagicus Pelagic waters    H H  M M H H H H H H
Alopias superciliosus Pelagic waters       M H H H H H H H

Cetorhinidae (Basking shark) Cetorhinus maximus Pelagic waters         H H H H H H
Lamnidae (Mackerel sharks) Carcharodon carcharias Shelf-sand (<75 m)       H H H H H H H H

Isurus oxyrinchus Pelagic waters       M H H H H H H H
Isurus paucus Pelagic waters       H H H H H H H H
Lamna ditropis Pelagic waters      M M H H H H H H H

Odontaspididae (Sandtiger sharks) Odontaspis ferox Bathyal (>150 m)      M H H H      
Odontaspis noronhai Pelagic waters       H H H H H H H H

Pseudocarcharhiidae (Crocodile shark) Pseudocarcharias kamoharai Pelagic waters       M M H H H H H H
   

Orectolobiformes (Carpet sharks)   
Ginglymostomatidae (Nurse sharks) Ginglymostoma unami Shelf-reef  H   H M M H H      

Rhincodon typus Pelagic waters        M H H H H   
  
  

Batoidea (Rays)
Myliobatiformes (stingrays)   

Aetobatidae (Pelagic eagle rays) Aetobatus laticeps Shelf-sand (<75 m)      M M M H H H H H H
Hypanus dipterurus Shelf-sand (<75 m)        M H H H H H H
Hypanus longus Shelf-sand (<75 m) H    H M  M M H H H H H
Pteroplatytrygon violacea Pelagic waters        M M H H H   

Gymnuridae (Butterfly rays) Gymnura crebripunctata Shelf-sand (<75 m)      M M H H H H H H H
Gymnura marmorata Shelf-sand (<75 m)      M M H H H H H H H

Mobulidae (Devilrays) Mobula birostris Pelagic waters         H H H H   
Mobula mobular Pelagic waters        M H H H H   
Mobula munkiana Pelagic waters      M  M H H H H   
Mobula tarapacana Pelagic waters      M  M H H H H   
Mobula thurstoni Pelagic waters      M  M H H H H   
Myliobatis californicus Shelf-sand (<75 m) H    H M  M H H H H H H

Myliobatiformes (stingrays) Myliobatis longirostris Shelf-sand (<75 m)      M M M H H H H H H
Platyrhinidae (Fanrays) Platyrhinoidis triseriata Shelf-sand (<75 m)      M M H H H H H H H
Potamotrygonidae (Neotropical stingrays) Styracura pacifica Shelf-sand (<75 m)      M M H H H H H H H

Urobatis concentricus Shelf-sand (<75 m)      M  M H H H H H H
Urobatis halleri Shelf-sand (<75 m)        M H H H H H H
Urobatis maculatus Shelf-sand (<75 m) H    H M  H H H H H H H

Urotrygonidae (Round rays) Urotrygon aspidura Shelf-sand (<75 m)      M  M M H H H H H
Urotrygon cimar Shelf-sand (<75 m)      M  H H H H H H H
Urotrygon chilensis Shelf-sand (<75 m)      M  M H H H H H H
Urotrygon nana Shelf-inshore      M  M H H H H H H
Urotrygon munda Shelf-sand (<75 m)      M  M H H H H H H
Urotrygon rogersi Shelf-sand (<75 m)      M  M M H H H H H
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Rajiformes (Skates)
Arhynchobatidae (Softnose skates) Bathyraja abyssicola Bathyal (>150 m)      H  H H      

Bathyraja kincaidii Bathyal (>150 m)      H  H H      
Bathyraja microtrachys Bathyal (>150 m)      H M H H      
Bathyraja spinosissima Bathyal (>150 m)       M M H      
Bathyraja trachura Bathyal (>150 m)      H M H H      

Rajidae (Skates) Amblyraja hyperborea Bathyal (>150 m)       M M H      
Beringraja binoculata Shelf-sand (75‒150 m)      H M H H      
Beringraja cortezensis Shelf-sand (<75 m)      H M H H H H H H H
Beringraja inornata Shelf-sand (75‒150 m) H    H M M H M      
Beringraja rhina Bathyal (>150 m)      H M H H      

 Beringraja stellulata Shelf-sand (75‒150 m)      H M H H      
Rostroraja equatorialis Shelf-sand (75‒150 m) H    H M M H H      
Rostroraja velezi Shelf-sand (75‒150 m)      M  M H      

Rhinopteridae (Cownose rays) Rhinoptera steindachneri Shelf-sand (<75 m)        M H H H H H H
   

Rhinopristiformes (shovelnose rays)   
Pristidae (Sawfishes) Pristis pristis Shelf-sand (<75 m) H  H  H M H H H H H H H H
Rhinobatidae (Guitasfishes) Pseudobatos glaucostigmus Shelf-sand (<75 m)      M M M H H H H H H

Pseudobatos leucorhynchus Shelf-sand (<75 m)      M  M H H H H H H
Pseudobatos productus Shelf-sand (<75 m)      M  M H H H H H H

Trygonorrhinidae (Banjo rays) Zapteryx exasperata Shelf-sand (<75 m)      M M H H H H H H H
Trygonorrhinidae (Banjo rays) Zapteryx xyster Shelf-sand (<75 m)      M M H H H H H H H
   

Torpediniformes (Electric rays)   
Narcinidae (Numbfishes) Diplobatis ommata Shelf-sand (<75 m)      M  M H H H H H H

Narcine entemedor Shelf-sand (<75 m) H    H M  M H H H H H H
Narcine vermiculata Shelf-sand (<75 m)      M  H H H H H H H

Torpedinidae (Torpedo rays) Tetronarce californica Shelf-sand (75‒150 m)      M  H H      
   
   

    
Chimaeriformes   

Rhinochimaeridae (Spookfishes) Hydrolagus colliei Bathyal (>150 m)      M M M H      
Harriotta haeckeli Bathyal (>150 m)      H  H H      
Hydrolagus melanophasma Bathyal (>150 m)      M M M H      
Harriotta raleighana Bathyal (>150 m)      M  M H      
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Table 8b. 1Exposure and vulnerability of each species to present fishing and three future climate change scenarios in three regions of western 
Mexico and their nine combinations of scenarios.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Order

Family

Squalomorphii (Squalomorph sharks)
Echinorhiniformes (Bramble sharks)

Echinorhinidae (Bramble sharks) Echinorhinus cookei Bathyal (>150 m)                      

Hexanchiformes (Sixgill & sevengill sharks)   
Hexanchidae (Cow sharks) Notorynchus cepedianus Shelf-sand (<75 m) M H H  M H M H H  M H H H H H H H H H H
   

Squaliformes (Dogfish sharks)   
Etmopteridae (Lantern sharks) Centroscyllium nigrum Bathyal (>150 m)                      
Squalidae (Dogfish sharks) Squalus suckleyi Shelf-sand (75‒150 m)      M                

  
Squatiniformes (Angelsharks) Squatina californica Shelf-sand (75‒150 m)      M                

   
   

Galeomorphii (Galeomorph sharks)
Carcharhiniformes (Ground sharks)

Carcharhinidae (Requiem sharks) Carcharhinus albimarginatus Shelf-reef     M H     M H  M H  M H  M H
Carcharhinus altimus Pelagic waters M      M      H H H M M M M M M
Carcharhinus brachyurus Shelf-sand (<75 m) M H H  M H M H H  M H H H H H H H H H H
Carcharhinus cerdale Shelf-sand (<75 m) M H H  M H M H H    M M M H H H H H H
Carcharhinus galapagensis Shelf-reef     M H     M H  M H  M H  M H
Carcharhinus falciformis Pelagic waters M      M      M M M       
Carcharhinus leucas Shelf-sand (<75 m) M H H  M H M H H    M M H H H H H H H
Carcharhinus limbatus Shelf-sand (<75 m) M H H  M H M H H  M H M H H H H H H H H
Carcharhinus longimanus Pelagic waters M      M      M M M       
Carcharhinus obscurus Shelf-sand (75‒150 m)      M      M   M   M   M
Galeocerdo cuvier Shelf-sand (75‒150 m)      M                
Nasolamia velox Shelf-sand (<75 m) M H H  M H M H H  M H H H H H H H H H H
Negaprion brevirostris Shelf-sand (<75 m) M H H  M H M H H    M M H H H H H H H
Prionace glauca Pelagic waters M      M      M M M       
Rhizoprionodon longurio Shelf-sand (<75 m) M H H  M H M M M    M M M M M H M M H

Sphyrnidae (Hammerhead sharks) Sphyrna corona Shelf-sand (<75 m) M H H  M H M H H    H H H H H H H H H
Sphyrna lewini Pelagic waters M      M      H H H M M M M M M
Sphyrna media Shelf-sand (<75 m) M H H  M H M H H    H H H H H H H H H
Sphyrna mokarran Pelagic waters M      M      M M M M M M M M M
Sphyrna tiburo Shelf-sand (<75 m) M H H  M H M H H    M M M H H H H H H
Sphyrna zygaena Shelf-sand (<75 m) M H H  M H M H H  M M M H H H H H H H H

Scyliorhinidae (Catsharks) Apristurus brunneus Bathyal (>150 m)                      
Apristurus kampae Bathyal (>150 m)                      
Cephaloscyllium ventriosum Shelf-sand (<75 m) M H H  M H M H H    H H H H H H H H H
Cephalurus cephalus Bathyal (>150 m)                      
Galeus piperatus Bathyal (>150 m)                
Parmaturus xaniurus Shelf-sand (75‒150 m)                

Triakidae (Houndsharks) Galeorhinus galeus Shelf-sand (75‒150 m)      M      M   M   M   M
Mustelus albipinnis Shelf-reef     M H     M H  M H  M H  M H
Mustelus californicus Shelf-sand (<75 m) M H H  M H M M M  M M M M H M H H M H H
Mustelus henlei Shelf-sand (75‒150 m)      M                
Mustelus lunulatus Shelf-sand (75‒150 m)      M                
Triakis semifasciata Shelf-sand (<75 m) M H H  M H M H H    M M H H H H H H H
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HE MPW GCI GCE LE

Taxonomic grouping Species scientific name Ecological group

Exposure Vulnerability

Fishing 2006‒17 for.  
each region

Climate change for  
each scenario

Fishing 2006‒17 for.  
each region

Climate change for  
each scenario Fishing region and climate change scenario combined

HEMPW GCI GCE LE ME

Table 8b. Exposure and vulnerability of each species to present fishing and three future climate change scenarios in three regions of western Mexico and their nine combinations of scenario 

Regions of Mexican waters: MPW, Mexican Pacific excluding Gulf of California (GoC); GCI, GoC excluding subregion GC-E; GCE, GC-E subregion. Climate change scenarios: LE, low emissions; ME, medium emissions; HE, high emissions 
scenarios. H, high risk; M, medium risk; blank, low risk. 



Chapter 4. Vulnerability analysis 

 175 

 
 
  

Heterodontiformes (Bullhead sharks)   
Heterodontidae (Bullhead sharks) Heterodontus francisci Shelf-sand (<75 m) M H H  M H M H H    M M M H H H H H H

Heterodontus mexicanus Shelf-sand (<75 m) M H H  M H M H H   M M H H H H H H H H
   

Lamniformes (Mackerel sharks)   
Alopiidae (Thresher sharks) Alopias vulpinus Pelagic waters M      M      M M M M M M M M M

Alopias pelagicus Pelagic waters M      M      H H H M M M M M M
Alopias superciliosus Pelagic waters M      M      M M M M M M M M M

Cetorhinidae (Basking shark) Cetorhinus maximus Pelagic waters M      M      M M M       
Lamnidae (Mackerel sharks) Carcharodon carcharias Shelf-sand (<75 m) M H H  M H M H H    M H H H H H H H H

Isurus oxyrinchus Pelagic waters M      M      M M M M M M M M M
Isurus paucus Pelagic waters M      M      H H H M M M M M M
Lamna ditropis Pelagic waters M      M      M M M    M M M

Odontaspididae (Sandtiger sharks) Odontaspis ferox Bathyal (>150 m)                      
Odontaspis noronhai Pelagic waters M      M      H H H M M M M M M

Pseudocarcharhiidae (Crocodile shark) Pseudocarcharias kamoharai Pelagic waters M      M      M M M       
   

Orectolobiformes (Carpet sharks)   
Ginglymostomatidae (Nurse sharks) Ginglymostoma unami Shelf-reef     M H     M H  M H  M H  M H

Rhincodon typus Pelagic waters M                     
  
  

Batoidea (Rays)
Myliobatiformes (stingrays)   

Aetobatidae (Pelagic eagle rays) Aetobatus laticeps Shelf-sand (<75 m) M H H  M H M H H    H H H H H H H H H
Hypanus dipterurus Shelf-sand (<75 m) M H H  M H M H H    M M M H H H H H H
Hypanus longus Shelf-sand (<75 m) M H H  M H M M M  M M M M H H H H H H H
Pteroplatytrygon violacea Pelagic waters M                    

Gymnuridae (Butterfly rays) Gymnura crebripunctata Shelf-sand (<75 m) M H H  M H M H H    H H H H H H H H H
Gymnura marmorata Shelf-sand (<75 m) M H H  M H M H H    M M M H H H H H H

Mobulidae (Devilrays) Mobula birostris Pelagic waters M                     
Mobula mobular Pelagic waters M                     
Mobula munkiana Pelagic waters M                     
Mobula tarapacana Pelagic waters M                     
Mobula thurstoni Pelagic waters M                     
Myliobatis californicus Shelf-sand (<75 m) M H H M H M H H  M M M H H H H H H H H

Myliobatiformes (stingrays) Myliobatis longirostris Shelf-sand (<75 m) M H H M H M H H    H H H H H H H H H
Platyrhinidae (Fanrays) Platyrhinoidis triseriata Shelf-sand (<75 m) M H H  M H M H H    H H H H H H H H H
Potamotrygonidae (Neotropical stingrays) Styracura pacifica Shelf-sand (<75 m) M H H  M H M      H H H       

Urobatis concentricus Shelf-sand (<75 m) M H H  M H M H H    H H H H H H H H H
Urobatis halleri Shelf-sand (<75 m) M H H  M H M H H    M M M H H H H H H
Urobatis maculatus Shelf-sand (<75 m) M H H  M H M H H  M H H H H H H H H H H

Urotrygonidae (Round rays) Urotrygon aspidura Shelf-sand (<75 m) M H H  M H   M     M M    M M M
Urotrygon cimar Shelf-sand (<75 m) M H H  M H M      H H H       
Urotrygon chilensis Shelf-sand (<75 m) M H H  M H M H H    M M M H H H H H H
Urotrygon nana Shelf-inshore H H H M H H H H H    H H H H H H H H H
Urotrygon munda Shelf-sand (<75 m) M H H  M H M H H    H H H H H H H H H
Urotrygon rogersi Shelf-sand (<75 m) M H H  M H M M M    M M M M H H M H H
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Rajiformes (Skates)
Arhynchobatidae (Softnose skates) Bathyraja abyssicola Bathyal (>150 m)                      

Bathyraja kincaidii Bathyal (>150 m)                      
Bathyraja microtrachys Bathyal (>150 m)                      
Bathyraja spinosissima Bathyal (>150 m)                      
Bathyraja trachura Bathyal (>150 m)                      

Rajidae (Skates) Amblyraja hyperborea Bathyal (>150 m)                      
Beringraja binoculata Shelf-sand (75‒150 m)      M                
Beringraja cortezensis Shelf-sand (<75 m) M H H  M H  H        H H H    
Beringraja inornata Shelf-sand (75‒150 m)      M      M   M   M   M
Beringraja rhina Bathyal (>150 m)                      

 Beringraja stellulata Shelf-sand (75‒150 m)      M                
Rostroraja equatorialis Shelf-sand (75‒150 m)      M      M   M   M   M
Rostroraja velezi Shelf-sand (75‒150 m)      M                

Rhinopteridae (Cownose rays) Rhinoptera steindachneri Shelf-sand (<75 m) M H H  M H M H H    M H H H H H H H H
   

Rhinopristiformes (shovelnose rays)   
Pristidae (Sawfishes) Pristis pristis Shelf-sand (<75 m) M H H  M H M  H  M H H H H  M H H H H
Rhinobatidae (Guitasfishes) Pseudobatos glaucostigmus Shelf-sand (<75 m) M H H  M H M H H    M M M H H H H H H

Pseudobatos leucorhynchus Shelf-sand (<75 m) M H H  M H M H H    H H H H H H H H H
Pseudobatos productus Shelf-sand (<75 m) M H H  M H M H H    M M M H H H H H H

Trygonorrhinidae (Banjo rays) Zapteryx exasperata Shelf-sand (<75 m) M H H  M H M H H    M M H H H H H H H
Trygonorrhinidae (Banjo rays) Zapteryx xyster Shelf-sand (<75 m) M H H  M H M H H    H H H H H H H H H
   

Torpediniformes (Electric rays)   
Narcinidae (Numbfishes) Diplobatis ommata Shelf-sand (<75 m) M H H  M H M H H    H H H H H H H H H

Narcine entemedor Shelf-sand (<75 m) M H H  M H M H H  M M M H H H H H H H H
Narcine vermiculata Shelf-sand (<75 m) M H H  M H M H H    H H H H H H H H H

Torpedinidae (Torpedo rays) Tetronarce californica Shelf-sand (75‒150 m)      M                
   
   

    
Chimaeriformes   

Rhinochimaeridae (Spookfishes) Hydrolagus colliei Bathyal (>150 m)                      
Harriotta haeckeli Bathyal (>150 m)                      
Hydrolagus melanophasma Bathyal (>150 m)                      
Harriotta raleighana Bathyal (>150 m)                      
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4. Discussion  

 
Information used in our assessment 
 
 

In this study, the species of chondrichthyans we identified and arranged 

taxonomically across the GCI, GCE and MPW regions are taken from the latest 

taxonomic and systematic checklists for the GoC (Ebert et al., 2013, 2017; Del Moral-

Flores et al., 2016; Last et al., 2016). Taxonomic information is useful to analyze 

ecological data and to determine which chondrichthyan species are at risk when 

anthropogenic stressors are present. This approach has become common in risk 

assessments (Chin and Kyne, 2007; Chin et al., 2010; Walker et al. in review). We have 

used taxonomic arrangements to provide biological and ecological information on the 

selection and evaluation of the attributes for assessing risk to chondrichthyan species. For 

example, the order Hexanchiformes, represented by two species in the present 

investigation, has been found to occur in urbanized polluted waters and use inshore waters 

as pupping areas where they may be exposed to pollution and other anthropogenic 

stressors (Barnett et al., 2012; Levin et al., 2012). 

 
Because part of any risk assessment process involves the collation of available 

life-history and ecological data on the species in the study regions, and much of the 

information is unavailable, it is necessary to use a framework that allows for limited 

information. The present assessment involves evaluating the components of vulnerability 

for assessing the impact of the main anthropogenic stressors on the chondrichthyan fauna; 

and uses taxonomic groupings that provide useful biological information about species 

across taxa and regions. This is crucial when we need to formulate environmental or 

biogeographic theories, and to assess scientifically the implications of fishing resources 

such as chondrichthyans.  



Chapter 4. Vulnerability analysis 

 178 

We identified and arranged taxonomically a total of 106 species of 

chondrichthyans. The numbers of species present in the three study regions were similar, 

though the MPW region included most of the species (i.e., 103 of the total number of 106) 

whereas the GCI and GCE regions included 93 and 92 species, respectively. Several 

authors have pointed out the great diversity and richness of the GoC and the Mexican 

Pacific, as compared to the Gulf of Mexico or the Caribbean (Aburto-Oropeza and Balart, 

2001; López-Martínez et al., 2010; Espinosa-Carreón and Escobedo-Urías, 2017; 

Mercado-Santana et al., 2017). While the number of Mexican chondrichthyans evaluated 

in my study was less than the number of chondrichthyans evaluated in the Great Barrier 

Reef in Australia (134 spp) by Chin and Kyne (2007); Chin et al. (2010), and in southern 

Australia (132 spp) by Walker et al. (in review), it is higher than the fauna evaluated in 

the Archipelago of San Andrés in Colombia (15 spp) by Mejía-Falla et al. (2019), those 

assessed in the Pacific coast of Costa Rica (25 spp) by Clarke et al. (2018), those on the 

west coast of Baja California Sur, Mexico (29 spp) by Furlong-Estrada et al. (2017), and 

those at the entrance region of the GoC (20 spp) by Furlong-Estrada et al. (2014). The 

Australian studies considered much larger areas, but the numbers also reflect inherent 

differences in the ecology, habitats, and biological characteristics of the chondrichthyan 

species among the various regions. Furthermore, the chondrichthyan fauna in the Gulf of 

California is more diverse (Del Moral-Flores et al., 2015; Ehemann et al., 2018) than that 

reported for south America (Mejía-Falla et al., 2019). 

 
Life-history traits are crucial in order to evaluate living marine resources and the 

status of their populations. Walker (1998) pointed out that harvesting of chondrichthyan 

resources must be considered very carefully to ensure it is sustainable. He also highlighted 

the importance of considering the type of fishing, the period of fishing, the targeted 

species and life-history data to achieve sustainability.  
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The productivity of a species is the intrinsic rate of population growth, which relates to 

mortality and reproductive rate (Smith et al., 1998). Reproductive rate, however, is 

complex to calculate and requires more information about the species than is available 

for most species off western Mexico. We therefore use natural mortality, which has been 

estimated from the maximum age available for each species, and it is assumed to be 

constant for all age classes ≥ 2 years (Hoenig, 1983; Smith et al., 1998; Walker 2005b; 

Walker et al. in review), though for chondrichthyan species arguments favour 

F_MSY=0.50M (i.e., κ=0.50) (Au et al., 2008; Smith et al., 2008), or F_MSY=0.41M 

(i.e., κ=0.41) (Zhou et al., 2012), or several alternative values of κ depending on the 

productivity of their stocks (Cortés and Brooks, 2018). 

 
Based on published information (DOF, 2010, 2013; Jacob-Cervantes et al., 2014; 

Last et al., 2016; Ebert et al., 2017; Garcés-García et al., 2020) and datasets on the depth 

range of the 106 species of chondrichthyans, we found that most of the chondrichthyans 

are distributed at less than 75 m depth in the GCI, GCE and MPW regions. At depths 

>150 m, there is a lack of oxygen and less fishing (Table 3a). This is relevant in terms of 

exposure because the main effects of fishing occur at shallower depths, particularly for 

the GCI region and the effects of climate stressors are most likely to occur at the 

uppermost 75 m, where high seasonal variation in water temperature occurs, particularly 

in the GoC (Robles and Marinone, 1987). In contrast, the lowest number of 

chondrichthyan species are distributed between 75 and 150 m depth in all three study 

regions. Studies have demonstrated that species inhabiting this depth range will be less 

exposed to fishing and other anthropogenic stressors, including climate change stressors, 

than those species distributed in shallower waters (Graham et al., 2001; Heupel et al., 

2003; Moura et al., 2014). In the Gulf of California, previous studies have discussed the 

implications of the distribution of species within different depth strata (Lluch-Cota et al., 
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2010; Páez-Osuna et al., 2017, 2016). The risks determined in this analysis from climate 

change stressors are under hypothetical scenarios provided by the IPCC, assuming that 

exposure to fishing stressors declines with depth, and fisheries regulations continue to be 

improved to prevent fisheries extending into deeper waters.  

 
Depth range, however, is not the only information considered to evaluate exposure. 

The maximum age of a chondrichthyan species provides important information on natural 

mortality, which is an indicator of the productivity risk of the species. Long-lived species 

that reach more than 16 years of age in my study area are highly vulnerable to 

anthropogenic stressors compared with short-lived species (Walker et al. in review). 

Based on the compiled information, most of the chondrichthyan species reach ages of 10‒

30 years, and most of these species belong to the orders Carcharhiniformes, Rajiformes 

and Myliobatiformes. The order Carcharhiniformes has been a concern for researchers 

around the world. These ground sharks are usually slow-growing, have late sexual 

maturity and long reproductive cycles; and thus, produce few offspring compared with 

most species that belong to other orders, such as the Myliobatiformes or Rajiformes. 

Furthermore, the order Carcharhiniformes has sustained the elasmobranch fishery in 

Mexico for decades. Therefore, it is crucial to draw attention to this order, as with further 

pressure from climate change, this important long-term fishery could be at high risk. 

 
Investigations of the feeding habits of chondrichthyans have improved the 

understanding of their role in marine ecosystems. In this investigation, Sphyrna tiburo, 

Heterodontus francisci, H. mexicanus and Cetorhinus maximus had the lowest trophic 

level, and Notorynchus cepedianus the highest trophic level. Trophic level is an attribute 

used and related to measuring the adaptability of species to changes in environmental 

conditions due to climate change or other anthropogenic hazards. Highly specialized 
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chondrichthyans may not be able to exploit alternative prey, thus, trophic level is an 

important measure of specialization on prey taxa (Walker et al. in review). The number 

of species and animals tends to decline from the bottom to the top of the food web, so 

that species at the high trophic levels are more likely to be lost than those at lower levels 

due to smaller population sizes, long generation times and perhaps overexploitation 

(Mittelbach and McGill, 2019). Furthermore, stocks at higher trophic levels tend to be 

less productive than those at lower trophic levels (Chin et al., 2010), thus they could be 

more vulnerable to the accumulated effects of disturbance (Purvis et al., 2000).  

 
For trophic level, we used published information based on related species (2 

species) or mean values of order (one species), family (8 species), subfamily (4 species), 

genus (4 species) or information on TL from fishbase (4 species of chimaeras). For 

maximum age, the information used was from our study area (21 species), from areas 

near our study area (3 species), from areas in the Western Pacific (8 species), from other 

regions of the Pacific (4 species) and from other oceans (24 species). Also, the ESA-EPS 

adopts the precautionary principle to assign high risk where information is unavailable or 

uncertain. The use of the precautionary principle also helps to highlight species for which 

we need more urgent investigation and has been useful in different risk assessments 

(Furlong-Estrada et al., 2014, 2017; Mejía-Falla et al., 2019). 

 
We also consider other attributes of chondrichthyan species such as distributional 

flexibility, habitat dependence and rarity. We have allocated species to appropriate 

ecological groups (EGs) based on habitats, to deal with the large number of 

chondrichthyans in the study regions. While the construction of EGs can be based on 

anatomy, lifestyle or ecology, we consider habitat use as a key element to develop them, 

because habitats are the places where organisms perform their biological and ecological 
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functions (Compagno, 1990). The number of ecological groups defined for the study 

regions is similar to the number of EGs established by Chin and Kyne, (2007) and by 

Walker et al (in review), for the Great Barrier Reef and southern Australia, respectively. 

The set of EGs and the numbers of species allocated in various EGs, however, were 

different. Habitats in the Gulf of California, the entrance region and the adjacent Mexican 

Pacific waters vary in physical and topographical characteristics from the Great Barrier 

Reef and from southern Australia, and the topography and variety of habitats across the 

study regions influence marine species’ habitat use (Álvarez-Borrego, 1983). 

 
Vulnerability of various ecological groups 

 
The ecological group of shelf-sand (<75 m) depth, the pelagic waters ecological 

group and the bathyal (>150m) ecological group have the majority of chondrichthyan 

species. For southern Australia, the case is similar, the majority of chondrichthyans are 

in the EGs of shelf-sand and bathyal-lower, where species inhabit mainly sandy, muddy 

or silty substrates on the continental shelf at less than 200 m depth, and other species 

inhabit mainly the continental slope in depths >700m (Walker et al. in review). For the 

Great Barrier Reef, the majority of chondrichthyan species were allocated to the EG of 

coastal and inshore (Chin and Kyne, 2007; Chin et al., 2010), where species inhabit 

shallow coastal waters to 30 m depth. This variation gives us insight into the inherent 

characteristics of each region and the types of habitats that species use. The process of 

generating species-specific data in each area so as to avoid over or under-estimating risk, 

is still difficult. 

 
Through this assessment, we have identified nine climate change stressors and four 

types of fishing which have the potential to reduce chondrichthyan populations in the 

GCI, GCE and MPW regions. For chondrichthyans, small changes in SST can have 
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adverse effects; functions such as digestion, somatic growth and reproduction are 

regulated by body temperature, which is directly controlled by the temperature in the 

environment (Schlaff et al., 2014). Also, changes in water temperature cause a direct 

effect on some key habitats, such as coral reef areas where chondrichthyans feed or live. 

Rising sea level (SLR) will indirectly affect chondrichthyans and to some extent affect 

them directly, because sea level rise changes salinity regimes that affect the fitness of 

freshwater chondrichthyan species. The GoC region has high evaporation rate through 

the year, and increased temperature and evaporation may increase salinity. This in turn, 

can affect the distribution of chondrichthyans which travel to inshore waters. For 

example, temperature and salinity were the most important environmental factors 

correlated with the distribution and abundance of Myliobatis californica, Triakis 

semifasciata, and Mustelis henlei in Tomales Bay (USA) (Hopkins and Cech, 2003). 

Also, SLR causes erosion where areas are highly impacted by construction or severe 

weather. Mangrove areas can also be altered due to sea-level rise, and established habitats 

where the prey of some chondrichthyan species live can be severely affected. In the 

present study, for example, Urotrygon nana, is known to be reported in mangrove areas 

(Robertson and Allen, 2015; Last et al., 2016), so perhaps for similar species, changes in 

sea-level rise and consequently in other variables could be particularly important. 

 
Increasing storm frequency will affect some habitats such as mangroves, reef areas 

and inshore areas where chondrichthyans or their prey live, as has been proposed in other 

studies (Chin and Kyne, 2007). Furthermore, it has been documented that severe weather 

may affect chondrichthyans directly. Several authors have reported that tropical storms 

induce movement in juvenile blacktip sharks, Carcharhinus limbatus, causing the 

juveniles to leave their nursery areas and be exposed to predation (Heupel, et al., 2003; 

Schlaff et al., 2014; Udyawer et al., 2013).  



Chapter 4. Vulnerability analysis 

 184 

High primary productivity on the Mexican Pacific coast is usually related to coastal 

upwelling activity that brings cold, nutrient-rich water to the surface in response to 

prevailing alongshore winds (from the northwest to north) (Zaytsev et al., 2003). Changes 

in upwelling will lead to changing the composition of phytoplankton and zooplankton 

communities or less nutrient enrichment than the optimal environmental range (Bakun et 

al., 2015). Changes in upwelling will also change thermal profiles, affecting species of 

shelf and reef habitats (Chin et al., 2010). We expect, however, that the constant eddies 

formed by the Mexican Coastal Current will help to distribute nutrients and heat in the 

three regions. Reduced primary productivity appears to result from warmer conditions, 

and this will propagate through the food chain and down from the ocean to lower depths 

to affect chondrichthyans at all depths in the study regions.  

 
Ocean acidity will be concentrated in the coldest water, so will be most intense in 

deep waters but the enhanced upwelling system in the Gulf of California region may bring 

acidic cold water to the surface. This can affect reef areas (Chin et al., 2010) that are key 

habitats for chondrichthyans, although some authors have considered that some coral 

species would be abundant under acidic conditions (Bahr et al., 2020). Ocean acidity, 

however, may reduce skeletal development in marine invertebrate life (Byrne, 2011) such 

as sea urchins of the genera Hemicentrotus and Echinometra (Kurihara and Shirayama, 

2004); the latter is a genus present in the Mexican Pacific. Growth rate and moulting 

frequency in other groups such as crustaceans may be also affected (Whiteley, 2011). For 

chondrichthyans, the direct effects of ocean acidification will depend on the time-frame 

of the stressor and their life strategies; for instance, increased acidity did not reduce the 

survival rates and the period of embryogenesis of the tropical bamboo shark, 

Chiloscyllium punctatum (Rosa et al., 2017), but after experimental tests lasting weeks, 

somatic growth rate and the percentage of time that juveniles of white-spotted bamboo 
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shark, Chiloscyllium plagiosum spent swimming was significantly reduced under 

high CO2 conditions (Pegado et al., 2018). 

 
The main types of fishing we identified were artisanal fishing, prawn demersal 

fishing, semi-industrial fishing, pelagic fishing and recreational fishing. The first three 

types of fishing contribute to the high vulnerability of some species, particularly those 

species allocated to the EGs shelf-inshore and shelf-sand (<75 m). In contrast, species 

allocated to the pelagic waters and bathyal (>150 m) EGs are less vulnerable from fishing 

and climate change stressors. We argue that pelagic and bathyal species are less 

vulnerable in the GCI, GCE and MPW regions because of the species’ wide bathymetric 

ranges compared to those species with more restricted bathymetric range such as endemic 

species. Furthermore, the demersal fishing intensity is higher at <75 m in the three study 

regions, which explains why deep-water species are less affected. 

 
Walker et al. (in review) also suggest that species in the EG of shelf-inshore are 

highly vulnerable from fishing and climate change stressors, and the negative effects of 

climate change and fishing stressors would decline with depth in southern Australia, so 

that deep-water species would be less affected in Australia too. For the three study 

regions, we argue that the prawn trawl fishery causes fishing mortality to chondrichthyan 

species as they are byproduct and bycatch and there is high fishing intensity over some 

parts of the continental shelf at depths <75 m. However, prawn fishers avoid rocky and 

other hard substrates to minimise damage to the fishing equipment. Similarly, artisanal 

demersal shark gill-nets, hooks, and seine nets are mainly deployed in depths <75 m, and 

artisanal and industrial fishers also avoid rocky and other hard substrates to minimise 

damage to their fishing equipment. Although gill-nets in the industrial fishery were 
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prohibited after 2009 (Castillo-Géniz et al., 2016), artisanal fishers are still using gill-

nets, and they are highly length-selective, depending on the body shape of the animal. 

 
The ecological groups of shelf-sand <75 m depth, shelf-inshore, shelf-reef and 

shelf-sand 75–150 m depth are also the most vulnerable to climate change stressors under 

low, medium and high emissions scenarios. In the GCI and GCE regions two important 

phenomena occurred; the “El Niño” and the “El Blob”, and both increased SST there. 

Interestingly, increases in shark catches were reported when these phenomena were 

present, but it is difficult to know whether increases in shark catches were favoured by 

increases in SST or there was an overestimation in shark catches or an increase in fishing 

intensity as noticed by other authors (Saldaña-Ruiz et al., 2019). For the pelagic waters 

and bathyal (>150 m) EGs, the effects of climate change are negligible compared with 

the effects of fishing. However, future scenarios (2050–2099) for other areas as the 

Australian EEZ, have suggested that future sea temperatures are likely to affect suitable 

habitats for pelagic sharks (requiem and mackerel sharks) there, altering their patterns 

and distribution (Birkmanis et al., 2020). This gives us insight into how ecological 

changes leading to habitat changes will be stochastic and variable and produce a 

continuously changing mosaic of habitats disadvantaging many present species and 

favouring some others depending on locality.   

 
Based on projections developed by NOAA (2020), we suggest that the main climate 

change stressors would impact most of the species distributed in the Mexican Pacific 

region, in the GCI and GCE regions under high emission scenarios. Therefore, shifts in 

distributions and changed abundances of the chondrichthyan species are likely to occur, 

particularly where species can move poleward into other areas, as has happened in other 

parts of the world (Last et al., 2011; Cavole et al., 2016). In the present assessment, we 
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argue that species of chondrichthyans that use reef habitats, such as Heterodontus spp and 

the nurse shark Ginglymostoma unami would be highly affected, because reefs are 

immovable and often nearshore, small or isolated, so that species cannot relocate as 

climate change advances. We expect, however, that the majority of chondrichthyan 

species will cope with climate change stressors, as these species have wide distributional 

flexibility. Some species, however, will retreat from Mexican waters, particularly those 

species confined to cool waters in the north, if SST and ocean acidity continue to increase.  

 
Risks for each attribute and resilience component 
 
 

For most species in this study, productivity risk was high. This is expected for 

chondrichthyans and is in agreement with the high percentage of species with high 

productivity risk reported by Walker et al. (in review) for the chondrichthyan fauna in 

southern Australia. Furthermore, many of the species with high productivity risk in this 

study are of the same as those species with low productivity values reported by 

Mejía-Falla et al. (2019) in the Archipelago of San Andrés in Costa Rica. Similarly, my 

results agree with the high percentage of species with low productivity (Clarke et al., 

2018) in Colombia, and the same species are assessed with low productivity by 

Furlong-Estrada et al. (2017) for the west coast of Baja California. Lastly, my results also 

agree with those species with low productivity values assessed by Furlong-Estrada et al. 

(2014) for the entrance of the GoC (GCE region in our study). Interestingly, in spite of 

using different methods to calculate the productivity component in the previous studies, 

we obtain equivalent results without averaging and scoring several parameters as in the 

widely used PSA (Patrick et al., 2010; Hobday et al., 2011). This is a key aspect that 

should be considered in future vulnerability assessments and in those regions where time 

is crucial, and suitable biological parameters are not always robust or available. 
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For adaptability risk, the majority of the species were scored as high. This is in 

agreement with that reported by Walker et al. (in review). Presently, there are limited 

climate change assessments on chondrichthyans that evaluate adaptability as a single 

component as in this study. For sensitivity risk, the majority of species in my study was 

at low sensitivity risk (78% of 106 species). Walker et al. (in review) also reported a high 

percentage of species at low sensitivity risk (57% of 132 species).  

 
For susceptibility risk, a similar percentage of species (56%) to that reported by 

Walker et al. (in review) (50%) was at low susceptibility risk in my study. Mejía-Falla et 

al. (2019) reported the majority of their species had medium susceptibility (9 of 15 

species), and the other 6 species had low susceptibility before management measures. 

After management measures, however, the authors scored all species as having low 

susceptibility, which is equivalent to my highest percentage of species. Clarke et al. 

(2018) scored the majority of their studied species (23 of 25) with medium susceptibility, 

the other two species with low susceptibility. Furlong-Estrada et al. (2017) assessed a 

high percentage of species with low susceptibility (59%). Finally, Furlong-Estrada et al. 

(2014) reported 100 % of the total of 25 species evaluated with low susceptibility. All 

this information gives us insight into how susceptibility will likely depend on the 

approach used to calculate it, the fishing region, the fishing stressor, the fishing scenario, 

and the effect that appropriate fisheries measures have on chondrichthyans. Susceptibility 

also depends on different gear types and body morphology of the animals caught. 

Furthermore, the effects of climate change are likely to vary the susceptibility of 

chondrichthyans to fishing stressors, as less suitable conditions may force some 

chondrichthyan species to move further, avoiding the fishing area. 
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Chondrichthyan species vulnerability for western Mexico  
 
 

Vulnerability risk varies among the current chondrichthyan species, among 

ecological groups and among fishing and climate change stressors. For fishing stressors, 

the majority of chondrichthyan species were at high vulnerability in the GCI and GCE 

regions. These species belong to the orders Carcharhiniformes and Myliobatiformes. The 

scalloped hammerhead, Sphyrna lewini, and the long-tail stingray, Hypanus longus, 

species which belong to the previous mentioned orders, respectively, were also reported 

as the most vulnerable species to prawn fishery in Costa Rica (Clarke et al., 2018), as in 

this study. Similarly, Mejía-Falla et al. (2019) assessed several species of the order 

Carcharhiniformes (e.g., Carcharhinus limbatus, C. leucas, N. brevirostris) as highly 

vulnerable, while the order Myliobatiformes (e.g., H. americanus and Aetobatus narinari) 

was at medium vulnerability to the fishing stressor of industrial shark fishing. In contrast 

to my results, Furlong-Estrada et al. (2014) assessed several species of the order 

Carcharhiniformes at medium vulnerability to the artisanal fishery at the entrance region 

of the GoC (referred in my study as GCE region). The “slight” differences in vulnerability 

scores likely depend on the fact that one fishing stressor (the artisanal fishery) was 

studied, compared with the evaluation of more fishing stressors and regions as in our 

study. Moreover, vulnerability is liable to change when biological productivity, based on 

natural mortality together with other attributes are scored and then averaged. In any case, 

we suggest that species either at medium or high vulnerability should be the priority for 

fisheries scientists.  

 
Walker et al. (in review) reported that the orders with most species at high 

vulnerability to fishing stressors for a fishing scenario when fishing effort was highest 

(2000‒06) were Squaliformes (26 spp), Carharhiniformes (20 spp) and Rajiformes (20 
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spp). Interestingly, vulnerability of the same orders dropped to low and medium for the 

second fishing scenario (2018), when the fishing stressors were restricted in terms of 

space and fishing effort. Thus, appropriate fisheries management in Mexico would be 

able to reduce the exposure of chondrichthyans to fishing stressors beyond the current 

situation. Overall, the previous orders are at low vulnerability to only climate change 

stressors, but at medium and high vulnerability for the combined fishing scenarios and 

climate change stressors, particularly for the 2000–06 fishing scenario combined with 

low, medium and high emission scenarios. This is contrast to what we found only for the 

orders Carcharhiniformes and Myliobatiformes, which were highly vulnerable to CC for 

all emission scenarios and the combined fishing and CC scenarios (Table 8b). Currently, 

Walker et al. (in review) is the only investigation which shows vulnerability to fishing or 

climate change (CC) stressors, or their combination.  

 
The present assessment provides vulnerability risks to each species for both fishing 

and climate change stressors. Although this assessment method requires fieldwork data, 

it is cost-effective because most of the information is available through institutions, 

universities and published information, or missing information, the assessment applies 

the precautionary principle. This aspect of vulnerability assessments is crucial for 

developing countries such as Mexico, where it is unlikely that all the information will be 

available as other fishery data collection priorities are often more important. 

 
Though this assessment can be improved as more information becomes available, 

we have provided crucial scenarios and assessed risks to the Mexican chondrichthyan 

fauna. Thus, we have identified species at high risk that would require immediate 

mitigation management. The present assessment is the first in Mexico to account for the 

most important components of fishing and climate change for three separate regions; GCI, 
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GCE MPW. This is important from a conservation and management point of view. 

Mexico, like other countries, needs to know what to expect and what species are unlikely 

to cope with anthropogenic stressors such as fishing and climate change. Furthermore, it 

is important to know where urgent prioritization and mitigations are needed to preserve 

Mexico’s fisheries resources. 

 
5. Conclusions 

What do we do know now that we did not know before? 
 

The present framework can assess vulnerability for past or present conditions and 

for mitigations and future scenarios. Through my assessment, we have an estimate to 

what extent 106 species of chondrichthyans are at risk from fishing and climate change 

stressors. We also have shown that exposure risk varies with the type of stressor present, 

the species’ resilience, ecological groups and region. The majority of species of 

chondrichthyans are more highly vulnerable to present fishing stressors in the GCI and 

GCE regions as compared with the Mexican Pacific waters region. For climate change 

stressors, approximately 10% of the total chondrichthyan species we evaluated, are 

projected to be highly vulnerable under high emissions scenarios. For combined fishing 

and climate change stressors, 33 % of the total chondrichthyans are highly vulnerable in 

the MPW, 44 % in the GCI region and 40% in the GCE region. Some of these species are 

commercially harvested and have sustained the chondrichthyan fisheries for decades. 

Furthermore, we have projected which species of chondrichthyans in each region are 

unlikely or likely to redistribute within and out of Mexican waters as climate change 

progresses. These new insights are crucial for conservation managers that need to 

prioritize and mitigate fisheries resources in the study regions. 
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Appendix 2 

 
Description of the main fisheries for identifying fishing stressors  
 
 

The four Mexican fisheries that may reduce the populations of chondrichthyan 

species and are included in my analysis are 1) the prawn demersal trawl fishery, the 2) 

elasmobranch fishery (artisanal and semi-industrial), 3) the sardine fishery and 4) the 

sport-recreational fishery. These fisheries are highly heterogeneous in terms of size of the 

fishing fleet, deployed devices, overall length and construction of vessels, areas fished, 

and impacts on the populations of chondrichthyan species. We have therefore treated 

these four fisheries as four separate fishing stressors to evaluate risk to the Mexican 

chondrichthyan fauna, based on the areas where the fishermen deploy various fishing 

devices and the depth range of these fisheries. This requires taking account of the spatial 

and bathymetric distributions of each chondrichthyan species, the proportion of animals 

encountering the fishing devices, and whether the chondrichthyan species would die as a 

result of being caught by the gear (whether retained or not). To identify and to describe 

their nature and spatial range, the fisheries are briefly summarised below. 

 
The prawn demersal trawl fishery vessels are characteristically steel, from 18 to 25 

m overall length and powered by ~240–624 HP engines. Fishers can operate from 9 m to 

107 m depth, but based on a detailed investigation of elasmobranch bycatch, we 

determined that they mostly fish at depths of 9–74 m (Garcés-García et al., 2020). 

Although the prawn fishery vessels have turtle and fish excluder devices (Gillett, 2008; 

DOF, 2013; DOF, 2016), they catch a large number of animals of the ray species 

Gymnura marmorata, Hypanus dipterurus, Pseudobatos glaucostigmus, Rhinoptera 

steindachneri, Urobatis halleri and Urotrygon chilensis and a few species of sharks such 

as Sphyrna lewini and Rhizoprionodon longurio. The species caught in the prawn nets are 
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juvenile sharks and many shallow water rays, especially small species. Some of the larger 

rays have commercial importance to other fisheries (e.g., the elasmobranch fishery, see 

chapter 3).  

 
Furthermore, the prawn demersal fishers frequently also use seine nets adapted to 

small boats, in inshore waters (e.g., seine nets to catch prawns). Seine nets are operated 

by one person aboard a small boat constructed of fiberglass, wood or aluminium; and in 

some areas, fishers prefer to operate the seine nets to catch the prawns without a boat (i.e., 

by wading). The material of the seine nets is usually polyamide monofilament of ~0.30 

mm diameter. Another type of seine net to catch prawns is named a bag fishnet or 

“atarraya de bolsa” and has a legal minimum mesh size of ~25 mm. In addition, fishers 

can also use another seine net named “suripera”, which is cost-effective because the seine 

net is drawn by the currents and winds. The material is nylon of ~0.35 mm diameter with 

a mesh size of 35 mm (INAPESCA, 2000).  

 
 The elasmobranch fishery included in this assessment comprises two types; the 

artisanal elasmobranch fishery and the semi-industrial fishery. In the first type, fishers 

use small vessels and equipment, and in the second type, fishers use much more 

sophisticated equipment and larger vessels.   

 
The artisanal elasmobranch fishery characteristically uses fibreglass boats, <10.5 m 

in overall length, equipped with an outboard motor of 115 HP, and a spare motor of 75 

HP. The artisanal fishers use both bottom-set and surface-set drift gill-nets and long-lines. 

For bottom-set gill-nets, the legal maximum length is 750 m, although 600 m length 

gill-nets are more common. These nets are ~6 m high, the material is multifilament of 2.4 

mm diameter or polyamide of 2.1 mm diameter, and the legal minimum mesh size is 152 

mm. For drift gill-nets, the legal maximum length is 1200 m, and the mesh size is between 
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150 and 200 mm. For drift long-lines, the number of J hooks is up to 350 hooks ≥64 mm 

in shank length, and for bottom longlines, the number of J hooks is up to 500 hooks ≥64 

mm in shank length. The vessels can operate at 14 m to 70 m depth (DOF, 2010; Pérez-

Jiménez et al., 2005). Furthermore, the fishers may also use another type of gill-net called 

“tiburonera” (shark gill-net), which is deployed near the surface and has various mesh 

sizes. Mesh sizes from 150 to ~250 mm are most common, but the fishers may also 

combine different sizes of mesh in the shark gill-nets (Luna-Raya et al., 2016). Based on 

my investigation in chapter 3, we noticed that the artisanal elasmobranch fishery catches 

all of the ray species caught by prawn trawlers, but also catches many more species of 

sharks. As strong-swimming animals, we assume the sharks can readily outswim the 

relatively slow prawn trawls, which suggests prawn trawls have much lower catchabilities 

for the sharks than for the rays (Garcés-García et al., 2020). 

 
The semi-industrial vessels of the elasmobranch fishery are characteristically steel, 

10–27 m in overall length, and the fishers use long-lines from 12 km to 33 km in length, 

with a maximum of 1500 Mustad beak hooks (#. 15/O or 16/O), but they mostly use from 

750 to 1000 hooks. The hooks are >60 mm in shank length with a 20 mm gap, the length 

of the gangions is ≥7 m, the buoy lines are of ~13 m, the distance between hooks is ~44 

m. The distance between buoys is ~215 m, and fishers use six flags attached to long-lines. 

The maximum depth of gear is ~150 m, but they mostly fish at ≤75 m (DOF, 2010; 

Luna-Raya et al., 2016). This fishery catches many larger sharks and some of the pelagic 

rays such as Mobula spp, and Pteroplatytrygon violacea and Rhinoptera steindachneri, 

species that usually inhabit sandy-soft substrates on the continental shelf in depths <75 m 

(Last et al., 2016). Therefore, for the semi-industrial fishery, we consider the 

catchabilities of ray species to be much lower than those of shark species. Gill-nets were 

used in this fishery but prohibited in 2009. There are some records of shark catches from 
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2010 to 2012 because some vessel owners were granted legal rights to continue using 

gill-nets for these years (DOF, 2007). The gill-nets used were 10.5 km in length with a 

mesh size of ~120−250 mm. We did not include this gear in my analysis.  

 
The sardine fishery vessels are constructed of steel, 28–32 m in overall length, and 

equipped with motors from 400 to ~ 900 HP, a hold with ~280 t capacity, and a purse 

seine ~380 m in length and 30 m high, with a mesh size ~30 mm. The depth range in 

which fishers operate is from 8 m to 75 m, but mostly at ~18 m (Jacob-Cervantes et al.,  

2017). Since 2018, this fishery has been certified as sustainable by the Marine 

Stewardship Council (MSC) (SAGARPA, 2018), mainly due to its well-managed 

harvesting and relatively low impact on bycatch species. However, some pelagic sharks 

and manta rays, as well as demersal rays, such as the round ray Urobatis halleri and the 

golden cownose ray Rhinoptera steindachneri, are caught in the purse-seines (Jacob-

Cervantes et al.,  2017).  

 
Sport-recreational fishing contributes to the mortality of marine stocks to a 

relatively small extent (Ihde et al., 2011). However, it has not been determined how 

recreational fishing impacts chondrichthyan populations in Mexico generally or in my 

study area in particular. In Mexico, the official Mexican standard named “NOM-017-

PESC-2013” regulates sport-recreational fishing. The sport-recreational fishers capture 

several marine species such as marlin, sailfish, swordfish and common dolphinfish (Sosa-

Nishizaki, 1998). This fishery is exclusively carried out within 92.6 km from the coastline 

and fishers use rod and reel to catch the animals (NOM-017-PESC-2013-DOF, 2013). 

The fishing device is one rod with 1–4 hooks arranged vertically. The use of a large 

number of hooks (called “grampin”) is prohibited. The capacity of the fishing lines is <60 

kg, and fishers can only retain one shark per day using small boats called “pangas” of ~7 
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m in length, and larger boats of >7–~18 m in length and capacity of ~12 tons, both types 

of vessels with a motor of 250 HP (Cuellar-Meza, 2017; Hernández-Trejo et al., 2017). 

The main sport-recreational areas in Mexico are in the southern region of the GoC near 

the ports of Cabo San Lucas, Loreto and La Paz in the state of South Baja California, and 

near Mazatlan in the state of Sinaloa (Cabrera and Boncheva, 2013; Cuellar-Meza, 2017). 

The species of sharks that are taken in this fishery are Isurus oxyrinchus, Carcharhinus 

falciformis and C. galapagensis. These pelagic sharks may represent 25% or more in the 

total recreational catches (Holts et al., 1998). 

 
Description of climate change stressors  

 
Observations of many oceanographic variables are available from 1960 to 2017 

and they are described in chapter 2. During this period two important warming 

phenomena were present: “El Niño” and “El Blob”. The latter is a phenomenon related 

to a warm mass of water as a result of high levels of atmospheric pressure, which was 

detected in the Gulf of Alaska in 2013. It is believed that El Blob prevailed until 2017 

(Peterson et al., 2016). Thus, it is unknown whether “El Blob” could occur again with the 

same intensity as before. Both “El Niño” which is the warm phase off Mexico of the el 

Niño‒la Niña cycle, and “El Blob” produced short-term fluctuations in SST with 

important impacts on chondrichthyans in some areas close to the GoC (Cavole et al., 

2016). The IPCC scenarios, RCPs 8.5, 4.5 and 2.6, provide projected changes from 2006 

to 2055; and from 2050 to 2099, when increases in SST, sea-level rise, sea level pressure 

and salinity, and decreases in dissolved oxygen (DO), Chl-a and pH (~0.1 units) are 

projected to occur in the study regions. 

 
The potential climate change stressors that can benefit or affect negatively the 

chondrichthyan fauna are increases in CO2 dissolved in the water, increased SST, and 
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changes in sea level pressure, which drives storm frequency and intensity. These three 

stressors influence other ecological stressors associated with climate change, such as 

sea-level rise, wind speed, upwelling intensity, salinity, DO, chlorophyll-a and pH in the 

GoC. These stressors would also indirectly affect chondrichthyans through changes to 

habitats. 

 

 

Fig. A1. The relationship of each of the total mortality rate (Z) and the productivity risk 
against the maximum age in the population of a chondrichthyan species. These 
relationships are theoretically derived for a population assumed in a state of equilibrium 
where Z is constant for all age classes ≥2 years and the fishing mortality rate (F) produces 
the maximum sustainable yield (Walker et al., in review). 
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Chapter 5. General discussion    
 
 
This chapter provides a summary and general discussion of the key findings of this study. 

 
Chondrichthyans are not only important to many fisheries, but also many are likely 

to be key species in marine ecosystems that support other species targeted by fisheries. 

The contribution of marine fisheries to food and nutrition security is key for many 

national economies, particularly in developing countries such as Mexico (Allison et al., 

2009; Ding et al., 2017). Thus, we need appropriate assessments such as the present 

ESA-EPS analysis that can help us to evaluate which species are at risk of marked 

population reduction from different stressors such as fishing and climate change. These 

will allow us to identify rapidly which species are at high risk, and thus require immediate 

management and mitigation measures. 

 
The present analysis comprises several steps to assess the vulnerability of 106 

species of chondrichthyans in the Gulf of California region from fishing and climate 

change stressors and their combination, under one fishing scenario and three emission 

scenarios. This framework was based on existing approaches focused on the productivity 

and susceptibility (Stobutzki et al., 2002; Hobday 2011) and sensitivity and adaptive 

capacity (Chin and Kyne, 2007; Chin et al., 2010) of data-poor species in Australia, but 

with some novel changes and the integration of fishing and climate change stressors 

(Walker et al., in review). The flexibility of the criteria used to build the ESA-EPS 

analysis allow us to apply the present framework to different ecosystems, regions and 

groups of species as I have demonstrated with my study. The steps of the ESA-EPS 

analysis also allow review and provide transparency of the information to fisheries 

managers, and even its modification or adjustment when needed.  

 



Chapter 5. General discussion 

 202 

Steps involved in the present ESA-EPS analysis 

This ESA-EPS analysis begins with the description of the geography, topography, 

oceanography and substrates of the three broad regions. The description of the 

oceanography of the Gulf of California (GoC) and Pacific waters of western Mexico is 

developed to explain past and projected future changes over time in various variables, as 

a basis for understanding what conditions the chondrichthyans have experienced, as well 

as the way the system may change in the future. The Gulf of California (GoC) is an 

important fishing region in the Mexican Pacific (Bizzarro et al., 2009a and b; Cartamil et 

al., 2011). In addition, as a result of the importance of the GoC, several scientists have 

focused their attention on sea surface temperature (SST) trends there in the last decades 

(Lavín and Marinone, 2003; Lavín et al., 2003; Kahru et al., 2004; Escalante et al., 2013; 

Saldívar-Lucio et al., 2015; Ayala-Bocos et al., 2016). From 1982 to the present, the Gulf 

of California has been the focus of a binational investigation by Mexico and other 

countries, mainly the USA (Badan-Dangon et al.,1991). Also, based on the GoC’s 

physical, chemical and biological composition (Álvarez-Borrego, 2010), it is reasonable 

to expect that oceanographic variables other than SST can cause changes in marine 

communities in the GoC, particularly in the distribution and abundance of fish species 

(Reyes-Bonilla et al., 2003; Ayala-Bocos et al., 2016). Under this assumption, I 

developed chapter 2.  

 
Observed and potential oceanographic and ecological changes 

The nature of chapter 2 is descriptive and the aim was to identify relevant climate 

change stressors, linkages and projected impacts on habitats and biological and 

physiological processes. Some analyses, however, are shown for the variables of salinity, 

DO and pH, so as to relate past and projected changes to the species’ environmental 
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responses. While some authors suggest the use of phenology analyses to relate changes 

in biotic and abiotic variables as the best way to detect any change, the Gulf of California 

is a very complex region, so that even the most sophisticated analyses and models perform 

poorly in explaining conditions there. Phenology has been challenged as a means to 

forecast climate change effects in areas with complex biotic and abiotic processes (Asch 

et al., 2019). Thus, phenology is not an absolute way to explain relationships between 

natural or anthropogenic stressors and species. We also need to account for further factors 

(e.g., adaptability of species), particularly those intrinsic to marine species, which help 

them to cope with changes in their environments. 

 
In chapter 2, I described past and projected changes in nine climate change stressors 

(sea level pressure, SST, sea-level rise, wind speed, upwelling index, salinity, dissolved 

oxygen (DO), chlorophyll-a concentrations (hereafter referred as Chl-a) and pH)) to 

identify potential ecological changes that can harm or benefit chondrichthyans in my 

study area. The projections I used here were not to predict what will happen and thus how 

the populations of chondrichthyan species in the GoC will be affected, but rather as 

indicators of what may happen, by assessing potential risks to these species from the 

effects of ecological stressors associated with climate change. The identification of 

potential impacts has been used in other vulnerability assessments to explain direct or 

indirect effects on species from the effects of climate change (Fabricius et al., 2007; Chin 

et al., 2010; Pecl et al., 2014; Jones and Cheung, 2018; Walker et al., in review).  

 
The main observed changes I identified in chapter 2 were as follows: increasing 

sea-level rise for the period 1992–2019, which is also in agreement with the worldwide 

mean sea level rise estimated by the IPCC report (2014) and with the mean sea level rise 

published by Páez-Ozuna et al. (2016). The latter investigation, however, highlights the 
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existence of a gradient from north to south of the GoC that should be considered when 

evaluating changes in sea level. Sea-level rise is mainly influenced by the effect of higher 

temperature causing thermal expansion. The Special Report on the Ocean and Cryosphere 

in a Changing Climate (SROCC) finds that global mean sea levels will most likely rise 

between 0.29 m and 1.1 m by the end of this century (IPCC, 2019). Sea-level rise may 

affect chondrichthyans indirectly through changes in their environments. Some species 

of sharks need mangrove areas for breeding, pupping and feeding. Mangroves are among 

the most vulnerable systems to sea-level rise (Sugden, 2020). Some species of 

chondrichthyans may display mechanisms to cope with adverse changes, but the fitness 

of the species would be compromised.  

 
I also observed remarkable annual and summer oscillations in sea level pressure 

(SLP) from 1960 to 2017. The minima occurred in years when “El Niño” and “El Blob” 

events were present, while the maxima were in years with low upwelling and low wind 

speed. Sea level pressure is a variable rarely studied in the Gulf of California. The first 

descriptions were reported by Badan-Dangon et al. (1991). The authors suggest a gradient 

of SLP from north to south of the GoC and the wind field tends to weaken somewhat 

toward the central GoC (southern region in my study), although the southern region of 

the gulf was not studied as in my present investigation. The records of SLP from 1960 to 

the present have been useful for weather purposes in the GoC. In Mexico, however, 

monitoring programs to record oceanographic variables over long periods do not exist 

(Santamaría-del-Ángel et al., 2019). The use of SLP records is of great relevance for the 

Mexican Pacific because it can be the base to develop local indices to forecast the 

occurrence of important events such as “El Niño” and “El Blob”, as was suggested in 

previous years by Lluch-Cota (2000), with more efficiency than the traditional indices 

such as the Pacific Decadal Oscillation (PDP), the Southern Oscillation Index (SOI) and 
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the North Pacific Gyre Oscillation (NPGO) (Hernández de la Torre and 

Hernández-Walls, 2019). 

 
The annual and summer wind speeds analysed here show interesting variability 

during the period 1988–2017. I observed that these changes are closely related to changes 

in SLP in the Gulf of California, which in turn impact other oceanographic processes such 

as upwelling intensity, the concentration of Chl-a, salinity, DO and pH. In chapter 2, I 

detected that winds in summer tend to be weaker than in other seasons (unpublished data). 

This pattern has been previously identified by other scientists in the Gulf of California 

(Lluch-Cota, 2000; Lavín and Marinone, 2003). I have also shown the years with notably 

weaker and stronger wind speeds. Those years are likely connected with changes in SLP 

and likely to El Niño conditions. Nevertheless, it is uncertain whether changes in wind 

speed are solely related to “El Niño and La Niña events”, and consequently other 

phenomena such as precipitation and hurricanes in the Mexican Pacific (Anderson et al., 

2000). This is also in agreement with what I found in my investigation. Furthermore, an 

interesting observation on winter wind speed is that mean wind speed was higher than 

that previously reported by Pares-Sierra et al. (2003). This difference could be explained 

by the inclusion of the sampling period 2013–2015 in my study when “El Niño and El 

Blob occurred”, which was not included in Pares-Sierra et al. (2003). Another explanation 

is that wind speed is closely related to wind direction, and even a slight change in wind 

direction, which is influenced by the topography of the GoC (Pares-Sierra et al., 2003), 

causes wind speed to increase along the longitudinal axis of the GoC, thus, more intense 

and lasting wind speed occurred (Trasviña-Castro et al., 2015). 

 
Any change in wind speed will affect not only marine species (e.g., changes in 

productivity and phytoplankton biomass patterns) but also land environments and to some 
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extent building infrastructure. Recently, the field of wind engineering considers changes 

and projections in wind speed when constructing buildings to avoid accidents and 

economic loss. In terms of biological and ecological effects, any change in wind speed 

would affect the intensity of upwelling, the circulation of water masses, and the 

distribution of ocean and atmospheric temperatures. Decreasing upwelling tends to 

increase salinity and reduce DO and Chl-a in the surface layers (Wetzel, 2001), as shown 

in chapter 2. In contrast, wind speed stronger than the mean tends to increase upwelling, 

which in turn, moves nutrients abruptly and enhances turbidity. Turbidity affects the 

penetration of solar radiation in the oceanic and coastal waters. Turbidity is also enhanced 

by pollution and excessive river discharges near farming areas, as happens along the 

eastern side of the GoC (Páez-Osuna et al., 2017). Overall, wind-induced upwelling is 

one of three main mechanisms for maintaining the GoC as one of the most productive 

seas (Zaytsev et al., 2003; Álvarez-Borrego, 2010). 

 
Summarizing the findings from the upwelling index records, I detected notable 

annual and summer changes during the period 1960–2017. An important point to 

highlight is that from 1960 to 1975 the  upwelling index was at average levels (~100 m/s), 

but after 1975, when a “La Niña” event ended,  until 2002, the upwelling index was 

always higher than the average, and this coincides with increasing SST. From 2003 to 

2011, annual and summer upwelling decreased, and this matches with low Chl-a 

concentrations for the same period. After 2011, upwelling intensity has been recovering, 

but it is important to emphasize that this recovery is taking a longer time than in the 

previous years (1960–1975). These changes together for a long period  have not been 

previously pointed out for the Gulf of California (GoC). Thus, it is feasible that an 

investigation, including wind direction and other oceanographic variables, might even 

provide a further improved understanding of the drivers of upwelling strength in the GoC. 
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Furthermore, the quantification of upwelling is very difficult and to invest in monitoring 

programs to record upwelling in situ is expensive, particularly in regions where other 

priorities arise. For this reason, upwelling proxies are very useful and have become 

valuable to evaluate ecological changes (Schwing et al., 1996; Lluch-Cota, 2000; Bakun 

et al., 2015; Jiménez-Quiroz et al., 2019). More recent and efficient indices, however, 

have been developed for the west coast of the United States to provide estimates of 

vertical transport and nitrate flux (Jacox et al., 2018), and perhaps similar indices can be 

developed for the GoC region and adjacent waters in the short-term. 

 
Based on annual and summer Chl-a concentrations from 2002 to 2017, I observed 

a recovery after 2011 until 2017, but it was likely affected by the presence of “El Blob” 

and the response of other variables such as upwelling, wind speed and SST, which may 

have reduced the levels of Chl-a. Lavín et al. (2013), however, mention that Chl-a satellite 

images only show the average of the layers above the pycnocline (a layer in an ocean in 

which water density increases rapidly),  and during summer there are high concentrations 

of Chl-a below the pycnocline, which are not detected by the satellite. The observed 

recovery may also be explained by the absence of some predators which consume 

phytoplankton (Jiménez-Quiroz et al., 2019) together with higher observed wind speed, 

wind stress and changes in wind direction (unpublished data) that influenced the patterns 

of Chl-a in the GoC. 

 
Annual and summer salinity, oxygen and pH data show interesting variability from 

2011 to 2015, a short period which corresponds to a recovery in upwelling and Chl-a. I 

observed that annual salinity was very low in 2012 and low in 2013 and 2014, years in 

which a moderate “La Niña event” occurred (NOAA, 2020), enhancing precipitation and 

changing salinity regimes. Furthermore, the presence of “El Blob” in 2013 and perhaps 



Chapter 5. General discussion 

 208 

later (Bond et al., 2015) may also have enhanced rainfall. By summer 2015, I detected 

higher salinity, low oxygen and low pH. This could be the result of very high SST in 

those years or because of relatively high wind speed in those years, causing a movement 

of water masses that brings saltier water from the bottom. The input of the Gulf of 

California water may also contribute to higher salinity (Lavín and Marinone, 2003). For 

DO and pH, maxima and minima values were most notable in summer 2013, 2014 and 

2015, which coincide with years of relatively strong upwelling, strong wind speeds and 

low concentrations of Chl-a. The minimum values of DO reported in my study were 

previously found for the same region but at depths of 300 m and 700 m by Roden (1958) 

and from the surface to 100 m depth by Hendrickx (2001) in samples taken in August 

1991 and 2000, years related to a strong “El Niño” year and a weak “La Niña”, 

respectively.  

 
Projected oceanographic trends 

 
Based on low, medium and high emissions scenarios defined by CO2-eq 

concentrations in the atmosphere in the year 2100, I assembled information on the main 

changes as rising water temperature (particularly the surface 75 m), rising sea level, 

increasing storm frequency and intensity, changing currents and upwelling, increasing 

salinity, increasing wind speed, decreasing DO, decreasing Chl-a, and increasing ocean 

acidity. However, uncertainties could occur as these trends are based on projections for a 

region with very complex oceanographic conditions. Changes in pH may be less certain, 

but the past changes I analysed and described in chapter 2, show a trend to decreased pH. 

Long records of pH data do not exist for the study area, so that the projections should be 

viewed with caution. On the other hand, Feely (2008) reported pH values of ~7.6 close to 

the North Pacific, which were also detected at the Peninsula of Baja California; samples 



Chapter 5. General discussion 

 209 

were taken in May and June of 2007. I detected values below 7.6 from 2012 to 2015 for 

the entrance region, on the eastern side. This gives us insight into a possible trend in 

decreasing pH, which agrees with the projections by 2100.  

 
For SST, recent heat events in the GoC have demonstrated the influence of SST. 

This is in agreement with the projections I show under three emission scenarios. 

However, because I have shown the GoC has experienced temporal fluctuations in SST 

and other variables in the past, followed by recovery, it is possible that it will be resilient 

in the face of the warming trend – that is, the cycles of warming and cooling conditions 

may continue, and many organisms may be adapted to cope with a wide range of 

conditions. Saldívar-Lucio et al. (2015) modelled future thermic scenarios based on air 

temperature for the GoC; their projections suggest an increment in SST by 2025 and 2055, 

followed by a cooling period of 10 years, and then an increase again of 1.5 °C by 2080, 

similar to the IPCC projections in my study. 

Information in chapter 3 contains data for the first time on the species, sex and 

length-frequency distributions of animals collected in the coastal south-eastern and 

entrance region of the Gulf of California from 2011 to 2017, using fishery-independent 

sampling during prawn trawling surveys. The sampling has provided information on the 

species of chondrichthyans that would be taken as bycatch, particularly in the closed 

period when prawn trawling is prohibited, and information from commercial catches is 

not available. The majority of species analysed are in the “Data Deficient” (56%) 

category, and the rest of the species are categorized as “Vulnerable” (4%), “Endangered” 

(4%), “Near threatened” (16%) or “Least Concern” (20%) by the IUCN Red list. Though 

most species in the data I analysed have low commercial value, the prawn trawl fishery 

is an important source of additional fishing mortality for them, and the impact of this 
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fishery on bycatch species was unknown. Furthermore, my key findings suggest that fish 

escape devices installed in the prawn nets early in 2016 improved the escape of mid-sized 

rays, demonstrating size selectivity of the fishery and suggesting the potential to improve 

further the escape of large-sized rays by modifying fish escape devices. The data collected 

also suggest much lower catchabilities for the sharks than for the rays caught during 

prawn trawling in our study area and that the trawl selectivity will have different effects 

on different species. Furthermore, intense selective fishing may have important 

consequences for the populations of each species that remain in the areas that are fished. 

 
Species composition of the catch 

 
I reported a higher number of bycatch species than those reported in previous years 

by López-Martínez et al. (2010); Rodríguez-Romero et al. (2012). These differences 

could be due to sampling area, as I reported bycatch information from an extensive area 

(the south-eastern and the entrance region), compared with the sampling area of the 

previous authors (either the south-eastern or the entrance region). Furthermore, I collected 

data from research cruises, which have bycatch information from summer, a closed 

fishing season during the reproduction of prawns, when commercial vessels do not 

operate. Summer appears to be an important season for protecting elasmobranchs and to 

some extent chimaeras. As I explained in chapter 2, there were notable observed changes 

in some of the selected oceanographic variables in summer.  

 
Also, chapter 3 provides more detailed information on elasmobranch bycatch for 

the Mexican Pacific than was available previously. Bycatch is considered a threat for 

chondrichthyans and other fish species around the world (Oliver et al., 2015; Gupta et al., 

2020). Economically, bycatch is a waste of protein because tons of non-commercial 

species are thrown back to the sea, such as rays. The majority of these species are in a 
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moribund state when discarded, so are unlikely to survive. From the ecological point of 

view, bycatch issues complicate the management of fisheries resources because detailed 

information is not reported. In the Gulf of California, the number of chondrichthyan 

species taken as bycatch was uncertain. Biological information such as life history traits 

for the chondrichthyans was previously unspecified for a majority of the bycatch species 

I reported. Socially, bycatch can bring other collateral consequences to fishers because it 

gives them a bad reputation. Also, bycatch generates more limitations on the use of 

resources and negative impacts on juvenile chondrichthyan species. 

 
Seasonality and reproductive strategies 

 
I reported information on bycatch species in zones, which are designated spatial 

areas used for summarising prawn survey catches by the National Fisheries and 

Aquaculture Institute of Mexico (INAPESCA). Although the sampling occurred in all 

seasons, activity was most intense in summer, thus, providing more samples in that 

season. I found that six species of rays are the most common elasmobranch species caught 

by prawn trawls. These results are in agreement with those of Márquez-Farías and 

Blanco-Parra (2006); Bizzarro et al. (2009a); Smith et al. (2009); Torres-Herrera and 

Tovar-Ávila (2014) reporting catches for the elasmobranch artisanal fishery. This is 

because both fisheries operate at similar depths (<75 m) (Garcés-García et al., 2020). 

Another remarkable finding is a difference in size at first maturity between those species 

reported in my study and those species reported in previous years (e.g., Dávila-Ortiz, 

2002; Serrano-Acevedo, 2007; Smith et al., 2007; Lara-Mendoza, 2016; De la 

Rosa-Meza, 2016) and differences in size at birth for two of the six most frequently caught 

species; Rhinoptera steindachneri and Urobatis halleri, which was previously reported 

by Bizzarro et al. (2007); Burgos-Vázquez et al. (2019). Differences in the size at maturity 
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are related to changes in food availability because mature animals may be able to explore 

more extensive areas with enough food to maintain their energetic requirements.  Habitat 

and environmental conditions may also influence the distribution of mature and immature 

animals as some species are restricted to specific habitats, overlapping with the fishing 

area (e.g., flat rays are confined to demersal habitats where the prawn fishery mostly 

operates). These variations may also be related to the effects of length-selectivity in the 

fishery. 

 
Size-frequency distributions of the most common ray species 

 
Another key result is the variation in size-frequency distributions by depth strata, 

which had not been reported for the prawn trawl fishery in detail. I found that larger 

individuals of some of the most frequently caught species are more abundant in waters 

>12 m depth, while small and mid-sizes were present in both depth strata (<12 m and ≥12 

m). This suggests that elasmobranchs with larger body sizes can move between shallow 

and deeper waters (Guida et al., 2017) and respond rapidly to environmental changes. 

Furthermore, I detected that adult size ranges in each zone were similar to those reported 

for the artisanal elasmobranch fishery, while juvenile size ranges were similar to those 

reported for prawn trawl fishing (Nieto-Navarro et al., 2010; Lara-Mendoza, 2016). 

 
Size selectivity 

 
Another finding through this investigation is the size selectivity due to trawl towing 

speed, turtle exclusion devices (TEDs) and fish exclusion devices. Arguments against the 

prawn trawl fishery include the lethal and sublethal impacts of the discard of bycatch 

species, particularly of crustaceans, teleosts and chondrichthyans. Recently, many 

countries including Mexico, have mandated the fitting of TEDs in prawn trawl nets to 
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reduce bycatch. The investigation in chapter 3 is the first in providing information on how 

the slow trawl speed (2 knots) is likely to select for small rather than large animals. 

Furthermore, the investigation shows that, the TED selects for small rather than large 

animals. The absence of trapped turtles in the bycatch during the surveys demonstrates 

that TEDs can exclude big animals such as turtles. The fish exclusion device (FED) also 

influences selectivity because an animal, depending on its size and condition, might 

escape through a FED before it becomes exhausted or becomes constrained or crushed as 

the cod end fills with prawns, bycatch and debris. Because the prawn surveys began after 

TEDs were installed (1996). I was not able to test for the effects of TEDs, which could 

be an objective for future research.  

Updates of biological information of elasmobranch species taken as bycatch as well 

as species-specific monitoring should be considered for the GoC. I urge that reducing 

bycatch on the more vulnerable chondrichthyan species needs to be an integral part of 

most future ecosystem management schemes, perhaps by evaluating improved escape 

devices. We cannot manage or protect what is unknown. It is imperative to develop more 

appropriate ways to assess our fisheries resources in a comprehensive way that accounts 

for the complexity of fisheries, bycatch species and environmental conditions; and such 

a framework is discussed in Chapter 4 and the following section. 

 
As a first step, it is important to know which species of sharks, rays and chimaeras 

need urgent mitigation and prioritization; one way is through risk assessments. These 

frameworks help us to deal with a lack of biological and ecological information. The 

problem, however, is that the Mexican fisheries involved are very heterogeneous (Bonfil, 

1997), the environmental conditions vary constantly in the Gulf of California (Chapter 2) 

and the chondrichthyan species are highly mobile. It is urgent that all Mexican fisheries 
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are studied and managed to ensure their sustainability. This task becomes difficult to 

achieve however, when other fishery priorities arise. From the economic point of view, 

the most important fisheries in Mexico are prawn, sardine, tuna and squid, as well as 

smaller fisheries such as abalone, lobsters and clams (Lluch-Cota et al., 2017). 

Interestingly, from the times when the ancient Mexican cultures were established, the 

shark and ray fishery has provided substantial numbers of Mexicans with food and 

poverty alleviation, as an alternative for fishers lacking sufficient funds to participate in 

more lucrative fisheries. Several researchers have pointed out the potential of the Mexican 

shark and ray fishery to be sustained over the long term if strict conservation management 

is implemented, based on sufficient biological information (Applegate et al., 1993; 

Castillo-Géniz et al., 1996).  

 
In chapter 4, I undertook a vulnerability analysis of the Mexican chondrichthyan 

fauna, by adjusting an approach applied by Walker et al. (in review), which combines the 

three key components that contribute to fisheries risk: exposure, productivity and 

susceptibility of species, a modification of productivity-susceptibility analysis (PSA) 

(Hobday et al., 2011) and the three key components of climate change risk: the exposure, 

sensitivity and adaptive capacity of species (Chin and Kyne, 2007; Chin et al., 2010).  

 
 Through my framework, I have evaluated 106 species of chondrichthyans, of which 

54 species are sharks, 48 species are rays and 4 species are chimaeras. The highest number 

of species is distributed in the southern region of the GoC. Several authors have pointed 

out the great diversity and richness of the southern region compared to the rest of the 

Mexican Pacific, to the Gulf of Mexico and to the Caribbean (Aburto-Oropeza and Balart, 

2001; López-Martínez et al., 2010; Espinosa-Carreón and Escobedo-Urías, 2017; 

Mercado-Santana et al., 2017). Nevertheless, the number of Mexican chondrichthyans 
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evaluated in my study was less than the number of chondrichthyans evaluated on the 

Great Barrier Reef in Australia (134 spp) by Chin and Kyne (2007); Chin et al. (2010), 

and in southern Australia (132 spp) by Walker et al. (in review), but higher than those 

evaluated in the Archipelago of San Andrés in Colombia (15 spp) by Mejía-Falla et al. 

(2019), those located in the Pacific coast of Costa Rica (25 spp) by Clarke et al. (2018), 

those on the west coast of Baja California Sur, Mexico (29 spp) by Furlong-Estrada et al. 

(2017), and those at the entrance region of the GoC (20 spp) by Furlong-Estrada et al. 

(2014). Reef areas are well known for their great diversity and how environmental 

conditions provide habitats to sustain different marine species, including 

chondrichthyans. Also, Australia is one of the countries with more species of 

chondrichthyans (White and Kyne, 2010). The number of species in the chondrichthyan 

fauna in the Gulf of California, however, is higher (Del Moral-Flores et al., 2015; 

Ehemann 2018) than that reported for all of south America (Mejía-Falla et al., 2019). 

 
The feasibility and components of ESA-EPS analysis 

 
Recently, the use of rapid assessments has increased not only on chondrichthyans 

(Chin et al., 2010; Hobday et al., 2011; Mejía-Falla et al., 2019) but also on other 

assemblages of organisms such as coral reefs (Fabricius et al., 2007), mangroves 

(Lovelock and Ellison, 2007), plankton (McKinnon et al., 2007), seagrasses (Macreadie 

et al., 2019; Phair et al., 2020) and bony fishes (Buchanan et al., 2019). Although rapid 

assessments are an important tool to evaluate the effects of stressors on biological groups, 

the main disadvantage that most rapid assessments present is the evaluation of 

vulnerability to stressors such as fishing and climate change in isolation. In that regard, 

my ESA-EPS analysis deals with that because it contains appropriate components to 
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evaluate vulnerability to fishing or climate change stressors or to the combination of both 

within one framework. 

 
The present ESA-EPS analysis combines the three components of vulnerability to 

climate change stressors; exposure, sensitivity and adaptability (ESA) (Chin and Kyne 

2007; Marshall and Johnson 2007; Chin et al., 2010; Pecl et al., 2014;) and the three 

components of vulnerability to fishing stressors; exposure, productivity and susceptibility 

(EPS) (Hobday et al., 2011; Furlong-Estrada et al., 2017; Mejía-Falla et al., 2019). The 

combination of these components and the adjustment of the ESA-EPS analysis for the 

Gulf of California region is an important improvement in the ecological risk assessment 

arena. This is because my analysis can evaluate risk of a marked population reduction of 

chondrichthyans from two or more combined or independent sources of stressors (Walker 

et al. in review). Furthermore, my ESA-EPS analysis and its structure serves as evidence 

that this framework can be applied to different ecosystems and regions to assess the 

vulnerability of different groups. In addition, uncertainties were addressed before 

applying the analysis and they depend on several assumptions that are discussed in the 

next section and can be improved as more information becomes available. 

 
Uncertainties of the ESA-EPS analysis 

 
The present vulnerability analysis is designed to calculate the risks for three 

scenarios of climate change given the absence of fishing, the risks from the present fishing 

scenario given the absence of climate change, and the risks for three hypothetical 

scenarios combining the fishing scenario with each of the three climate change scenarios. 

Risk of marked population reduction of the 106 species of chondrichthyans to fishing 

stressors is related to fishing mortality. Because it is problematic to separate the effects 

of fishing and past climate change in any region, the assumption is that marked population 
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reduction associated with past fishing scenarios was not affected by past observed climate 

change conditions in my study area. Secondly, the vulnerabilities related to climate 

change rest upon similar assumptions: risk of marked population reduction is related to 

the effects of climate change on habitat loss and changes in oceanographic and ecological 

processes, and mortality due to fishing is negligible compared with the effects of climate 

change stressors. This is equivalent to assuming that appropriate fisheries management 

will be able to reduce exposure to fishing stressors eventually to levels with low risk, 

which seems unlikely. But it is important to understand the risks of climate change 

independently of fishing, just as it is important to understand the risks of fishing 

independently of the risks from climate change. 

 
Finally, the combined ESA-EPS analysis comprises the vulnerability to future 

scenarios of climate change stressors, plus the vulnerability to current fishing pressure. 

The framework accounts for expert judgements in a transparent and repeatable way, it 

also uses equations and decision rules for calculating risk for each risk factor related to 

biological or ecological attributes and includes the use of the precautionary principle. The 

precautionary principle applies where they are inaccurate or inadequate data. 

 

Uncertainty related to risk factors  

 
The risk factors in the present the ESA-EPS analysis can be improved as more 

information on ecological and ecological responses of chondrichthyan species becomes 

available. The highest uncertainty would be related to the components of sensitivity and 

adaptive capacity as the way marine species respond to changed conditions is not easy to 

measure. This analysis, however, is the first to be applied to a region where oceanographic 

and fishing conditions are challenging, and it may be an instructive example for other 

regions with similar or less complexity.  
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Rarity risk  

 
The rarity risk is based on whether a species has a small or a big population. Small 

populations are more sensitive to stressors because of less individuals (Chin and Kyne et 

al., 2007). This assumption allows us to set up rarity risk as a presence/absence variable 

or a quantitative variable. The latter is related to total catch mass or total catch numbers 

recorded, as applied by Walker et al. (in review). For my analysis, detailed information 

on total catch mass or total catch numbers of chondrichthyans remains uncertain in 

Mexico, but this uncertainty was addressed with expert judgement, published data, and 

unpublished databases provided by INAPESCA (the main institution that collects fishery 

information in Mexico). For instance, for the species Mustelus californicus and Pristis 

pristis, rarity risk was set equal to 1 (high risk) because these species did not appear 

abundantly in the more recent catches for the selected fishing scenario. Márquez-Farías 

(2000) reported the genus Mustelus to be very abundant and frequently caught in some 

areas of the GoC, which coincide with the subregions of the Gulf of California presented 

in Table3a. In addition, Saldaña-Ruiz et al. (2017) published a reconstruction of shark 

fishery landings from 1939 to 2014. The authors reported the genus Mustelus to be highly 

abundant for seven decades, but they also pointed out the low confidence interval (20%) 

for the reconstructed total landings from the period 1992–2014 (a period that was in part 

covered by my selected fishing scenario; 2006–2017), compared with the confidence 

interval from the period 1970–1976 (90%). Furthermore, Mustelus californicus is a 

species reported to appear in highly productive bays, estuaries and shallow waters and 

less abundant and even absent in impacted areas where habitat conditions are degraded 

(Freedman et al., 2017; Espinoza et al., 2011). The development of farming and 

aquaculture areas, and degradation of habitats and mangrove forests have been reported 

for the southern and entrance regions of the GoC (Páez-Ozuna et al., 2017). Perhaps, this 
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is why some authors have not reported M. californicus in their investigations there 

(Pérez-Jiménez et al., 2005; Furlong-Estrada et al., 2014). Another factor could be the 

depth at which the fishing gear is deployed. Pérez-Jiménez and Sosa-Nishizaki (2010) 

reported that this species is distributed between 6 and 265 m depth, but it is very abundant 

in the northern region (subregion in the present thesis) at depths <~80 m. In my 

investigation in chapter 3, I did not record any of these animals as caught by prawn trawls 

at inshore and offshore depths (from 9 to 107 m depth). All this information brings high 

uncertainty when setting rarity risk as low or high (0 or 1, respectively). Thus, it was 

appropriate to apply the precautionary principle, which is valid in vulnerability 

assessments (Hobday et al., 2011; Mejía-Falla et al., 2019; Walker et al., in review). For 

Pristis pristis, the decision rule was based on published information on its decline and 

possibly an extinct status in the study regions (Bonfil, 2018). 

 
Habitat specificity 

 
The risk factor habitat specificity is derived from three habitat dependencies that 

pose risks (reef-habitat, freshwater-habitat and nursey-habitat) which might overestimate 

the risk to the chondrichthyans evaluated because to know accurately how 

chondrichthyans from the study area responds to changes in habitat conditions and 

ecological processes is impossible. The more available information on physiological 

responses to climate change we have, the more precise will be the estimates of risk 

associated with the risk factors, which will lead to reduced uncertainty. 

 
Distributional flexibility risk  

 
Due to the complexity of the oceanography of the study area and the lack of tracking 

movement studies, particularly on chimaeras, the use of equation 5 was very useful in 
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providing a simple method for determining distributional flexibility risk. Furthermore, 

the equation can be adjusted according to the study area by altering the boundaries or 

increasing the number of subregions (Walker et al., in review), and considering a 

temperature gradient if it exists, as in my study of three broad regions. 

 
Trophic level risk 

 
The trophic level obtained from equation 6 will depend on the maximum and 

minimum collated. For the present ESA-EPS analysis, 23 of 106 species have a trophic 

level estimated indirectly, which in turn can overestimate or underestimate the lowest and 

highest trophic level values for those species. However, the lowest (3.20) and highest 

(4.70) are similar to those reported by Walker et al. (in review) (lowest=3.25, 

highest=4.55) for southern Australia, and similar to the mean reported for cephalopods 

and teleosts, but higher than the mean for birds by Cortés (1999). There may be a 

correlation between trophic level and productivity, but the focus of trophic level in my 

ESA-EPS analysis is different from the PSA analysis, which usually averages risks 

assigned to a range of attributes, including trophic level, size, and reproductive mode. 

These attributes might be useful for comparing risks among chondrichthyans, teleosts and 

various groups of invertebrates, but are not as reliable as mortality determined from 

maximum age for distinguishing productivity among chondrichthyans which tend to have 

comparatively low productivity. 

 
Productivity risk 

 
I considered maximum age to be the most appropriate attribute for calculating 

productivity risk for chondrichthyan species and I avoided other attributes such as 

fecundity, mean trophic level, age at maturity, maximum length, von Bertalanffy growth 
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coefficient (Patrick et al., 2010; Cortés et al., 2018). This was due to the difficulty to 

know accurately all the attributes involved. This increases uncertainty when these 

attributes are scored and then averaged (Walker et al., in review). Furthermore, the key 

to ESA-EPS analysis is that all reduction in population size from fishing is attributable to 

mortality and all reduction in population size from climate change is attributable to loss 

of suitable habitat (the underlying assumption is that halving the existing suitable habitat 

would halve the population). The original concept of productivity in PSA is appropriate, 

but traditional intrinsic parameters used in PSA, and then scored and averaged as a 

measure of productivity risk, is not as robust as the single measure of maximum age for 

distinguishing relative risk related to natural mortality among chondrichthyan species. 

Also, by relating population reduction to totally independent risk factors associated with 

mortality and risk factors associated with habitat loss allows us to take the next step of 

calculating risk from the combined effects of mortality and habitat loss (and hence the 

combined effects of fishing and climate change).  

 
Vulnerability analysis results  

 
My ESA-EPS analysis considers taxonomic arrangements and ecological groups to 

assess 106 species of chondrichthyans at different levels (Tables 5, 6, 7a and 7b, and 8a 

and 8b). For example, among all ecological groups (EGs), the EGs of shelf-inshore and 

shelf-sand (<75m) are highly vulnerable to the combined fishing stressors in the three 

regions as a whole (MPW, GCI and GCE) and in the GCI and GCE regions, respectively 

(Table 5). In table 7a, however, it is possible to detect which orders are at medium or high 

vulnerability from present fishing in the waters of three separate regions, and from each 

of three climate changes emission scenarios or the combination of both. This way of 

ranking risk and vulnerability allows fisheries managers to set priorities and be focused 
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on species requiring urgent mitigation that are affected by fishing (Furlong-Estrada et al., 

2014; Mejía-Falla et al., 2019) or climate change stressors (Chin and Kyne, 2007; Chin 

et al., 2010; Pecl et al., 2014) or both (Walker et al., in review). 

 
Taxonomically, the Mexican chondrichthyan fauna has less squaleomorph sharks 

(5), orders (4) and families (4), which appear to be more primitive than the galeomorph 

sharks and batoids, compared with the fauna off Australia (37 species, 5 orders and 11 

families) (Chin and Kyne, 2007; Chin et al., 2010; Walker et al., in review). 

Squaleomorph sharks are mostly deep-sea inhabitants and it seems they appear less in 

very cold-deep waters (Engelbrecht et al., 2017). This suggests that the variation in the 

environmental conditions off western Mexico may have been more extreme than off 

Australia. However, other factors such as volcanic activity and the origin of the GoC 

could explain why this low diversity is present. The GoC is a newly-formed gulf 

compared with the Gulf of Mexico (Padilla y Sánchez, 2007). The movements between 

the tectonic plates in western Mexico has caused the gradual drift of the Peninsula of Baja 

California away from the continent from the end of the Middle Miocene (approximately 

12 MY) and a progressive marine transgression in the GoC during the last 10 MY. As a 

result of this, a new sea was born in a geological sense, where marine species from the 

equatorial Pacific found opportunities for establishment and adaptive radiation (Calmus 

et al., 2017). 

 
The allocation of the 106 species of chondrichthyans into ecological groups (EGs) 

was important in determining exposure for such a great number of species. The number 

of ecological groups developed for the GoC was similar to that developed for the Great 

Barrier Reef (Chin and Kyne, 2007; Chin et al., 2010) and for southern Australia (Walker 

et al. in review). The set of EGs and the proportions in various EGs, however, were 



Chapter 5. General discussion 

 223 

different. This can give us insight into the different habitats that the chondrichthyans 

occupy; and the lifestyle, habitat-dependence and depth distribution of the GoC species. 

For instance, the ecological groups of shelf-sand and pelagic have more species for the 

GoC than the EGs of shelf-sand and pelagic for southern Australia (Walker et al. in 

review). Álvarez-Borrego (1983) pointed out that the topography and variety of habitats 

across the GoC influence marine species’ habitat use. In this study, the EGs of shelf-sand 

<75 m, pelagic waters and bathyal have the majority of chondrichthyan species. Overall, 

the most vulnerable ecological groups to fishing stressors are the shelf-inshore shelf-sand 

<75 m EGs, whereas the EGs shelf-inshore, shelf-reef, shelf-sand <75 m and shelf-sand 

(75‒150 m) are vulnerable to climate change stressors under low, medium and high 

emissions scenarios. Habitat likely performs a key role in chondrichthyan extinction risk 

and vulnerability to population reduction, as it modifies exposure to both fishing and 

climate change stressors (Chin and Kyne 2007; Moore, 2017). Currently, there are no 

further studies with which to compare the type and number of EGS and species allocated 

into those EGs and this is the first time that EGs have been applied in the GoC to assist 

the evaluation of the exposure risk of each species to fishing and climate change stressors. 

For combined fishing and climate change (Table 7b), the highest number of 

chondrichthyans species at high risk is in the GCI region under high emission scenario, 

followed by the GCE region under high emission scenario. In contrast, the lowest number 

of chondrichthyan species at high risk are in the MPW region for the low emissions 

scenario. Although the degree of vulnerability depends on the fishing region and the 

emission scenario, overall the GCI and GCE regions would need most urgent attention. 

 
Based on the distributional flexibility of the Mexican chondrichthyan fauna, I 

expect that the majority of chondrichthyan species should cope with projected changes in 

environmental conditions, as these animals are highly mobile and strong swimmers. 
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However, the negative effects of climate change are most severe in shallow waters in the 

GoC. I argue that some shallow-water species would retreat from Mexican waters. 

Furthermore, it would be difficult for shallow-water chondrichthyans to cope with fishing 

pressure if conservation management is not applied for those species allocated to the EGs 

of shelf-inshore and shelf-sand <75 m. We already have some examples of declining 

species populations, such as the four hammerhead sharks (Sphyrna spp). My study reveals 

high vulnerability of these four species of hammerhead sharks in GCI and GCE regions 

from fishing stressors and medium vulnerability under medium and high climate change 

emissions scenarios. These four species were highly abundant in the past but are now rare 

in the Mexican Pacific (Pérez-Jiménez, 2014). 

 
Chimaeras, which live in deep waters, are considered to be less affected by fishing 

and climate change stressors. I found, however, that in the GCI and GCE regions of the 

GoC the spotted ratfish, Hydrolagus colliei, is taken as bycatch by the prawn and artisanal 

fisheries. Therefore, this species might be prone to local decline but it is difficult to know 

if it is presently declining in those regions, or how changes in climate change stressors in 

the study area might affect H. colliei populations as has happened in other areas, where 

its decline is considered likely to reflect a decrease in the local deep-water population 

(Dunbrack, 2008). Although fishing stressors do not represent a harm for chimaeras in 

this evaluation,  it has been reported that in Australia, trawl fisheries progressively moved 

into deeper waters as a result of changes in vertical distribution of some species, so over 

time the trawls began to catch the deep-water species (Walker and Gason 2007; Walker 

et al. in review). Perhaps in future, the Mexican fishers will perceive a need to modify 

their equipment to fish in deeper waters, and as a result begin taking chimaeras as bycatch 

and/or byproduct. Species-specific research on chondrichthyans is urgently needed for all 

of Mexico. Mexico must document the status of its chondrichthyan species, the fishing 
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areas involved, including nursery areas, seasonal abundances of species and age and 

growth data, especially of deeper water species because they are almost completely 

unknown. This will increase our knowledge and change our view of chondrichthyan 

species in Mexico, from a general view that this group is resilient overall to environmental 

changes, to a realisation that this is a group of species that vary in how much they may 

be affected by fishing and climate change stressors. 

Future directions 
 
 

I briefly outline some future directions to improve the management and 

conservation of chondrichthyan species. 

 
In chapter 2, I found that past conditions of the Gulf of California (GoC) give us 

insight into the main changes, especially in sea surface temperature and sea level pressure. 

However, we do not know how other variables such as pH and upwelling index vary. 

Records of pH values are not available. The main source of nutrients is from upwelling. 

Depending on the levels of future greenhouse emissions, water temperatures will 

inevitably increase, but there is uncertainty about future upwelling. The majority of 

stations across the Mexican Pacific have stopped recording oceanographic data since 

2003. Monitoring of oceanographic variables in situ together with research to obtain 

biological data, not only in my study area but also in the entire Mexican Pacific is needed 

to find out how environmental conditions are changing, and explain how they impact 

organisms. Ecosystem models that can incorporate these oceanographic and biological 

data will be useful to project impacts of climate change more reliably and suggest how 

chondrichthyans with different lifestyles and from different climate regions may be 

impacted. 
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Another useful future research area is to develop an index that better explains the 

anomalies in sea surface temperature and chlorophyll-a in the GoC. During my 

investigation, I showed mismatches between some of the selected variables and “El Niño” 

and “La Niña events”. There are some widely used indices from other areas, which have 

been important indicators to explain changes in environmental conditions in the GoC. For 

instance, the “Extended Multivariate ENSO Index” (MEI) used to explain coupled ocean–

atmosphere conditions which cause global climate variability on seasonal to interannual 

time scales (Wolter and Timlin, 1998; 2011). The “Trans-Niño Index” (TNI), which is 

based on differences between normalised SST anomalies to determine the evolution of 

each El Niño or La Niña event (Trenberth and Stepaniak, 2001). The “El Niño 3–4”, 

which was developed to describe two types of El Niño events: cold tongue El Niño and 

warm pool El Niño (Kug et al 2009; Yeh et al., 2009). The “El Niño Modoki” Index 

(EMI), which was created to explain changes in the temperature and precipitation over 

many parts of the globe (Ashok et al., 2007), the “Eastern-Pacific-Central Pacific Index” 

(EP-CP) was developed to examine the structure, evolution, and teleconnection of these 

two ENSO types (Kao and Yu, 2009; Yu et al., 2018). The “Subsurface Index” (EP-CP), 

which is based on ocean temperature anomalies to identify El Niño and La Niña events 

(Yu et al., 2011), the “Surface Salinity Index” (SSS) used to contrast different types of El 

Niño events (Singh et al., 2011; Qu and Yu, 2014) and the “Long-Wavelength Radiation 

Index” (OLR) used to provide a good proxy for predicting El Niño/La Niña events 

(Chiodi and Harrison 2013). However, these indices were developed far from the Gulf of 

California, and perhaps this explains why there is a lack of correlation with any of these 

indices. 

 
In chapter 3, I have shown the size-selectivity of the fishing gear may have 

profound effects on the size-frequency distributions of animals in the catch, as shown in 
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many studies (Cadrin et al., 2016). The selectivity also biases parameter estimates from 

biased sampling of the wild populations (Lee, 1912; Ricker, 1969), although these effects 

of size-selective fishing mortality are less often investigated (Walker et al., 1998; Walker, 

2007). More research to determine the ways fishing in the Gulf has affected the size and 

age distributions of important species would be useful to understand how fishing has 

affected the populations.  

 
I found that mature individuals of one of the most frequent species, Rhinoptera 

steindachneri, were not caught during the sampling period. Therefore, I suggest several 

areas of future research. 1) Extending the study area and carrying out experimental 

trawling at different depths and areas would complete the bycatch data I have already 

analysed. 2) A better understanding of the relative contributions of trawl speed, TEDs 

(Turtle excluder devices) and FEDs (Fish excluder devices) on the size-frequency 

distributions of the catch and the wild population of each of the species caught could be 

achieved by an experimental approach during the summer survey. This approach would 

require variously repeating the standard procedure with two standard prawn trawl survey 

nets without either of the TED or FED, with only the TED, with only the FED, and with 

both the TED and FED. Furthermore, I suggest measuring each animal and the towing 

time of the two trawls should be standard to provide accurate CPUE data. Another future 

research need is the development of time-series indices of relative abundance (CPUE) 

based on the research surveys and estimating total bycatch by using effort reported from 

the fishery, and consistently extending the surveys to other seasons. 

 
In chapter 4, I included the most important fisheries in the study area. However, 

information on how these fisheries impact chondrichthyans remains incomplete. For 

instance, it is unknown how recreational fishing impacts chondrichthyan populations in 



Chapter 5. General discussion 

 228 

my study area or in other areas of Mexico. Furthermore, chondrichthyan catches are not 

reported in detail in each fishery, thus data on total removals is hard to obtain. In the 

present assessment, I used presence/absence data together with some catch reports, but 

the ideal would be that the Mexican government improves catch and effort databases in 

the whole country to enable sustainability. Another future research area is to obtain data 

on fishing locality (position or grid and depth) and fishing method (with mesh size for 

gill-nets).  

 
Furthermore, it is important to monitor time series of catches and oceanographic 

variables to determine whether changes in chondrichthyan abundance are related to 

fishing or climate change stressors or both. The United Nations Development Programme 

(UNDP) in 2011 declared Mexico as highly vulnerable to increases in sea surface 

temperature, continuous sea level rise, intensification of hurricanes and changes in 

precipitation. Therefore, experiments to detect how all the Mexican chondrichthyans 

react to changes in the climate change stressors would be useful. A majority of Mexican 

people living along coastal areas depend on fish-protein intake, particularly the 

consumption of sharks and rays, to have a balanced diet and to earn income. 

 
I also suggest the improvement of information on the life history, movement 

patterns and habitat use, particularly nursery areas of species taken by fisheries in western 

Mexico. It is also important research to support the management and conservation of the 

species I identified at medium and high vulnerability to maintain sustainable fisheries. 

Social, economic and governance factors are also important in fisheries management to 

have a more integrated decision making process to ensure sustainable marine resources. 

 
Finally, it is important to focus future research on achieving formal and permanent 

agreements among the fishing industry, government and academia to monitor trends in 
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catches and to improve the sampling effort for all the Mexican fisheries. The scientific 

observers onboard are very useful to provide and validate data for logbooks but observer 

programs are not mandatory for all the Mexican fisheries.  

Concluding remarks  
 

 
This thesis provides the main steps for vulnerability risk to chondrichthyan species 

from fishing and climate change stressors in the Gulf of California (GoC), one of the most 

important fishing and oceanographic regions in Mexico.  

 
The effects of fishing during 2006–2017 were higher in the GCI and GCE regions than 

the MPW region. This is crucial for fisheries scientists who need to focus time and 

financial support on key regions and species. I have shown that, in spite of a lack of 

specific biological information on maximum age and chondrichthyan catches, this novel 

vulnerability framework could be successfully applied to a place where oceanographic, 

topographic and fishing factors are more complex than other places in the world, and to 

a group of species with different lifestyles, habitat use and little known movement 

patterns.  

 
No previous assessments, except for Walker et al. (in review) have accounted for 

fishing and climate change stressors within a merged and flexible framework for a great 

number of chondrichthyans. This assessment can now be used by managers, in 

conjunction with social and economic data, to prioritise management actions needed to 

maintain harvested species, and thus the fishing industries that depend on them. 

Furthermore, the structure of my vulnerability assessment allows transparency and review 

through appropriate tables with all the information used. The assessment, moreover, can 

be improved as more data become available to improve the risk assessments. My thesis 
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also provides insight into the past and projected trends in the oceanography of the GoC, 

to identify the potential climate change stressors that can benefit or affect negatively the 

chondrichthyan fauna. This information may be useful to guide future monitoring and 

research to improve our capacity to forecast future changes and impacts on the marine 

fauna. 

 
Finally, this thesis also improves our knowledge of chondrichthyan species in 

Mexico, as a group of species that vary in how much they may be affected by fishing and 

climate change stressors and the spatial-temporal scenarios. 
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