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Abstract
The impacts of climate change on fish stocks are heightened in the tropics, where catch losses are
projected to be three to four times the global average. Yet, there are large sub-regional variations in the
drivers and magnitudes of shifting species distributions and their implications for fisheries. In this thesis, I
aim to better understand the impacts of climate change on fisheries in the Eastern Tropical Pacific Ocean,
from Mexico to Peru. First, I applied a species distribution modeling approach to project future impacts on
species caught by the main fisheries in the region. Species are projected to shift towards the equator,
seeking the more favorable, cooler habitats associated with the Humboldt and equatorial upwelling
systems, as well as towards more oxygenated, inshore waters, away from the expanding oxygen minimum
zones. Second, I developed and evaluated the performance of a Biogeographically derived Metabolic Index
(BDMI). The BDMI can be generalized to assess the combined effects of warming and deoxygenation on
the habitat viability of marine fishes and invertebrates. Thirdly, I applied two catch-based indicators derived
from the BDMI to analyze the sensitivity of pelagic fisheries in the Eastern Tropical Pacific to warming and
deoxygenation between 1970 and 2009. Temperature was the main factor driving oxygen limitation in
pelagic catches. In contrast, when I applied these indices to the demersal community along the oxygen
minimum zones off the Costa Rican Pacific coast, ambient oxygen was the main factor driving the
responses of the exploited community, although species distributions were sensitive to changes in both
temperature and oxygen. In both pelagic and demersal environments, I identified potential temperature and
oxygen thresholds that separate different exploited communities with different sensitivities to changing
temperature and oxygen levels. Overall, I conclude that warming and deoxygenation will likely impact
fisheries resources in the region, revealing the importance of expanding our capability and credibility in
projecting future changes. By modeling the mechanisms underlying the non-linear responses of biological
communities to ocean warming and deoxygenation, the analytical approaches developed in this thesis can
facilitate the detection, attribution and projection of climate impacts, including biogeographical shifts and
three-dimensional habitat compression.
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Lay Summary
The ocean is warming and losing oxygen, forcing fish to move towards cooler waters with more
oxygen. In this thesis, I study how a changing ocean may affect fish from Mexico to Peru. Using computer
algorithms, I found that fish along the warm waters in the Central American Pacific will shift towards the
cooler waters near the equator. Simultaneously, the expanding low oxygen areas will squeeze fish into
shallower waters where they will be more susceptible to fisheries. Warming and oxygen losses are
already affecting fish and fisheries, with warming causing most impacts at the ocean surface and oxygen
loss causing most impacts at the ocean bottom. Warming and oxygen losses are probably causing similar
impacts throughout the global ocean.
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Chapter 1: Introduction
Marine ecosystems and fisheries play an important role in providing food, supporting livelihoods and
generating income for the growing world population (FAO, 2020). Yet, climate change and unsustainable
fisheries are affecting the ocean´s ability to continue providing these benefits (Bindoff et al., 2019; FAO,
2020; Sumaila et al., 2011). The impacts of climate change on fish stocks are heightened in the tropics,
where catch losses are projected to be three to four times the global average (Bindoff et al. 2019; FAO
2020). In addition, a large percentage of fish stocks are unmanaged and overfished, making them
particularly sensitive to climate impacts (FAO, 2020). On the other hand, effective fisheries management
and climate change mitigation can reduce potential catch losses (Sumaila & Tai, 2020). Rebuilding overexploited fish stocks could be a cost-effective way to recover some benefits derived from fisheries and
compensate for the negative impacts of climate change on potential catches (Bindoff et al., 2019; Cheung
et al., 2018; Gaines et al., 2018; Sumaila & Tai, 2020). However, effective policies designed to increase
fisheries resilience must be informed by local estimates of potential climate impacts, as their drivers and
magnitude vary greatly between regions (Morley et al., 2018).

1.1

Ocean warming and deoxygenation and their impacts on fish and fisheries

Warming and deoxygenation are amongst the most important climate-related stressors for marine
ecosystems and fisheries (Breitburg et al., 2018; Poloczanska et al., 2016). Globally, the ocean has
warmed at a rate of 4.83-5.79 (0-700m) and 3.05-4.99 (700-200m) ZJ yr–1 (energy accumulation in ZJ,
where1 ZJ = 1021 J) between 2005 and 2017 (Bindoff et al., 2019). Ocean warming and changes in water
column ventilation have lowered the global ocean oxygen content by 1-3% and expanded oxygen
minimum zones by 3-8% over the past 50 years (Bindoff et al., 2019; Breitburg et al., 2018; Schmidtko et
al., 2017). Ocean warming and deoxygenation are projected to continue under climate change, warming
2150 ZJ (high emissions scenario, RCP 8.5) or 900 ZJ (low emissions scenario, RCP 2.6), and losing 3.23.7% (RCP 8.5) or 1.6–2.0% (RCP 2.6) of the global oxygen content by 2100 (Bindoff et al., 2019).
Oxygen minimum zones are also projected to keep growing 1.4-12.6% by 2100 (RCP 8.5) relative to
1850–1900 (Bindoff et al., 2019).
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Temperature and oxygen are key factors that determine the distribution, abundance and size of
commercial species (Bindoff et al., 2019). Temperature and oxygen are closely linked with physiological
responses at the organismal level, which then propagate through the population (Breitburg et al., 2019;
Cheung, 2018). Temperature and oxygen affect the physiological performance of marine ectothermic
organisms by limiting the amount of oxygen demanding processes that can occur simultaneously, such as
survival, growth, movement, defense, feeding and reproduction. Organisms have a higher aerobic scope
(difference between the maintenance metabolic rate and the maximum metabolic rate) within a certain
temperature range, where physiological performance is maximized (Forster et al., 2012; Hoefnagel &
Verberk, 2015; Pörtner et al., 2017; Rollinson & Rowe, 2018). Species follow the thermal window they are
adapted to in both time and space, by shifting the onset of biological events (e.g. spawning, migration)
earlier in the year (Poloczanska et al., 2013), and shifting their geographic distributions towards cooler
waters (Poloczanska et al., 2016). When temperature increases above the maximum performance range,
fish body size and reproductive output decline (Baudron et al., 2014; Cheung et al., 2013a; Pörtner et al.,
2017).
The impacts of warming are intensified by deoxygenation. Combined, both stressors narrow an
organism’s aerobic scope by increasing its maintenance metabolic rate and reducing its maximum
metabolic rate (Leiva et al., 2019). An inability to maintain the metabolic scope will lead to trade-offs
across growth, reproduction, digestion, defense, among others, that can eventually lower population
abundance and alter population size structure. Under continued warming and deoxygenation, the oxygen
available in the organism’s current ocean environment may not be enough to sustain its resting metabolic
rate, forcing the species distribution to shift towards cooler, more oxygenated waters (Pauly & Cheung,
2018).
Documented impacts of deoxygenation on commercial fish and invertebrates include reductions
in species richness, body size, growth rates, catches and catch per unit effort (Arntz et al., 2006; Keller et
al., 2015; Levin et al., 2009; Sato et al., 2017). Oxygen limitation can also change the way species
interact with fisheries, for example, expanding oxygen minimum zones can compress hypoxia-intolerant
fish closer to the surface, increasing their overlap with fishing grounds. Expanding oxygen minimum
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zones can also squeeze demersal species closer to the coastline, where they would be more accessible
to fisheries (Prince et al., 2010; Prince & Goodyear, 2006; Stramma et al., 2012). Despite the importance
of oxygen in maintaining global fishery resources, most existing global models used to project climate
impacts on commercial species do not include oxygen (Tittensor et al., 2018).

1.2

Eastern Tropical Pacific Ocean as ‘natural experiment’

Warming, deoxygenation and acidification are expected to be key drivers of climate impacts on fisheries
in the Eastern Tropical Pacific Ocean (Lluch-Cota et al., 2019). Currently, El Niño Southern Oscillation
causes a high interannual variability in temperature and oxygen levels that obscures long-term trends
within the Eastern Tropical Pacific Ocean (Hameau et al., 2019; Rodgers et al., 2015). The El Niño
Southern Oscillation has a three to seven-year cycle with a neutral phase, a warm El Niño phase and a
cool La Niña phase (Fiedler & Lavín, 2017). During El Niño, upwelling intensity decreases, shoving the
thermocline deeper and increasing the amount of heat and oxygen in the top mixed layer of the ocean
(Leung et al., 2019). During La Niña, upwelling intensifies, bringing the thermocline closer to the surface,
cooling waters and expanding oxygen minimum zones (Leung et al., 2019).
During the warm El Niño periods, species within the Eastern Tropical Pacific Ocean shift towards
the cooler waters produced by upwelling systems to the north (California Current) or the south (Humboldt
Current, equatorial upwelling) (Funes‐Rodríguez et al., 2011; McClatchie et al., 2018; Schwing et al.,
2005; Sielfeld et al., 2010). Local losses, population recoveries and range extensions are common
responses to the inter-annual temperature variability in the Eastern Tropical Pacific Ocean (Mora &
Robertson, 2005). Reports from as early as 1982 show that tropical shrimp shift south towards Peru
during El Niño (Barber & Chavez, 1983). More recent studies documented the presence of warm-adapted
species in the cooler waters of Chile and the California Current during El Niño years (Funes‐Rodríguez et
al., 2011; McClatchie et al., 2018; Schwing et al., 2005; Sielfeld et al., 2010).
Long-term climate change in the Eastern Tropical Pacific Ocean (Fiedler & Lavín, 2017) has
increased sea surface temperature by 0.4–1.0 °C since 1900, with proportional declines in sea surface
oxygen solubility (Fiedler & Lavín, 2017). Although dissolved oxygen in the surface mixed layer is fully
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saturated, below there are large areas with extremely low dissolved oxygen concentrations (below 80
mmol/m3) (Hameau et al., 2020; Oschlies et al., 2018). These oxygen minimum zones form near eastern
boundary upwelling systems where the high respiration rates deplete oxygen levels, and ventilation is
low. Oxygen minimum zones have expanded throughout the Eastern Tropical Pacific and are projected to
continue expanding under global warming (Fiedler & Lavín, 2017).
Coastal upwelling plays an important role in shaping the temporal trends and spatial patterns of
temperature and dissolved oxygen in the Eastern Tropical Pacific Ocean (Fig. 1.1; Fiedler & Lavín, 2017).

Figure 1.1. Map of the main oceanographic features in the Eastern Tropical Pacific taken from
Fiedler and Lavin (2017). Shades represent sea surface temperatures, from dark (18°C) to light
(29°C). STSW: subtropical surface water, TSW: tropical surface water, ESW: equatorial surface
water.

The California Current, Humboldt Current and equatorial upwelling systems cool water in the northern
and southern margins of the region (Fiedler & Lavín, 2017). There is a large uncertainty surrounding how
climate change may affect upwelling systems (Bindoff et al., 2019; Fiedler & Lavín, 2017; Lluch-Cota et
al., 2019). On one hand, global trends show an increase in ocean stratification, which would reduce
upwelling intensity and lead to a warming trend. On the other hand, wind strength is increasing, which
would intensify upwelling and lead to a cooling trend (Bakun et al., 2015; Bakun, 1990). Consequently,
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the future of upwelling will depend on whether the increasing wind strength can compensate for the
additional energy required to mix the increasingly stratified waters (Bindoff et al., 2019). In the past
decades, wind strength and upwelling systems have increased in both the California and the Humboldt
currents, producing strong deoxygenation and acidification trends, as well as a cooling of the Gulf of
California. Current projections indicate deoxygenation and acidification will strengthen, with impacts on
the very productive fisheries associated with these upwelling systems (Bakun et al., 2015).
The cool, Humboldt and California upwelling regions enclose the Eastern Pacific warm pool along
Central America, where temperatures have increased around 1 °C since 1900 (Lluch-Cota et al., 2019). A
further increase of 2 °C is projected with a doubling of CO2, which may be reached by 2080 (Fiedler &
Lavín, 2017). In general, losses in catch potential are expected along Central America, as species shift
north or south, following the water temperatures they are adapted to. Global projections show that in
general, species are shifting towards cooler waters, leading to losses in diversity, biomass and potential
catches in the tropics (Cheung et al., 2010, 2016; Jones & Cheung, 2015; Lotze et al., 2019). Potential
catch for exclusive economic zones in the Eastern Tropical Pacific Ocean may decline 13 - 30% by midcentury under a high emissions scenario (Cheung et al., 2018), much lower than projected catch losses
for the Western Tropical Pacific Ocean (Cheung et al., 2018). Seasonal upwelling in Tehuantepec
(Mexico), the Costa Rica Dome and Panama temporarily cool waters and enhance productivity along
Central American Pacific, which may act as a small refuge for marine species. The degree to which these
upwelling systems may function as climate refuges will depend on the magnitude of oxygen minimum
zone expansions, as well as the balance between wind strength and stratification.

1.3

Models to project impacts and risks under climate change

Species distribution modeling is the most common approach taken to model the impacts of climate
change on marine biogeography and biodiversity (Evans et al., 2015; Koenigstein et al., 2016; Urban,
2019). Their low data requirements allow species’ distribution models to broadly and rapidly inform
climate change policy (Evans et al., 2015). However, the correlative approaches applied in most species’
distribution models are less accurate when projecting into the future under novel climates. This
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uncertainty may be reduced by identifying and modeling the physiological mechanisms that drive changes
in species distributions. Yet, this type of mechanistic modeling has high data requirements that prevent its
widespread application, so hybrid models are being developed based on generalized biological principles
that define how marine ectothermic organisms relate to their environment (Urban, 2019). For example,
previous studies have linked metabolism to temperature and oxygen in order to project changes in growth
and body size (Cheung et al., 2013a; Evans et al., 2015; Koenigstein et al., 2016).
Projecting the future impacts of climate change comes with uncertainty surrounding future
emissions, model structure, and species responses to climate change. Uncertainty in future emissions
can be accounted for by projecting models into the future under different carbon emission scenarios. In
this thesis, I use two climate change scenarios, the high mitigation/low emissions scenario
(Representative Concentration Pathway, RCP 2.6) and the low mitigation/high emissions scenario
(Representative Concentration Pathway, RCP 8.5). In RCP 2.6 radiative forcing reaches 2.6 W/m 2 by end
of the 21st century, while in RCP 8.5 it reaches 8.5 W/m2 (van Vuuren et al., 2011). These climate change
scenarios are used as input for Earth system model runs, allowing for better comparisons across modeled
climate, biological, ecological and socioeconomic impacts. Uncertainty in model structure can be
accounted for through multi-model approaches that represent the range of projections from different
correlative and mechanistic models (Eddy, 2019; Guo et al., 2015). This approach can increase our
confidence in regions where model projections converge (Eddy, 2019; Evans et al., 2015).

1.4

Thesis structure

In this thesis, I assess the effects of climate change on marine fish and invertebrates caught throughout
the Eastern Tropical Pacific Ocean, in order to infer climate-impacts on fisheries. I begin with a correlative
approach to identify the main climate stressors on regional biogeography: warming and deoxygenation.
While the impacts of warming on fish and fisheries have been widely studied, the impacts of
deoxygenation have only been recently recognized (Limburg et al., 2017). This thesis proposes a
framework that can be used to assess the synergistic effects of warming and deoxygenation on living
marine resources. This framework builds on existing knowledge about the biological principals that
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characterize the relationship between temperature, oxygen and the physiology of marine organisms
(Cheung et al., 2013a; Cheung et al., 2011; Pauly, 2010; Pauly & Cheung, 2018). I then applied this
framework to better understand how warming and deoxygenation has impacted marine living resources in
the Eastern Tropical Pacific Ocean. Specifically, this thesis will examine the following hypotheses:
(1) Climate change will drive species in the Eastern Tropical Pacific Ocean to shift towards cooler
waters that are brought up to the surface through upwelling (see Chapter 2);
(2) The impacts of warming and deoxygenation on marine ectothermic organisms can be
modeled using biological principles that relate organisms´ physiology to their environment (see Chapter
3);
(3) Warming drives changes in physiological traits and metabolic indices of commercial pelagic
species in the Eastern Tropical Pacific Ocean (see Chapter 4)
(4) Changing ambient oxygen and temperature contributed to ENSO-driven shifts in the demersal
community along the oxygen minimum zone in the Pacific coast of Costa Rica (see Chapter 5).
In Chapter 2, I examine how changes in temperature, oxygen level and other climatic factors may
affect commercial fish and invertebrate populations in the Eastern Tropical Pacific Ocean (from Mexico to
Peru). I apply a species distribution modeling approach, which is based on the concept of environmental
niche, defined as a set of environmental conditions that would allow a species to exist indefinitely
(Hutchinson, 1957). This approach can help elucidate the complexity of biogeographical responses of
marine species in sub-regional scales even in data-limited areas (Guisan & Thuiller, 2005).
In Chapter 3, I develop a tool that is based on mechanistic understanding of the linkages between
temperature, oxygen and ecophysiology of marine ectotherms to further assess the impacts of warming
and deoxygenation on marine fishes and invertebrates. I develop and examine an index called the
Biogeographically derived Metabolic Index (BDMI). The BDMI is a ratio of oxygen supply to oxygen
demand that aims to provide estimates of habitat viability for marine fishes and invertebrates. In this
approach, oxygen demand is derived from a mathematical model developed by Cheung et al. (2013a),
Cheung et al. (2011) and Pauly (2010). The model is built on the von Bertalanffy´s bioenergetic growth
model (von Bertalanffy, 1957), where growth is represented as a function of anabolism and catabolism.
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Both metabolic processes scale with temperature, while anabolism also depends on oxygen supply.
Anabolic processes are limited by oxygen supply because the body and its demand for oxygen grows in
three dimensions (i.e., as a volume), while the gills that supply oxygen to the body grow as a surface
(Pauly & Cheung, 2018). Catabolism increases at a faster rate than anabolism, until eventually
catabolism equals anabolism and growth stops (Cheung et al., 2013a; Pauly & Cheung, 2018). Here I
assume that a population cannot be sustained if growth is not possible.
In Chapters 4 and 5, I use the BDMI to develop two catch-based indicators: the Biogeographically
derived Metabolic Index of the Catch (BDMC), and Mean Oxygen Demand of the Catch (MODC), to
represent changes in the potential physiological constraints and sensitivity to ocean biogeochemistry for
species in fisheries catches. I apply these indicators to better understand the impacts of warming and
deoxygenation on pelagic fisheries in the Eastern Tropical Pacific Ocean (Chapter 4), and on a demersal
marine community in the oxygen minimum zones margins off the Pacific coast of Costa Rica (Chapter 5).
I expect that as the ocean warms and oxygen minimum zones expand, species with high oxygen
demands will be impacted by oxygen limitation, so their growth, reproduction and abundance will decline,
until eventually they are no longer present in the catch. The BDMC allows us to detect the role of warming
in increasing oxygen demands and of deoxygenation in reducing supply, while the MODC allows us to
detect the resulting decline in abundance or fisheries yields of species with high oxygen demands.
I conclude with a synthesis of the main findings and a discussion of their implications for fisheries
in Chapter 6. Overall, this thesis contributed towards an understanding of how environmental change may
transform marine biogeography in the Eastern Tropical Pacific, using empirical data and model
simulations. The BDMI offers the potential to further understand the impacts of warming and
deoxygenation on marine fisheries in regions without fisheries and oceanographic monitoring programs.

8

Figure 1.2. Four main chapters in this thesis. Chapter 2 includes an exploratory analysis of climate
change impacts on fisheries resources in the Eastern tropical Pacific Ocean. This chapter
revealed the need to expand on our knowledge of the impacts of warming and deoxygenation on
fisheries and marine ecosystems in the region. Chapters 3 through 5 used empirical data to
examine the mechanisms linking warming and deoxygenation with changes in fisheries and
marine ecosystems in the Eastern Tropical Pacific region.
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Chapter 2: Climate change impacts on living marine resources in the Eastern Tropical
Pacific Ocean

2.1

Introduction

Climate change is causing a global redistribution of species as they track their shifting environmental
niches (Jones & Cheung, 2015; Poloczanska et al., 2016). Rapid changes in ocean conditions are
exposing ectotherms to unfavorable conditions (Pauly & Cheung, 2018; Pörtner et al., 2017) that lower
their growth, reproduction and survival rates. These physiological impacts lead to shifts in species’
biomass and distribution (Cheung & Pauly, 2016; Gattuso et al., 2015). The vulnerability of a species to
climate change mainly depends on the scope between current conditions and the species’ physiological
tolerance limits (Pörtner et al., 2017).
Tropical species generally exhibit narrow thermal tolerances relative to temperate species and
therefore, tend to be more sensitive to changes in environmental temperature (Nguyen et al., 2011;
Payne & Smith, 2017; Pörtner et al., 2017). Under the high emissions scenario (RCP 8.5), species
richness in the tropics is projected to decrease by more than 20% by 2050 relative to the 2000s (Jones &
Cheung, 2015). Maximum catch potential (a proxy for maximum sustainable yield) is also projected to
decrease globally by 3.4 million tonnes per degree Celsius of atmospheric warming, with the tropics
bearing most of such impacts (Cheung et al., 2018; Cheung et al., 2010). These climate-driven declines
in the availability of tropical living marine resources have the potential to affect national economies and
food security, especially in developing countries with low adaptive capacity (Allison et al., 2009; Blasiak et
al., 2017; Lam et al., 2020).
Despite the profound impacts that climate change will have on tropical marine ecosystems, most
of the available information is for northern, temperate regions (Lam et al., 2020; Poloczanska et al.,
2016). Given the widespread lack of access to scientific vessels in tropical countries, fishing vessels
represent useful platforms to gain information on species' distributions (Wehrtmann et al., 2012).
Consequently, patterns in species caught by fisheries over time can help us understand regional
biogeographic shifts occurring in response to climate change (Maestri & Duarte, 2020). Within the
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Eastern Tropical Pacific Ocean (Fig.2.1), climate change effects on fisheries have only been documented
for the Gulf of California (Páez-Osuna et al., 2016).

Figure 2.1. Exclusive Economic Zones in the Eastern Tropical Pacific of interest in this study. 1:
Mexico, 2: Guatemala, 3: El Salvador, 4: Nicaragua, 5: Costa Rica, 6: Panama, 7: Colombia, 8:
Ecuador, 9: Galapagos, 10: Peru. The Galapagos EEZ belongs to Ecuador.
However, climate impacts on fishery species may go undetected due to the confounding effects of climate
change, climate variability and overfishing (Hsieh et al., 2006), which are hard to disentangle due to the
absence of long-term fisheries and oceanographic time series (Pauly & Zeller, 2016). Moreover, while
global projections show that, in general, living marine resources will shift pole-wards (Jones & Cheung,
2015; Poloczanska et al., 2013; Pörtner et al., 2017), observations have underscored the variability in
climate change responses across species and space (Lenoir & Svenning, 2015; Morley et al., 2018), with
consequences for fisheries management and conservation actions (Arafeh-Dalmau et al., 2020; Frazão
Santos et al., 2020; Selden & Pinsky, 2019).
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This study aims to examine the sub-regional range shift patterns of key fishery species in the
Eastern Tropical Pacific and the implications of such shifts for key fisheries and regional biogeography. I
hypothesized that climate change would force species to shift towards cooler waters brought up to the
surface through upwelling. I used an ensemble of species distribution models to project the future
geographic distribution of living marine resources across the Eastern Tropical Pacific under two climate
change scenarios. This approach is based on the concept of environmental niche, defined as a set of
environmental conditions that allow a species to persist in time and space (Hutchinson, 1957). Species
distribution models can help elucidate the complexity of biogeographical responses of marine species at
sub-regional scales (Guisan & Thuiller, 2005; Guisan & Zimmermann, 2000) even in data-limited areas
such as the Eastern Tropical Pacific (Hernandez et al., 2006; Wisz et al., 2008). Based on the model
projections, I discuss the potential impacts of climate change on resource availability and regional marine
biogeography.

2.2
2.2.1

Methods
Oceanographic setting of the Eastern Tropical Pacific

The Eastern Tropical Pacific Ocean is defined here as the area between 31 °N and 5 °S, from the
northern Gulf of California to northern Peru, with the East Pacific Barrier to the west and the Central
American isthmus to the east (Fig.2.1). Upwelling systems within the Eastern Tropical Pacific play an
important and complex role in driving the spatial patterns of temperature, primary productivity, pH and
oxygen (Fiedler & Lavín, 2017). As such, the Eastern Tropical Pacific is delineated by the California
Current Eastern Boundary Upwelling System in the north and the Humboldt Current Eastern Boundary
Upwelling System, South Equatorial Current and equatorial upwelling system to the south (Fig. 2.2;
Fiedler & Lavín, 2017). A ‘warm pool’ along Central America separates these cooler regions. This warm
pool has three seasonal upwelling systems (Tehuantepec, Papagayo, Panama) produced by wind jets
across Central America (Fiedler & Lavín, 2017). Oxygen minimum zones are formed below the shallow
thermocline (< 80 m) as a result of the high primary productivity in upwelling systems, strong stratification
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Figure 2.2. Temperature, oxygen, pH, net primary production and salinity) at the ocean surface in
2001-2020 (left most panel) and anomalies by 2041-2060 under RCP 2.6 (middle panel) and RCP 8.5
(right most panel). For current conditions, lower values are depicted in red and higher values in
blue, except for temperature. For anomalies, warmer colors denote declines while cooler colors
indicate positive differences, except temperature, and pH where the largest anomaly = 0.
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and sluggish circulation (Fig. 2.3). The southern Eastern Tropical Pacific is characterized by low salinity
(< 34), while the northern limits are characterized by high salinity (> 34), except for an area off Baja
California with low salinity waters transported by the California Current (Fiedler & Lavín, 2017).

2.2.2

Fisheries of the Eastern Tropical Pacific

Commercial fisheries catch in the region averaged 11 million tonnes per year during 2005-2014,
contributing to approximately 10% of global catches (based on Sea Around Us catch database, Pauly et
al., 2020). Marine fisheries in the Eastern Tropical Pacific are diverse in terms of species caught, gears
used and fleet sizes (Lluch-Cota et al., 2019). This study focused on species caught by four key fisheries
in the Eastern Tropical Pacific: small-scale fisheries, shrimp trawl fisheries, small pelagics and large
pelagics fisheries. Small-scale fisheries generally operate in coastal areas within the continental platform,
using a wide variety of gears to capture a large diversity of species. In contrast, the fisheries for shrimp,
as well as small and large pelagics are predominantly large-scale. Shrimp trawl fisheries mainly target
penaeid, pandalid and solenocerid shrimp species. The small pelagics fisheries mainly operate within the
continental shelf and target engraulids and clupeids. Large pelagic fisheries generally operate in more offshore oceanic waters and target tuna, mahi mahi, swordfish and sharks (Lluch-Cota et al., 2019).

2.2.3

Biotic data

I modelled species caught by the four major fisheries in the Eastern Tropical Pacific, irrespective of the
species’ commercial value. While all fisheries within the region catch a wide variety of species, only a
subset of them are landed and sold. However, I included most species reportedly caught by these
fisheries, since low-valued species may become valuable in the future (Appendix A. 1). Landings records
have a low degree of taxonomic resolution and do not include discards. To obtain an accurate
representation of species caught by fisheries in the region, inclusive of bycatch and discards, I conducted
a thorough scientific literature review that yielded a list of 652 species, comprised of 512 bony fish spp.,
74 elasmobranch species, 47 crustacean species, 16 mollusk species and three echinoderm species.
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Figure 2.3. Oceanographic conditions at the ocean seafloor in 2001-2020 and anomalies by 20412060 under RCP 2.6 and RCP 8.5. Ensembles were created for each variable using the model using
the model outputs for GFDL-ESM-2G, IPSL-CM5-MR, MPI-ESM-MR.
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I compiled species occurrence data for all species on this list (Appendix A. 2; latitude, longitude,
and when available, sampling date) from online databases, museum collections and reports (Centro
Interdisciplinario de Ciencias Marinas, 2002; Facultad de Ciencias Biológicas, 2001; Froese & Pauly,
2019; GBIF, 2017; Gutiérrez García, 2003, 2004, 2006; Instituto de Biología, 2003; Instituto de Ciencias
del Mar y Limnología, 2001a, 2001b; INVEMAR, 2017; IUCN, 2018; Ixquiac, 1998; OBIS, 2017;
Robertson & Allen, 2015; Tapia García, 1997). In addition, data from the following databases were
accessed through the Fishnet2 Portal (www.fishnet2.net, 2017-01-14): Australian Museum, California
Academy of Sciences, Cornell University Museum of Vertebrates, Florida Fish and Wildlife Conservation
Commission, Universidad Nacional Autónoma de México, IBiologia - CNPE/Colección Nacional de Peces;
Los Angeles County Museum of Natural History, UNELLEZ Museo de Zoología, Colección de Peces,
MCZ-Harvard University, Oregon State University, Texas Natural History Science Center - Texas Natural
History Collections, Tulane University Museum of Natural History - Royal D. Suttkus Fish Collection,
University of Arkansas Collections Facility, Yale University Peabody Museum.
I eliminated duplicates, points on land and points outside of the known species' biome from the
compiled species occurrence data set (Froese & Pauly, 2019; Robertson & Allen, 2015). The data was
then gridded into a raster of the global oceans (0.5° of longitude per 0.5° degree of latitude) indicating
historical presence of each species. The 547 species with occurrence records in more than 30 cells were
selected for further analysis (Hernandez et al., 2006).

2.2.4

Abiotic data

I applied Generalized Linear Models (GLM - identity link, Gaussian distribution) to statistically bias-correct
(Kilsby et al., 1998) average annual climatologies for bottom and surface temperature, oxygen, salinity,
pH, surface primary productivity and mixed layer depth for the Eastern Tropical Pacific (Appendix A. 3).
The dependent variables for each GLM were the annual climatology of observed surface and bottom
temperature, salinity, dissolved oxygen concentration (1955–2012) (World Ocean Atlas 2013,
http://www.nodc.noaa.gov/OC5/woa13/), surface chlorophyll-a concentration (1998 to 2012)

16

(http://oceancolor.gsfc.nasa.gov), and mixed layer depth (1998 to 2012) (http://oceancolor.gsfc.nasa.gov).
The independent variables for each GLM were the annual climatology (1970-2000) of modeled surface
and bottom temperature, salinity, dissolved oxygen concentration, surface chlorophyll-a concentration,
and mixed layer depth. Data were obtained from three different commonly used Earth system models
(ESM): Geophysical Fluid Dynamic Laboratory model (GFDL-ESM-2G) (Dunne et al., 2013), the Institut
Pierre Simon Laplace model (IPSL-CM5A-MR) (Dufresne et al., 2013) and the Max Planck Institute for
Meteorology model (MPI-ESM-MR) (Giorgetta et al., 2013). The performance of these ESMs has been
extensively examined and tested for applications to the marine realm (Kwiatkowski et al., 2017; Laufkötter
et al., 2015).
To account for spatial-autocorrelation I also included the interaction between latitude and
longitude as an independent variable in all models. Depth was included as an independent parameter for
models of bottom environmental conditions. I did not bias-correct pH, because time series for observed
pH data do not exist. All environmental parameters were re-gridded and interpolated on to a global 0.5°
longitude x 0.5 latitude raster using the bilinear interpolation method, before the bias-correction (Lam et
al., 2016). I selected the models with the strongest correlation between variables (R 2, Appendix A. 3) and
used them to produce regional annual climatology for each parameter based on outputs for each ESM. I
assumed for the statistical relationships between ESM and observed climatology to hold in the future and,
therefore, used them to project future observed environmental conditions given a set of ESM projections
(annual averages of each environmental parameter for RCP 2.6 and RCP 8.5 from 2001 to 2060).

2.2.5

Species distribution models (SDMs)

The current and future distributions of the 547 focal species were projected using species distribution
models (SDMs). I used a multi-model approach (Jones & Cheung, 2015) to account for the variability
across different Earth system models and SDM outputs and increase the accuracy of the projections
(Guo et al.,2015; Jones & Cheung, 2015). I applied four SDMs to quantify the environmental niche of
each species: Surface Range Envelope (Thuiller et al., 2016), maximum entropy method (Maxent) (Jane
Elith et al., 2011), Generalized Boosting Model (Elith et al., 2008) and Artificial Neural Networks (Lek &
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Guégan, 1999). The input data for each SDM were the species occurrence raster (75% of the original
presence data were used to train the model) and the bias-corrected climatology of the environmental
conditions. I selected variables representing surface water conditions for benthic and demersal species,
and surface water conditions for pelagic or coastal species (Froese & Pauly, 2019; Robertson & Allen,
2015). I defined coastal species as those with common maximum distributions above the mixed layer
depth, and assumed they will be more sensitive to changes in the environment at the surface.I avoided
over-parameterization by selecting the subset of the environmental parameters that resulted in the
highest specialization (narrowness of the niche) and marginality (difference between the niche and the
available environment) values (Appendix A. 4) produced by the Ecological Niche Factor Analysis (ENFA,
(Basille et al., 2008; Calenge, 2006).
For each species, I ran the four SDMs using the three bias-corrected climatologies (GFDL-ESM2G, IPSL-CM5-MR, MPI-ESM-MR), resulting in outputs from a total of 12 models per species. All SDMs
were run with the Biomod2 package in R (Thuiller et al., 2016). Each SDM calculated a Habitat Suitability
Index (HSI) value for each spatial cell in the Eastern Tropical Pacific region, ranging between 0 (not
suitable) and 1 (very suitable).
I evaluated the accuracy of each model using and Area Under the Curve (AUC) analysis of the
Receiver Operating Characteristic (ROC; Appendix A. 5). I used the ROC to compare the fitted HSI with
the species occurrence raster reserved for testing the model fit (25% of the original presences). Models
with an AUC below 0.5 were eliminated, as predictions were no better than random. This analysis was
performed with the pROC package in R (Robin et al., 2011). To be consistent with the approximate time
frame represented by the occurrence records and for the development of the models, I used the average
SDM predictions for 1970 to 2000.
I then projected changes in the geographic distribution of the species’ environmental niche for
each year between 2001 and 2060 under the ‘high emission’ (RCP 8.5) and ‘low emission’ (RCP 2.6)
scenarios. I built an ensemble of model outputs for each species and climate change scenario.
Specifically, for each ESM, I first calculated the average HSI weighted by the AUC values of each species
distribution model, and then averaged HSI values across ESMs, to produce one HSI value per cell. If the
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habitat suitability was higher than the species prevalence (i.e., the fraction of cells in which the species
was present), I considered the species to be present in the cell (Phillips et al., 2009). I averaged
projections over a 20-year timeframe to reduce the effect of inter-annual variability of climatic conditions
on species distributions (Stock et al., 2011).
I calculated indicators of biogeographic shifts for the species assemblages caught by each of the
four fisheries. I present the results for the shrimp trawl fishery separated in target and bycatch species.
These indicators include the shift in geographic and depth centroids, local species loss rates, local
invasion rates, species turnover (Cheung et al., 2009) and change in habitat suitability for 2041-2060
relative to 2001-2020. Centroids were defined as
𝐶=

∑𝑛𝑖=1 𝑋𝑖 ∗ 𝐻𝑆𝐼𝑖
∑𝑛𝑖=1 𝐻𝑆𝐼𝑖

where 𝐶 is a latitudinal, longitudinal or depth centroid, 𝑋𝑖 is latitude, longitude or depth in each cell and
𝐻𝑆𝐼𝑖 is the HSI for the ensemble model in each cell.
Depth shifts were calculated as the difference between the depth centroid in 2041-2060 and the
depth centroid in 2001-2020. Latitudinal and longitudinal shifts were estimated as the shortest distances
between the centroids according to the haversine method, which assumes a spherical earth. Local
invasion and local loss rates were estimated as
𝐿𝐼𝑖,𝑦 =

𝐿𝐿𝑖,𝑦

𝐿𝐼
𝑛𝑖,𝑦
𝑛𝑖 + 1

𝐿𝐿
𝑛𝑖,𝑦
=
𝑛𝑖 + 1

𝐼
𝐸
where n is the number of species per cell at the beginning of the century, and 𝑛𝑖,𝑦
and 𝑛𝑖,𝑦
are the

number of species invading or going extinct in each cell, respectively, by the end of the study's timeframe.
Finally, species turnover is the sum of invasion and extirpation rates.
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2.3
2.3.1

Results
Oceanographic section

The bias-corrected surface-level projections show that anomalies by the mid-21st century are much larger
under RCP 8.5 than RCP 2.6, especially for surface temperature, oxygen and pH. Differences between
RCPs are much lower for seafloor conditions (Fig. 2.2, 2.3). Present (2001-2020) temperatures at depth
remained between 0 and 5 °C throughout most of the region, bordered by warmer waters of 6-10 °C in
the narrow shallow areas along the coastline (Fig.2.3). By the mid-21st century, surface temperatures are
projected to increase by 0.96 °C, on average, relative to the present, under RCP 8.5 scenario, except in
upwelling regions. Surface oxygen follows the same spatial patterns, which is not surprising considering
the negative correlation between temperature and oxygen solubility.
Amongst the 547 species with sufficient data for species distribution modelling, 505 species were
used for further analysis because at least three of the four species distributions models had AUCs above
0.5 (Appendix A. 5). Variability in AUC values was high across SDMs and low across Earth system
models (Appendix A. 5). There was significant overlap between species caught by coastal small-scale
fisheries (371 spp.) and shrimp trawl fisheries (441 spp. of bycatch, 19 spp. of shrimp; Appendix A. 1).
The environmental variables used to model most species distributions were temperature (505 spp.),
oxygen (473 spp.), salinity (358 spp.) and pH (356 spp.) due to their high marginality and specificity
values estimated from Ecological Niche Factor Analysis (Appendix A. 4).

2.3.2

Species shifts

In the northern region (> 15⁰ N), the centroids of species' distributions were projected to shift towards the
northwest at an average rate of 71 km decade-1, while in the northern equatorial region (0⁰ to 15⁰ N) and
the southern Eastern Tropical Pacific (0⁰ to 20⁰ S) species were projected to shift southeast at an average
rate of 59 and 30 km decade-1, respectively (Fig. 2.4). The direction of projected species’ geographic
shifts was similar across fisheries. Demersal species in most countries were found to move towards
shallower waters by an average rate of shifts in depth-centroid of approximately 1 – 13 m decade-1;
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however, there was considerable variability in the direction and magnitude of depth shifts across species
(Fig. 2.5).

Figure 2.4. Direction and distance (km) of geographic shifts undergone by species groups
(classified according to fisheries) by 2041-2060 relative to 2001-2020 under RCP 8.5. L-PEL: large
pelagics; STF: shrimp trawl target fishery; ST-BYC: shrimp trawl bycatch; C-SSF: coastal smallscale fisheries; S-PEL: small pelagics.

Figure 2.5. Mean shifts in depth centroids (average depth weighted by the Habitat Suitability
Index) and associated standard deviation for demersal species by 2041-2060 relative to 2001-2020
under RCP 8.5. Positive changes indicate species are shifting towards shallower waters.
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2.3.3

Habitat suitability

The spatial patterns of changes in habitat suitability by 2041-2060 were similar between RCP 2.6 and
RCP 8.5, although in most cases the magnitude of change was greater for RCP 8.5 (Table 2.1). The
habitat suitability of all species was projected to increase or remain the same by 2041-2060 relative to
present in the northern and southern limits of the study area (northern Mexico, southern Ecuador and
Peru), while it was projected to decrease in southern Mexico, Guatemala, El Salvador, Nicaragua and
northern Costa Rica (Fig. 2.6). Consequently, the habitat suitability for all species combined is projected
to decrease on average in all EEZs except Peru, with the largest declines from Guatemala to Costa Rica
(Table 2.1).
The lowest species turnover rates across all species are also expected in Peru and Mexico
(Table 2.2). Models projected high rates of local loss (as a proportion of species in the cell during
baseline conditions) across all species throughout the study region, except along the northern and
southern limits (Fig. 2.7), and high local invasion rates (as a proportion of species in the cell during
baseline conditions) for Panama, Colombia and Ecuador (Fig. 2.8). Projections of habitat suitability for
species caught by small-scale fisheries indicate declines will be strongest from Guatemala to Nicaragua (16%). In contrast, species habitat suitability was projected to increase in the Galapagos and Peru (Table
2.1; Figure 2.6). Rates of local loss for species caught by small-scale fisheries was projected to be higher
further from the coasts along Costa Rica, Panama, Colombia, Ecuador and Galapagos (Fig. 2.7). The
highest local invasion rates were projected for northern Mexico and throughout Costa Rica, Panama,
Colombia and Galapagos (Fig. 2.8). Projected turnover rates for species caught by small-scale fisheries
were higher than for any other fishery, surpassing 38% between Costa Rica and Galapagos, and
reaching almost 80% in Colombia (Table 2.2).
Projected decreases in habitat suitability for species caught by large pelagic fisheries were
highest between Guatemala and Nicaragua (-20% to -26%) (Table 2.1) and projected turnover rates were
highest between Guatemala and Ecuador (Table 2.2). Most invasions were projected to occur from
Panama to Peru (Fig.2.8), whilst local losses were expected to remain high throughout the study region,
except along the northern and southern limits (Fig. 2.7).
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Table 2.1. Percent change in the habitat suitability projected by 2041-2060 relative to 2001-2020 for species groups caught in the four
main fisheries (large pelagics, small pelagics, shrimp trawl (incl. of bycatch) and small scale) in the Pacific Exclusive Economic Zones
of Mexico to Peru.

Pacific EEZ

All fisheries

Coastal small-scale
fisheries
RCP 2.6
RCP 8.5
-2.67
-4.98

Large-pelagics
fisheries
RCP 2.6
RCP 8.5
-13.74
-14.42

Small-pelagics
fisheries
RCP 2.6
RCP 8.5
-4.55
-10.00

Shrimp-trawl bycatch

Shrimp-trawl fisheries

RCP 2.6
-1.70

RCP 8.5
-4.00

RCP 2.6
9.21

RCP 8.5
8.51

RCP 2.6
-2.39

RCP 8.5
-4.41

Guatemala

-10.18

-13.59

-12.23

-15.85

-18.25

-25.98

-31.24

-40.19

-9.86

-13.18

4.22

4.08

El Salvador

-11.32

-13.45

-13.33

-15.50

-18.16

-24.61

-35.04

-42.13

-11.12

-13.10

0.21

0.94

Nicaragua

-10.46

-13.94

-11.67

-15.97

-12.44

-20.19

-30.45

-45.69

-10.86

-13.86

-1.09

-2.02

Costa Rica

-12.11

-9.04

-13.46

-10.37

-8.77

-8.80

-32.68

-28.20

-12.65

-9.32

0.68

1.31

Panama

-4.62

-7.15

-5.58

-8.51

-2.99

-9.05

-17.64

-29.06

-4.81

-7.21

2.65

1.28

Colombia

-2.42

-6.55

-3.14

-7.47

-1.62

-5.28

-8.03

-20.20

-2.48

-6.77

4.88

0.89

Ecuador

-1.44

-0.89

-1.54

-1.13

1.57

-0.99

-3.52

-4.69

-1.53

-0.73

3.78

5.17

Galapagos

-0.16

1.24

0.41

1.84

1.73

0.99

2.50

3.11

-0.46

1.25

4.35

5.54

Peru

6.01

4.74

5.91

4.48

3.37

3.44

17.42

13.90

6.63

5.15

13.10

13.08

Mexico
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Figure 2.6. Projected change in the habitat suitability of species groups caught in the four main
fisheries (large pelagics, small pelagics, shrimp trawl (incl. of bycatch) and small scale) by 20412060 relative to present (2001-2020) under RCP 8.5. Warm hues in the color ramp denote losses in
habitat suitability while cool hues denote gains.
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Table 2.2. Projected species turnover (%) by 2041-2060 relative to 2001-2020 for species groups caught in the four main fisheries (large
pelagics, small pelagics, shrimp trawl (incl. of bycatch) and small scale) in the Pacific Exclusive Economic Zones from Mexico to Peru.

Pacific EEZ

All fisheries

Coastal small-scale
fisheries
RCP 2.6
RCP 8.5
8.74
16.60

Large-pelagics
fisheries
RCP 2.6
RCP 8.5
4.12
9.59

Small-pelagics
fisheries
RCP 2.6
RCP 8.5
3.06
5.22

RCP 2.6
5.78

RCP 8.5
12.36

Guatemala

17.27

28.19

1.65

2.42

18.82

30.74

0.00

El Salvador

20.06

19.68

3.27

4.06

25.01

24.31

Nicaragua

10.56

11.68

6.22

7.21

14.39

Costa Rica

17.57

32.27

42.97

48.32

Panama

21.64

33.46

41.79

Colombia

22.34

41.12

Ecuador

10.71

Galapagos
Peru

Mexico

Shrimp-trawl bycatch

Shrimp-trawl fisheries

RCP 2.6
7.90

RCP 8.5
15.33

RCP 2.6
3.69

RCP 8.5
5.61

5.67

1.89

2.38

0.54

0.66

3.99

6.52

2.54

3.20

3.05

3.05

18.56

24.24

30.30

5.87

6.77

3.18

5.45

17.48

33.88

8.20

10.14

9.57

27.40

1.20

1.21

57.70

23.51

39.11

10.25

14.21

18.02

27.23

6.08

4.40

57.42

79.47

22.23

46.74

7.19

7.55

15.85

32.78

2.05

3.37

28.89

12.76

38.20

9.48

28.98

5.81

21.00

16.56

45.88

3.53

3.84

5.19

14.88

10.39

38.70

1.82

7.04

5.27

14.83

12.04

38.44

2.79

2.82

4.37

8.69

4.17

9.38

6.87

10.62

3.71

7.04

3.91

11.15

1.54

1.65
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Figure 2.7. Projected local extirpation rate of species groups caught in the four main fisheries
(large pelagics, small pelagics, shrimp trawl (incl. of bycatch) and small scale) between for 20412060 relative to 2001-2020 under RCP 8.5. The extirpation rate represents the number of species
lost from the cell as a proportion of species in that cell during baseline conditions. The larger the
extirpation rate the warmer the color.
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Figure 2.8. Projected local invasion rate of species groups caught in the four main fisheries (large
pelagics, small pelagics, shrimp trawl (incl. of bycatch) and small scale) between for 2041-2060
relative to 2001-2020 under RCP 8.5. The invasion rate represents the number of species gained in
a cell as the proportion of species in that cell during baseline conditions. The larger the invasion
rate the warmer the color.
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Models projected large declines in habitat suitability for species caught by small-pelagic fisheries
from Guatemala to Colombia (Table 2.1), and a 17% increase for Peru (Table 2.1). Species turnover
projections were below 30% (Table 2.2), with the highest local losses expected along the continental
shelf, especially from Costa Rica to Ecuador (Fig. 2.7). Projected invasion rates were also highest for the
continental shelf area (Fig. 2.8).
The habitat suitability of species targeted by the shrimp trawl fishery was projected to increase in
all EEZs except Nicaragua, and particularly in Mexico and Peru (Table 2.1, Fig.2. 6). Local loss rate
projections were low throughout the study region apart from small areas in the Gulf of California (Fig.2. 7).
Shrimp invasion rates were projected to follow a patchy distribution mainly along the coastline of northern
Mexico and southward of Panama (Fig. 2.8). Target species in this fishery also showed the lowest
turnover rates, with projections below 6% for all EEZs (Table 2.2).
In contrast to species targeted by the shrimp trawl fishery, the habitat suitability of species caught
as bycatch was projected to decrease in all EEZs except the Galapagos and Peru, with the highest
impacts estimated for the area between Guatemala and Costa Rica (9% - 13%) (Table 2.1). Patterns of
decreasing habitat suitability and local loss mirrored that of small-scale fisheries, but with higher losses
spanning further south (Fig. 2.6, 2.7). Invasion rates were projected to be much lower than for small-scale
fisheries and were limited to the northern and southern limits of the study area (Fig. 2.8).
Most species in each EEZ were not projected to undergo declines in habitat suitability (Appendix
A. 6). The changes in habitat suitability of species in the southern EEZs of Peru, Galapagos and Ecuador
had narrower frequency distributions showing smaller changes in habitat suitability. In the remaining
EEZs, changes in habitat suitability have skewed distributions, with a small percentage of species
decreasing up to 100%. Habitat suitability was projected to increase for a small number of species.

2.4

Discussion

Our results provide insights into the expected climate change impacts on regional biogeography and
living marine resources in the Eastern Tropical Pacific between now and 2041-2060, a time frame
deemed relevant for climate change to inform fisheries management actions. Results show limited
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divergence in the projected oceanographic conditions and habitat suitability losses between greenhouse
gas emissions scenarios from the present-day to 2041-2060 because of lagged responses of some
oceanic variables from changes in atmospheric greenhouse gas concentrations.
Two general patterns emerge when examining the oceanographic processes responsible for the
distribution of fisheries species: species are shifting towards cooler waters in the northern and southern
margins of the Eastern Tropical Pacific, and towards more oxygenated, shallower waters. Temperature
and oxygen were predicted by these models to be the most important variables shaping the
environmental niche of the study species and therefore, warming and deoxygenation will likely drive the
redistribution of species in the Eastern Tropical Pacific. These patterns may be representative of the
broader response of marine biodiversity to climate change in the region. Such patterns also agree with
expectations from proposed theory explaining the biological responses of marine fishes and invertebrates
to changing temperature and oxygen levels. For example, the “oxygen and capacity limited thermal
tolerance” theory (OCLTT) suggests that temperatures above an organism’s thermal tolerance threshold
results in a smaller aerobic scope for physiological functions, like growth and reproduction (Pörtner et al.,
2017). According to the Gill Oxygen Limitation Theory (GOLT), increase in oxygen uptake to meet higher
metabolic demand for oxygen under ocean warming is limited by the constraints of available area for
gaseous exchange of the gill (Pauly & Cheung, 2018). Thus, fish move to waters with temperatures that
resemble those of their original habitats and satisfy organisms' oxygen needs.

2.4.1

Species shifts

The Humboldt Current and California Current Eastern Boundary Upwelling Systems (produced by
alongshore winds in Peru and northern Mexico) and the Equatorial Upwelling systems (near the equator
produced by the Coriolis force) have a cooling effect along the northern and southern limits of the Eastern
Tropical Pacific (Fiedler & Lavín, 2017). These upwelling systems are separated by the eastern Pacific
warm pool along Central America, resulting in an inverse temperature gradient in the northern
hemisphere (Fiedler & Lavín, 2017). Consequently, between 0⁰ and 15⁰ N species are moving towards
the Equator instead of the poles (Fiedler & Lavín, 2017; Pörtner et al., 2017). As expected, species are
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shifting at a faster rate in tropical areas with weaker latitudinal temperature gradients, where their
preferred temperature has shifted further away. In contrast, the steeper temperature gradient along the
Humboldt Current allows for species to find their preferred temperature within shorter distances
(Robinson et al., 2015).
Species within the Eastern Tropical Pacific shift towards the Equator when waters warm during El
Niño events (Sielfeld et al., 2010), further supporting the projected equator-wards shift of tropical species.
Local losses, population recoveries and range extensions are common responses to El Niño–Southern
Oscillation related inter-annual temperature variability in the Eastern Tropical Pacific (Mora & Robertson,
2005). Reports from as early as 1982 show that tropical shrimp shift southwards towards Peru during El
Niño (Barber & Chavez, 1983). A more recent study identified 100 tropical species in Chilean waters (with
sub-tropical and temperate climatic conditions) during El Niño years (Sielfeld et al., 2010).
In contrast to observed range shifts elsewhere (Dulvy et al., 2008; Poloczanska et al., 2013),
these findings show that species are projected to shift towards shallower instead of deeper waters. This
shoaling of species can be attributed to the expansion of Oxygen Minimum Zones, which drive most
organisms into shallower and more oxygenated waters (Stramma et al., 2012). These shallower waters
are also warmer, which increases the energy required to meet basic metabolic demands and may require
organisms to compensate for temperatures outside their tolerance range (Craig, 2012; Gallo & Levin,
2016). Oxygen minimum zones are known to compress the habitats for both benthic and pelagic species
(Gallo & Levin, 2016). For example, oxygen minimum zones have been shown to compress the habitat of
billfish in the Eastern Pacific Warm Pool (Prince & Goodyear, 2006) and of small pelagics in Peru
(Bertrand et al., 2011). The expansion of oxygen minimum zones was also found to force echinoderms in
the California Current to shoal, while the contraction of oxygen minimum zone during El Niño temporarily
expanded the habitat of demersal fish towards deeper waters in Peru (Arntz et al., 2006; Keller et al.,
2015; Sato et al., 2017).
Decreases in the habitat suitability and local losses of the living marine resources focused on in
this study, mainly occurred across the exclusive economic zones of Central America and Colombia,
coinciding with the warming and expansion of the Eastern Pacific warm pool (Fiedler & Lavín, 2017). High
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invasion rates along the northern limits of the study area (20-30˚N) and south of 10˚N could be caused by
species shifting towards the cooler waters of the upwelling systems. Projections for upwelling systems
under climate change are uncertain as Earth system models do not resolve upwelling processes well
(Lluch-Cota et al., 2019). The potential increase in upwelling intensity in eastern boundary upwelling
systems could affect species’ biogeography. For example, enhanced hypoxia and acidification associated
with upwelling activity could limit the beneficial effects of cooling and higher primary productivities on
habitat suitability (Bakun et al., 2015; Fiedler & Lavín, 2017).

2.4.2

Implications for fisheries and conservation

Our findings highlight the importance of local-scale oceanographic and biological data to elucidate the
multi-dimensional biogeographic shifts on fishery species and their potential impacts on fisheries in the
region. Overall, changes in the habitat suitability and therefore composition of species caught by the four
main fisheries are expected to be most severe along Central America, with substantial variations in the
magnitude of impacts across fisheries.
The results suggest that shrimp-trawl fisheries may benefit from climate change in the Eastern
Tropical Pacific because of the increase in habitat suitability of target species. Shrimp in general may be
less vulnerable to climate change because of their fast population growth rates, high larval dispersal
rates, and low ecological specificity (Hsieh et al., 2006). Yet, it is their fast population growth rates and
short lifespans that make them vulnerable to the strong interannual climate variability characteristic of the
ETP (Arreguín-Sánchez et al., 2015; López-Martı́nez et al., 2003; Sanz et al., 2017). Furthermore, shrimp
throughout the region may be more vulnerable to climate change than models indicate because most
stocks are overfished (Cisneros-Montemayor & Clarke, 2019). Overall, the shrimp-trawl fishery’s
environmental impacts would increase, as it would continue to put additional pressure on shrimp bycatch
species, which are projected to undergo strong declines in habitat suitability. In addition, shrimp are also
targeted by small-scale fisheries, which can account for up to 80% of shrimp catches within a country. As
climate change is projected to heavily impact species caught by small scale fisheries, they may increase
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their shrimp catches. This may further impact the sustainability of shrimp stocks in the region, as the
catches of small-scale fisheries are seldom recorded or managed.
In contrast, small-scale fisheries are at high risk of impacts under climate change, with findings
showing strong declines in habitat suitability and high local losses. However, such risk may be mitigated
by fisheries catching species projected to move into their fishing grounds under climate change and
therefore likely replacing a proportion of foregone catches. For example, despite projected declines in
habitat suitability for species caught by small-scale fisheries in Costa Rica, Panama, Colombia, Ecuador
and Galapagos, their waters will become more suitable for a large number of species currently not caught
by the fisheries. If these species are able to colonize and establish populations in the newly available
habitats, without causing local losses of traditional target species, 'invaders' may help compensate for the
decrease in traditionally targeted species. The flexibility granted by the multi-gear, multi-species approach
of small-scale fisheries may allow them to seize the opportunity of catching these new species on their
fishing grounds (Lluch-Cota et al., 2019). On the other hand, small-scale fishing communities may be
highly vulnerable to climate change impacts because they do not have the vessels to chase stocks on the
move, many of their stocks are already overfished, they are highly dependent on short-term income
(Lluch-Cota et al., 2019) and 'invading' species may not contribute to food security and livelihood
opportunities in the same way. Any impact on the small-scale fishing sector is likely to affect food security
and local economies to a much larger extent than official statistics would indicate, because their catches,
employment and income are significantly under-reported (Pauly & Zeller, 2016). Findings from this study
can help inform stewardship and sustainable fishing practices local communities need to adopt to support
their needs into the future.
Our estimates of climate impacts are based on all the species caught by each fleet, regardless of
economic value. Future studies should provide detailed estimates of projected climate impacts of high
and medium value commercial species. Abundant species where habitat suitability is expected to remain
the same or increase should then be identified as new target species to offset catch losses. Appropriate
processing mechanisms and marketing programs could then be planned in order to support fisheries
adaptation climate change.
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2.4.3

Model robustness and uncertainty

While the regional geographic patterns of projected changes are considered reliable, the specific
magnitude of projected changes is affected by model and scenario uncertainties (Cheung et al., 2016;
Wabnitz et al., 2018). While the multi-model approach accounts for uncertainties associated with future
emissions, species distribution models' and Earth system models' structures, several additional sources
of uncertainty remain (Peterson & Soberón, 2012; Stock et al., 2011). First, the results depend on the
accuracy of the bias-corrected ESM projections (Cheung et al., 2016) and the assumption that the
correlation between the ESMs and the observed climatology will hold in the future. In addition, model
outputs rely on ESMs, which exclude small-scale processes that would allow to better resolve regional
upwelling dynamics and coastal processes. Second, the species distribution modelling approach applied
here focuses on habitat suitability in a single species context. Therefore, the method does not account for
ecosystem effects, such as inter-species dynamics, the ability of invading species to establish themselves
in new habitats, or the possible biodiversity and habitat loss that invading species may cause (Pecl et al.,
2017). Local losses and invasions have the potential to modify ecosystem structure and function
(Marzloff et al., 2016; Pecl et al., 2017). Third, I may have underestimated the declines in habitat
suitability by modeling the realized niches of species rather than populations, for which there is little data
available. The average niche breadth of a species is much wider than that of a population, and therefore,
will be less sensitive to projected changes in environmental conditions. Fourth, several tropical species
are already close to their thermal limits, likely increasing their vulnerability to further warming (Sunday et
al., 2011). Fifth, I do not consider other human stressors that have and will continue to drive impacts on
living marine resources (Galbraith et al., 2017). For example, these models do not account for the
environmental impacts of shrimp-trawl fisheries, nor for the effects of overfishing of large pelagics in the
Eastern Tropical Pacific (Espinoza et al., 2018). Therefore billfish, tunas and other large pelagics are
probably even more vulnerable to climate change than these results indicate. Sixth, the possibility of
genotypical and phenotypical plasticity that determine potential acclimation and rapid evolution of marine
species may reduce their sensitivity to climate change (Calosi et al., 2016). Evidence of evolutionary
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responses of marine fishes and invertebrates to climate change is still limited and is an important area for
further exploration in future studies. Overall, most of these sources of uncertainty (1 to 5) would likely
produce stronger declines in habitat suitability while only one (6) may result in more optimistic projections.
Our findings contribute to the understanding of species responses to the growing threat of climate
change in a complex oceanographic region, in support of efforts to implement management and
conservation actions. This study can help identify which species may need greater protection in the future
and identify areas that would support greater resilience in the face of climate change, such as biodiversity
refuges (Hoffmann et al., 2019; Kujala et al., 2013; McHenry et al., 2019). The identification of areas that
may be particularly vulnerable to climate change may also be used to inform marine spatial planning for
climate adaptation initiatives in the Eastern Tropical Pacific (Peñaherrera-Palma et al., 2018). Thus,
species projections can inform policy decisions and conservation strategies that ensure the protection
and sustainable use of living marine resources (Wilson et al., 2020).
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Chapter 3: A new metabolic index to understand the impacts of ocean warming and
deoxygenation on global marine fisheries resources

3.1

Introduction
Over the past 50 years, ocean warming and changes in water column ventilation have lowered the

global ocean oxygen content by 1-3% and expanded the volume of oxygen-depleted waters (Bindoff et al.,
2019; Breitburg et al., 2018; Schmidtko et al., 2017). Under continued global warming, Earth system models
suggest that these trends will continue, with oxygen losses of 3-4% projected by the end of the 21st century
relative to 2006-2015 (Keeling et al., 2009). At the individual level, ocean warming and deoxygenation affect
the physiological performance of ectothermic, water-breathing marine organisms, such as fishes and
invertebrates, by increasing their metabolic oxygen demand while reducing oxygen supply (Cheung et al.,
2013a; Pauly & Cheung, 2018). Combined, these stressors compress an organism’s aerobic scope (the
difference between maximum and standard metabolic rates), reducing the oxygen available to support
processes beyond maintenance requirements, such as growth, movement and reproduction (Crear et al.,
2020; Hoefnagel & Verberk, 2015; Pörtner et al., 2017; Sokolova, 2013).
The impacts of warming and deoxygenation on marine organisms can lead to profound population
and ecosystem-level changes. As ocean warming increases oxygen demand beyond what can be provided
by oxygen supplies, it may render currently occupied habitats unsuitable (Deutsch et al., 2015, 2020). For
example, Deutsch et al. (2015) found that increasing temperatures will be the main driver of marine hypoxia,
causing species to shift away from the warmer limits of their distributions. These shifting species will then
modify the ecosystem composition, as well as its structure, function and services (Gallo & Levin, 2016).
Deutsch et al. (2015) and Penn et al. (2018) developed a physiologically derived metabolic index
to estimate the impacts of warming and deoxygenation on habitat viability. This metabolic index represents
the relationship between oxygen supply and standard metabolic oxygen demand in ectothermic marine
organisms. Application of the index requires information on experimentally-derived temperature-dependent
oxygen thresholds, which are available only for a few, extremely well documented species (Penn et al.,
2018), limiting the scope for application of this method.
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Here, I present a new metabolic index, hereafter called the Biogeographically derived Metabolic
Index (BDMI), which can be calculated for a broad range of marine fishes and invertebrates using data that
are available from published databases (Table 3.1). The BDMI aims to facilitate research and assessment
of climate-driven warming and deoxygenation impacts on the main global marine fisheries resources. The
BDMI integrates both growth theory and metabolic theory (Cheung et al., 2013a; Pauly, 2010) to create a
theoretical oxygen supply to demand ratio. I validate its use by comparing BDMI estimates with published
values of the physiologically derived metabolic index developed by Deutsch et al. (2015) and Penn et al.
(2018) and discuss model limitations.

3.2

Methods

3.2.1 Biogeographically derived Metabolic index (BDMI)
The BDMI is essentially the ratio of oxygen supply to demand estimated for a species:
𝐵D𝑀𝐼 =

𝑝𝑂2,𝑠𝑢𝑝𝑝𝑙𝑦

⁄𝑝𝑂
(1)
2,𝑑𝑒𝑚𝑎𝑛𝑑

Where pO2 is oxygen partial pressure (in atm), pO2,supply is the ambient oxygen pressure (in atm), and pO2,
demand

is the species’ oxygen demand (in atm) at a maintenance metabolic rate (Cheung et al.,2011; 2013;

Pauly, 2010). I define maintenance metabolic rate according to Pauly and Cheung (2018, page 16) as “the
weight‐specific consumption of oxygen by fish that allows their survival under natural conditions (i.e., in
habitats with prey and predators, and other stressors), or in simulated natural conditions, but not allowing
for somatic growth.” Biomass growth can be expressed as the difference between anabolism and
catabolism (Pauly, 2010). Therefore, the maintenance metabolic rate can also be expressed as the oxygen
demand when anabolism equals catabolism:
𝑑𝑊
𝑑𝑡

= 𝐻𝑊𝑡 𝑑 − 𝑘𝑊𝑡𝑏 (2)

where the first term represents anabolism 𝐻 that scales exponentially with body weight W through a
scaling coefficient d. This coefficient accounts for changes in respiratory efficiency as fish or invertebrate
grow in mass. Mass-specific anabolism 𝐻 generally scales negatively with body size because factors
such as oxygen supply, food availability and temperature limit the rate of anabolic biochemical reactions
(Cheung et al., 2013a). On the other hand, I assume mass-specific catabolism 𝑘 is proportional to body
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mass, with b close to 1. (Pauly, 2010) show that d can vary between 0.5 and 0.95. Here I use a value of
0.7, which results in a conservative estimate of oxygen demand at a maintenance metabolic rate (Pauly &
Cheung, 2018). To examine the sensitivity of the BDMI to d, I also computed the index with a d of 0.9.
The choice of d did not strongly affect BDMI output (Appendix B. 2, Appendix B. 6, Appendix B. 7,
Appendix B. 8, Appendix B. 9).
Based on the von Bertalanffy growth function (VBGF, von Bertalanffy, 1957) and calculated from
equation (2), the coefficient k can be derived from the VBGF coefficient K (i.e., the instantaneous rate of
growth towards the theoretical asymptotic weight (𝑊∞ ) ) at which anabolism equals catabolism, or dW/dt
= 0.

k=K/(1-d)

(3)

In addition, the anabolic coefficient H can be expressed as a function of 𝑊∞ , assuming b =1:
1

𝑊∞ = ( )

𝐻 (1−𝑑)
𝑘

(4a)

𝐻 = 𝑊∞1−𝑑 ∙ 𝑘

(4b)

where 𝑊∞ is the asymptotic weight (in g), estimated from the asymptotic length 𝐿∞ (in cm) and the
species´ length-weight relationship (Froese & Pauly, 2019). The VBGF’s coefficients 𝑊∞ and K have been
calculated for thousands of fishes and invertebrates worldwide and the estimates are publicly available
through online databases: FishBase (www.fishbase.org) and SeaLifeBase (www.sealifebase.org).
I account for the temperature dependence of anabolism and catabolism through the Arrhenius
equation, a method that is commonly used to represent the role of temperature in accelerating the reaction
rates of chemical and biological processes (Clarke & Johnston, 1999). The Arrhenius equation can be
𝐸𝑎

expressed as a rate of reaction 𝑒 −(𝑘𝑏𝑇) , where 𝐸𝑎 is the activation energy (in eV), 𝑘𝑏 is the Boltzmann
constant (8.617333262×10−5 eV K−1 ) and T is temperature (in Kelvin). I also assume that the anabolic term
𝐻 in equations (4) is oxygen dependent, and that oxygen supply is at the threshold level when individual
reaches 𝑊∞ yields:
𝐻 = 𝑔 ∙ [𝑝𝑂2 ] ∙ 𝑒 −𝑗1 /𝑇
𝑔=

1−𝑑 𝑘
𝑊∞

𝑝𝑂2,𝑡ℎ𝑟𝑒𝑠ℎ 𝑒 −𝑗1 /𝑇𝑝𝑟𝑒𝑓

(5)
(6)
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The anabolic coefficient can be re-expressed by combining equations (5) and (6),
𝑊∞ 1−𝑑 𝐾/(1−𝑑)

𝐻=

𝑝𝑂2,𝑡ℎ𝑟𝑒𝑠ℎ 𝑒 −𝑗1 /𝑇𝑝𝑟𝑒𝑓

[𝑝𝑂2 ]𝑒 −

𝑗1⁄
𝑇

(7)

The pre-exponential factor q of the growth equation´s catabolic term is not oxygen dependent:
𝑘 = 𝑞 ∙ 𝑒 −𝑗2/𝑇
𝑞=

𝐾/(1−𝑑)
𝑒 −𝑗2 /𝑇𝑝𝑟𝑒𝑓

(8)
(9)

The catabolic coefficient can be re-expressed by combining equations (8) and (9):
𝑘=

𝐾/(1−𝑑)
𝑒 −𝑗2 /𝑇𝑝𝑟𝑒𝑓

* 𝑒 −𝑗2/𝑇 (10)

Where 𝑗1 and j2 are coefficients calculated by dividing the activation energy by the Boltzmann constant
(kb). I used the estimates of activation energy generated by Cheung et al. (2011) of 0.388 eV and 0.689
eV for anabolism and catabolism, resulting in j1 and j2 of 4500K and 8000K, respectively. Cheung et al.
(2011) obtained these values through a parameterization of the growth equation generalized to model
exploited marine fishes worldwide. Based on a median Q10 (temperature coefficient that represents the
acceleration of the reaction rate with a 10 °C increase in temperature) of 2.4 for fishes across the studies
assessed by Clarke and Johnston (1999), Cheung et al. (2011) estimated the activation energy Ea over a
temperature range of 1-28 °C, which yields a value of ~ 8 for j2 . Next, I estimated j1 based on the ~0.7
slope of the regression between log (K) and log (𝑊∞ ) (Cheung et al., 2011; Pauly, 2010). Variations in the
relationship between K and 𝑊∞ among species reflect the differences in the anabolic and catabolic
coefficients and thus their respiratory and growth efficiency. To examine the sensitivity of the BDMI to this
generalized temperature dependence across all species, I also computed the index using: a) speciesspecific j1 obtained from physiological parameters reported by Penn et al. (2018) b) a species-specific j1
(Penn et al., 2018) and j2 (Cheung et al., 2011; Pauly, 2010).
I assume that each species has an ambient threshold oxygen level (pO2,thresh) below which
oxygen becomes a limiting factor for survival (Pauly & Cheung, 2018). I incorporated the temperature
dependence of this oxygen threshold into the Arrhenius equation (6). I estimated this threshold oxygen
concentration pO2,thresh (in atm) as the 10th percentile of the oxygen concentration across a species´
distribution. I examined the sensitivity of BDMI model output to the selection of pO2,thresh by also
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computing BDMI with pO2,thresh of 1st, 5th, 15th, 20th and 25th percentiles of oxygen concentration across
species´ distributions. I expect demersal species that mainly live below the mixed layer (roughly below
100m) to be more influenced by environmental temperature and oxygen on the ocean bottom, while I
would expect pelagic or shallow water species that mainly live above the mixed layer to be more
influenced by environmental temperature and oxygen at the ocean surface. Therefore, I assumed that the
median sea surface water temperature for pelagic and coastal species and sea bottom water temperature
for demersal species across a species´ distribution reflects the species’ physiologically preferred
temperature (𝑇𝑝𝑟𝑒𝑓 ) (Cheung et al., 2008). Furthermore, the latitudinal range of a species distribution
may encompass temperature and oxygen breadth that replicate conditions across its depth distribution
(Reygondeau, 2019).
Previous studies have demonstrated a strong correlation between biogeographically derived
temperature preferences with those determined by physiological experiments (Pauly, 2010). Therefore, I
assume this approach to estimate species’ temperature preferences provides reasonable approximations
for species with no available experimentally determined temperature preferences. I acknowledge the
uncertainties that variations in the vertical distribution of species across the water column may introduce.
In the future, availability of temperature, oxygen and species distribution data across different depth levels
may allow for the calculation of a three-dimensional BDMI.
Maintenance metabolic oxygen demand (𝑝𝑂2,𝑑𝑒𝑚𝑎𝑛𝑑 ), or the oxygen demand when anabolism
equals catabolism (i.e., dW/dt=0), can be obtained by solving the following equation, which integrates
equations 2, 7 and 10:
𝑊∙

𝐾 ⁄(1−𝑑)
𝑒 −𝑗2 /𝑇𝑝𝑟𝑒𝑓

𝑗2

∙ 𝑒− 𝑇 = 𝑊𝑑 ∙

1−𝑑 𝐾 ⁄(1−𝑑 )
𝑊∞

𝑝𝑂2,𝑡ℎ𝑟𝑒𝑠ℎ 𝑒 −𝑗1 /𝑇𝑝𝑟𝑒𝑓

∙ 𝑝𝑂2,𝑑𝑒𝑚𝑎𝑛𝑑 𝑒 −𝑗1/𝑇 (11)

From it derives, the 𝑝𝑂2,𝑑𝑒𝑚𝑎𝑛𝑑 at a maintenance metabolic rate:
𝑊 1−𝑑 (𝐾 ⁄(1−𝑑)) 𝑒 −𝑗2 /𝑇 𝑝𝑂2,𝑡ℎ𝑟𝑒𝑠ℎ 𝑒 −𝑗1 /𝑇𝑝𝑟𝑒𝑓

𝑝𝑂2,𝑑𝑒𝑚𝑎𝑛𝑑 = (

1−𝑑 (𝐾 ⁄(1−𝑑)) 𝑒 −𝑗1 /𝑇 𝑒 −𝑗2 /𝑇𝑝𝑟𝑒𝑓
𝑊∞

) (12)

The final biogeographically derived metabolic index then can be computed as follows:
𝐵D𝑀𝐼 =

𝑝𝑂2,𝑠𝑢𝑝𝑝𝑙𝑦
⁄ 𝑊 1−𝑑 (𝐾⁄(1−𝑑)) 𝑒 −𝑗2/𝑇 𝑝𝑂2,𝑡ℎ𝑟𝑒𝑠ℎ 𝑒 −𝑗1/𝑇𝑝𝑟𝑒𝑓
(
)
1−𝑑
−𝑗1 /𝑇 −𝑗2 /𝑇𝑝𝑟𝑒𝑓
⁄
𝑊∞

(𝐾 (1−𝑑)) 𝑒

(13)

𝑒
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The input parameters of the BDMI are detailed in Table 3.1.
Table 3.1. Data requirements for the Biogeographically derived Metabolic Index, with the values of
the constants and fixed coefficients, as well as the units for each parameter.

Abbreviation Definition

Species
distribution

T, p02, cO2

Units

At least 10 geographic
locations randomly distributed °
throughout the species range

Ambient temperature and
oxygen

Sources
GBIF https://gbif.org/
OBIS https://obis.org/
FishBase https://fishbase.org
Aquamaps https://www.aquamaps.org/
World Ocean Atlas,
https://nodc.noaa.gov/OC5/woa18/woa18data.html
CMIP5/6 Data Portal

K,
atm,
mol/m3 https://esgf-node.llnl.gov/projects/cmip5/
https://esgf-node.llnl.gov/search/cmip6/

W
d
b
j1
j2
kb
W∞

Average body weight or a
third of the species
asymptotic weight
Metabolic scaling coefficient
Catabolic scaling coefficient
Anabolism activation energy
divided by the Boltzmann
constant
Catabolism activation energy
divided by the Boltzmann
constant
Boltzmann constant
Asymptotic weight, converted
from the L∞ and the lengthweight relationship

g

FishBase https://fishbase.org
SeaLifeBase https://sealifebase.org
Pauly & Cheung (2018), Pauly (2010)
Cheung et al. (2011)

K

Cheung et al. (2011)

K

Cheung et al. (2011)

eV K−1
g

FishBase https://fishbase.org
SeaLifeBase https://sealifebase.org

cm

FishBase https://fishbase.org
SeaLifeBase https://sealifebase.org

L∞

Asymptotic length

LWa

a parameter from the length
weight relationship

FishBase https://fishbase.org
SeaLifeBase https://sealifebase.org

LWb

b parameter from the length
weight relationship

FishBase https://fishbase.org
SeaLifeBase https://sealifebase.org

K

von Bertalanffy K

FishBase https://fishbase.org
SeaLifeBase https://sealifebase.org

3.2.2 Illustrative examples
I calculated average annual BDMI for 1971 – 2100 and three commercially-important species with
substantially different ecology and phylogeny: Sharpsnout seabream (Diplodus puntazzo), Atlantic blue
crab (Callinectes sapidus) and Atlantic cod (Gadus morhua). I selected these species because they fulfill
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the data requirements for the metabolic index. Unfortunately, no commercial fish or invertebrates in the
Eastern Tropical Pacific met the requirements of the metabolic index at the time of the analysis. The
biological and ecological input parameters are described in Table 3.2. We used environmental data from
the ocean surface for Sharpsnout seabream and Atlantic blue crab because they are demersal and benthopelagic species that are commonly distributed at depths shallower than 60 m. Given the coarse resolution
of the environmental data, we assume surface data would better represent the variability within their habitat.
We used environmental data from the ocean bottom for Atlantic cod because it is a demersal species with
common maximum depth distributions between 150 m and 200 m. The asymptotic length (𝐿∞ ), von
Bertalanffy K, and the length-weight relationship were obtained from Fishbase (Froese & Pauly, 2019) and
SealifeBase (Palomares & Pauly, 2020). When more than one value for asymptotic length and von
Bertalankky K were available, we used an average of all available values. While ocean oxygen
observational data is not widely available, I can use World Ocean Atlas and Earth system model outputs to
estimate the oxygen threshold (Table 3.1). For the illustrative examples I used oxygen and potential
temperature data from a simulation of an Earth system model developed at the Geophysical Fluid Dynamic
Laboratory (GFDL ESM2M; Dunne et al., 2013). The simulation has a monthly time step and spans the
historical 1861-2005 period and the 2006-2100 period following the Representative Concentration Pathway
8.5 (RCP8.5) scenario (Burger et al., 2020). I averaged monthly values to produce annual oxygen and
temperature time series. The RCP8.5 scenario represents a high emissions scenario with a radiative forcing
of 8.5 W m-2 in year 2100 (Riahi et al., 2011). The ocean component of the GFDL ESM2M has a nominal
1o horizontal resolution and 50 vertical depth levels. The ocean biogeochemical and ecological component
is version two of the Tracers of Ocean Productivity with Allometric Zooplankton module (TOPAZv2). In
general, the model does well in simulating large-scale temperature and oxygen distributions in the ocean
(e.g. Bopp et al., 2013; Dunne et al., 2013). However, the model tends to overestimate the volume extent
of tropical oxygen minimum zones, a common bias in coarse-resolution global Earth system models (Cabré
et al., 2015).
Based on Henry’s Law, I converted simulated oxygen concentrations (c(O2); unit: mol/m3) into
oxygen partial pressure (p(O2); unit: atm) by dividing the oxygen concentration by the pressure-corrected
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solubility oxygen concentration (s(O2); Garcia & Gordon, 1992; Sarmiento & Gruber, 2006) and using the
python package “seawater” (https://github.com/bjornaa/seawater):

p(O2) = c(O2)/s(O2)

(15)

I divided c(O2) by the pressure-corrected solubility concentration to obtain the partial pressure of oxygen
for any grid cell and depth (Sarmiento & Gruber, 2006). I then calculated the climatological averages of
temperature and oxygen partial pressure for the baseline 1971-2000 period and for the future 2071-2100
period
Table 3.2. Biological and ecological input parameters necessary to estimate the Biogeographically
derived metabolic index (BDMI) for Gadus morhua, Diplodus puntazzo and Callinectes sapidus. I
show the parameter values for the standard application of the BDMI presented in the methods and
results.

Parameter
Habitat
Common
depth range
(m)
Environmental
layer
L∞

Sharpsnout seabream
Atlantic blue crab
Atlantic cod
(Diplodus puntazzo) (Callinectes sapidus) (Gadus morhua)
Bentho-pelagic
Bentho-pelagic
Bentho-pelagic
Normoxic
Normoxic
Normoxic
0 - 60

0 - 35

150 - 200

Surface

Surface

Bottom

62.200

20.000

200.000

K

0.360

0.900

0.180

LWa

0.013

0.128

0.007

LWb

3.030

2.700

3.070

d

0.700

0.700

0.700

j1

4.500

4.500

4.500

j2
Temperature
preference
O2 threshold

8.000

8.000

8.000

19.400

23.730

3.550

0.199

0.200

0.164

under the RCP8.5 scenario. Temperature, oxygen and species occurrence data were re-gridded on a 0.5o
latitude x 0.5o longitude global raster through linear interpolation for further analysis.
To determine the minimum distribution data requirements necessary to produce valid temperature
preference and oxygen threshold estimates, I selected 10 000 random subsamples of temperature and
oxygen data points that ranged between 3 and the maximum number of cells that comprise the species
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distributions. The minimum sample size required to appropriately estimate these parameters was the
breakpoint in the slope between the sample size and the range of parameter estimates, or the point in
which the curve reached an asymptote in data information gain.

3.2.3 Index comparisons
I compare BDMI-derived estimates with previously published physiologically derived metabolic
index values (Penn et al., 2018) and expresses the ratio of oxygen supply to demand for marine fish or
invertebrates as:
𝜙 = 𝐴𝑂

𝑝𝑂2
𝐸
1
1
exp[ 𝑎 ∗( −
)]
𝑘𝐵 𝑇 𝑇𝑟𝑒𝑓

(15)

where 𝐴𝑂 is the inverse of the hypoxic threshold (minimum pO2 necessary to sustain the standard metabolic
rate, in atm-1) and 𝐸𝑎 , the activation energy representing temperature dependence of the oxygen threshold
(in eV).
I used values of 𝐴𝑂 and 𝐸𝑎 provided by Penn et al. (2018). These parameters were generated
through laboratory experiments that measured hypoxic thresholds at a minimum of three different
temperatures. In these studies, the hypoxic threshold was defined as the oxygen level below which the
resting metabolic rate cannot be maintained, causing an increase in anaerobic metabolism or mortality. 𝑝𝑂2
is the ambient oxygen partial pressure (in atm) for each cell in the global raster, 𝑘𝐵 is the Boltzmann
constant, T is the potential temperature in Kelvin for each cell in the global raster and Tref is the reference
temperature, set at 288.15 K (Penn et al., 2018). This method assumes oxygen supply increases with
ambient oxygen partial pressure and respiratory efficiency.
Deutsch et al. (2015) defined the active metabolic demand (Φcrit) as the minimum oxygen supply
necessary for the organism to sustain a population (e.g. growth, reproduction, defense, feeding, migration,
etc.), which tends to be 2-5 times the physiologically derived metabolic index value (Deutsch et al., 2015).
This method assumes that a viable habitat should have a physiologically derived metabolic index value
above Φcrit. I estimated Φcrit as the 10th percentile of the physiologically derived metabolic index values
calculated for a species throughout its distribution.

43

For each of the three selected species, I computed the BDMI and the physiologically derived
metabolic index based on Penn et al. (2018) for baseline (1971-2000) and future (2071-2100) time periods.
I compared absolute values of the metabolic indices, percent change in future metabolic index values
relative to the baseline period, and future habitat loss estimated by each method. I used a linear model to
explore the correlation between absolute values of the BDMI and the physiologically derived metabolic
index for the baseline period. I also used a linear model to explore the correlation between the percent
change in future metabolic index values relative to the baseline period for both methods. To minimize spatial
autocorrelation within the data, I used a randomly selected subsample of 100 grid cells for each linear
model. Finally, I estimated habitat loss as the area within a species' current distribution where future
metabolic index values declined below Φcrit (the 10th percentile of the metabolic index values in the baseline
species distribution range) and compared projections of lost habitat between the two methods. All analyses
were carried out in the R programming environment (R Core Team, 2019).

3.3

Results and discussion

3.3.1 BDMI predictions
The BDMI values for seabream, crab and cod for the baseline time period (1971 – 2000) were 0.79-2.04,
1.20-2.95 and 0.76-2.27 across their distribution range, with estimated Φcrit values of 1.04, 1.28, 1.25
respectively. Using these Φcrit as cutoff thresholds, I predicted that seabream, crab and cod would lose
16.7%, 46.8% and 13.0% of suitable habitat area, respectively, by the end of the 21 st century relative to the
baseline time period (Table 3.3).

3.3.2 Comparison between BDMI and physiologically derived metabolic index
Our computed BDMI and the predicted loss of habitat areas relate closely with the previously published
physiologically derived metabolic index. For all three species, correlations between the BDMI and
physiologically derived metabolic index estimates had an R2 ≥ 0.98 for the baseline 1971-2000 period
(Fig.3.1) and R2 ≥ 0.97 for the percent change by 2071-2100 relative to 1971-2000 (Fig. 3.2). The BDMI
and physiologically derived metabolic index (hereafter referred to as the metabolic index) are so strongly
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Table 3.3. Habitat loss by 2071-2100 relative to 1971-2000 according to the Biogeographically derived Metabolic Index (BDMI) and the
Physiologically derived Metabolic Index. The baseline habitat area in km2, Φcrit, the 10th percentile of the metabolic index values within
the species distribution for 1971-2000, is also indicated for both methods.
Habitat loss (%)
Species

Baseline habitat
area (km2)

Gadus morhua

Φcrit

Biogeographically derived
Metabolic Index

Physiologically derived
Metabolic Index

Biogeographically derived
Metabolic Index

Physiologically derived
Metabolic Index

3687390

-13.01

-12.47

1.25

4.25

Callinectes sapidus

2852165

-46.83

-46.67

1.28

3.16

Diplodus puntazzo

1456658

-16.71

-17.04

1.04

7.54
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Figure 3.1. Relationship between the Biogeographically derived metabolic index and the
physiologically derived metabolic index (Penn et al., 2018) for baseline conditions (1971-2000) for
three species: crab (Callinectes sapidus), seabream (Diplodus puntazzo), and cod (Gadus
morhua). Dots (black) represent a random subsample of 100 cells selected to minimize spatial
autocorrelation. Linear models (red line) are provided for each species. Note different y and xaxes.
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correlated, because they both represent a ratio between oxygen supply and demand. However, differences
in the indices' definitions of oxygen demand explain why both indices deviate slightly from a one-to-one
relationship. For both indices, oxygen supply values represent ambient oxygen, but BDMI uses oxygen
demand at the maintenance metabolic rate, while the metabolic index uses oxygen demand at the resting
metabolic rate. In BDMI, maintenance metabolic oxygen demand supports survival, feeding and movement,
but not growth (Pauly & Cheung, 2018), while the resting metabolic oxygen demand of the metabolic index
occurs at the onset of mortality or anaerobic metabolism (Deutsch et al., 2015). Therefore, the BDMI
theoretically represents a higher threshold for basic oxygen demand, resulting in an offset in the linear
relationship between the two metabolic indices. In addition, the minimum metabolic index value across the
current distributions of the three species, or Φcrit, represents the aerobic scope required to sustain a viable
population. As expected, Φcrit is much lower for the BDMI (1.04 - 1.28) than the metabolic index (3.16 –
7.54; Table 3.3), because the maintenance metabolic oxygen demand used for the BDMI is much closer to
the oxygen needed to sustain a viable population than the resting metabolic oxygen demand used by the
metabolic index.
The relationship between the absolute values of BDMI and the metabolic index output for baseline
conditions was slightly non-linear for crab, but linear for seabream and cod. The non-linearity for crab may
be caused by the difference in growth types between fish and mollusks. Yet, there was a linear relationship
between the change in both metabolic indexes by the end of the 21st century relative to baseline conditions
(Fig. 3.2), and only a very small difference in habitat loss projections of 0.16% in the baseline habitat area
(Table 3.3). Habitat loss projections as a percentage of baseline distribution areas were very similar
between both indices (Table 3.3 and Fig. 3.3), with differences between them ranging from 0.16% for crab
(Table 3.3) to 0.54% for cod (Fig. 3.3). There were small differences in the locations of habitat loss projected
for the seabream and crab, but differences were much larger for cod. This larger difference observed for
cod, may stem from the fact that the original 1° latitude x 1° longitude horizontal ocean resolution of the
Earth system model may be too coarse to accurately capture the temperature and oxygen variations across
the continental shelf regions, leading to error in the temperature preference and oxygen threshold estimates
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of coastal demersal species. Yet, the total area of habitat loss projected for cod was very similar across
both methods, with losses mainly projected along the southern limits of the species' distribution.

Figure 3.2. Linear regressions for the percent change by the end of the century (2071-2100)
relative to the reference period (1971-2000) between the Biogeographically derived metabolic
index and the physiologically derived metabolic index (Penn et al., 2018) for three species: crab
(Callinectes sapidus), seabream (Diplodus puntazzo), and cod (Gadus morhua). Black dots
represent a randomly selected subsample of 100 cells within the global raster.
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Losses in habitat along the warmer limits of a species' distribution range, correspond to areas
where the metabolic index and BDMI are closer to Φcrit. In these areas, warming causes oxygen demand
to increase beyond oxygen supply, reducing the aerobic scope, with impacts on growth, reproduction and
in some cases, survival (Pauly, 2010). Along the warmer edges of a species distribution, where aerobic
scopes are smaller (Halsey et al., 2018), even small increases in temperature can have negative impacts.
The BDMI and the metabolic index provide an understanding of the mechanisms underlying range shifts by
uncovering the combined effects of temperature and oxygen on biogeography (Deutsch et al., 2015;
Poloczanska et al, 2013).

Figure 3.3. Habitat loss by end of the century (2071-2100) relative to the baseline period (19712000) estimated by both indices (red), the Biogeographically derived metabolic index (light blue)
and the physiologically derived metabolic index (green) for crab (Callinectes sapidus), seabream
(Diplodus puntazzo), and cod (Gadus morhua).
3.3.3 Uncertainties
The BDMI is subject to several sources of uncertainty that should be considered when interpreting the
results. Deutsch et al. (2015) found that a warming-induced increase in oxygen demand is the main driver
of higher metabolic index values and greater habitat loss. Yet, the BDMI assumes the same temperature
dependence for all species, excluding an important source of variability. This generalization was necessary
to lower data requirements for the BDMI and allow its application to a broad range of species (Cheung et
al., 2011). Furthermore, the high correlation between the BDMI and the metabolic index indicates this
generalization has little effect on the overall results.
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To understand the effects of using a generalized temperature-dependence parameter on BDMI
results, I calculated the index with species-specific temperature dependence values for the anabolic
constant (Penn et al., 2018, Appendix B. 5) and the fixed temperature dependence for the catabolic
constant (Cheung et al., 2011, Appendix B. 5), as well as with a species-specific temperature dependence
parameter for both the anabolic and the catabolic constants (Pauly, 2010). Based on these sensitivity tests,
I conclude that in the absence of species-specific temperature dependence parameters, the generalized
version of the BDMI is well suited to quantify the effect of warming and deoxygenation on marine organisms
(Appendix B. 1, Appendix B. 6, Appendix B. 7, Appendix B. 9). BDMI output for cod and seabream was
similar across the two alternatives set of temperature-dependence parameter values (Appendix B. 1,
Appendix B. 6, Appendix B. 7, Appendix B. 9). For crab, the BDMI with species-specific anabolic
temperature dependence and a fixed catabolic temperature performed poorly; however, the predicted BDMI
with species-specific anabolic and catabolic parameters, and generalized temperature dependence
parameters relates closely with the metabolic index (Appendix B. 1, Appendix B. 6, Appendix B. 7, Appendix
B. 9). The relationship between the absolute values of BDMI and metabolic index output for baseline
conditions was non-linear for crab, but linear for seabream and cod. The non-linearity for crab was caused
by the stronger species-specific temperature dependence used to compute the metabolic index (Appendix
B. 1). Additional nuance can be added by understanding and modeling how temperature dependence
changes across species or taxonomic groups.
Uncertainty in model output can be addressed by using a model ensemble approach (Frölicher et
al., 2016). Yet, one should carefully consider the biases within the models and how they affect conditions
within the study area. Given the potential impacts of deoxygenation on marine organisms and the
recognized need to improve the global oxygen observation network (Keeling et al., 2009; Levin & Breitburg,
2015), there is hope that oxygen monitoring programs should begin filling this information gap soon
(Moltmann et al., 2019; Pearlman et al., 2019). Access to better and more resolved data would result in
better estimates of dissolved oxygen concentrations in marine habitats and thus improve the accuracy of
the BDMI and its applications. Dissolved oxygen concentration data are more widely available than the
partial pressure of oxygen, therefore, I also calculated the BDMI using dissolved oxygen concentrations.
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Habitat loss projections from the BDMI using dissolved oxygen concentration differed from the metabolic
index by less than 1.18% (Appendix B. 3, Appendix B. 6).
A key assumption in the calculation of BDMI is that the oxygen and temperature data points used
in its derivation should be randomly distributed across the species' distribution. Therefore, it is important to
compare the sample location to the species' distribution to ensure it adequately captures the species'
environmental temperature and oxygen tolerance ranges. Results from the sensitivity analysis show that
minimum sample sizes needed to represent a given species’ biogeography and temperature preferences
vary across species: from 124 data points for oxygen and 75 for temperature for seabream, to 377 oxygen
and 150 temperature data points for cod (Fig. 3.4). Application of this approach is currently underway for a
larger number of species to define the absolute number of critical independent data needed (Clarke et al.,
in prep). The selection of the 10th percentile to determine species oxygen thresholds did not significantly
affect habitat loss projections or correlations with the metabolic index (Appendix B. 8, Appendix B. 9,
Appendix B. 10).
Additional anthropogenic and climatic stressors not represented in BDMI can further limit an
organism´s aerobic scope with impacts on habitat viability (Gallo & Levin, 2016). The aerobic scope can
be limited directly by additional physiological stress (e.g., hyposalinity, lower primary productivity, lower
food availability, ocean acidification), and indirectly by increased magnitudes of warming and
deoxygenation (e.g., eutrophication and loss of coastal vegetation). Changes in primary productivity and
resource availability under climate change may amplify the effect of temperature and oxygen on the
growth of ectothermic marine organisms by causing additional physiological stress. Warming is projected
to reduce primary productivity with impacts on food availability for higher trophic levels (Carozza et al.,
2019). The declining food intake and increasing metabolic costs associated with warming will reduce
growth rates and asymptotic sizes, lower optimal temperatures for growth, and restrict activity to shorter
time periods (Huey & Kingsolver, 2019). Evidence of the impacts hyposalinity and acidification are less
clear cut, while some studies report a synergistic interaction with warming and deoxygenation (Breitburg
et al., 2019; Hassell et al., 2008; Wang et al., 2012), while others show no effect at all (Breitburg et al.,
2019; Cheng et al., 2015; Serafin et al., 2019). Overfishing may further amplify these effects (Free et al.,
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2019). Fisheries eliminate individuals with high performance aerobic scopes that invest more of their
aerobic capacity in growth instead of the skittish behaviors that would allow them to avoid interactions
with fishing gear (Duncan et al., 2019), selecting for smaller body sizes. Fisheries may also reduce
genetic diversity thereby limiting the possible adaptive capacity of organisms to changes in temperature
and oxygen.
BDMI may not always be able to represent the impacts of warming and deoxygenation on species
in the wild because responses can be modified by behavior and species interactions (Kordas et al., 2011;
Spicer, 2014). The different sensitivities of species to warming and deoxygenation will change their
distribution, abundance, physiological performance, activity levels and behaviour in different ways,
modifying species interactions and ecosystem function (Kordas et al., 2011). While BDMI does not have
the ability to model species interactions, it may be used as a driver in ecosystem models to study the
effects of warming and deoxygenation on species interactions and ecosystem structure.

.

In summary, this study describes the derivation of the BDMI and its applications to estimate the

impacts of warming and deoxygenation on water-breathing marine ectotherms that may not meet the data
requirements of the metabolic index (Deutsch et al., 2015). The BDMI can be derived with all necessary
input parameters and data available from open access sources (Table 3.1). Our study supports the broad
applicability and use of BDMI to understand the impacts of ocean warming and deoxygenation on marine
biodiversity and fishery resources.
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Figure 3.4. Range of temperature preferences and oxygen thresholds estimated from 10 000
subsamples randomly selected across a species' distribution, where subsample sizes ranged
from 3 to the maximum number of cells that comprise the species' entire distribution. The black
lines indicate the sample size at which the ranges of temperature preference and oxygen
threshold reach an asymptote. Results presented for crab (Callinectes sapidus), seabream
(Diplodus puntazzo), and cod (Gadus morhua).
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Chapter 4: Impact of warming and deoxygenation on pelagic fisheries of the Eastern
Tropical Pacific

4.1

Introduction
Ocean warming affects the physiological performance of marine fishes and invertebrates, with

cascading effects on body size, abundance and survival (Cheung et al., 2013a; Deutsch et al., 2015).
Metabolic rate (rate of conversion of food to ATP with oxygen as an input), generally scales positively with
temperature, so more oxygen is needed to support aerobic metabolism in warmer waters (Clarke &
Johnston, 1999). Under ocean warming, increases in oxygen demand may surpass the ability of some
fishes to maintain sufficient oxygen supply, even in well-oxygenated pelagic environments (Deutsch et al.,
2015). This may lead to a contraction of the aerobic scope (difference between the standard metabolic
rate and the maximum metabolic rate), forcing trade-offs between vital oxygen demanding physiological
processes that may affect an organism’s growth, reproduction and mortality rate (Baudron et al., 2014;
Pörtner et al., 2017; Sokolova et al., 2013). Impacts at the organism level can have knock-on effects at
the population, community and ecosystem levels (Baudron et al., 2014; Cheung et al., 2013a; Deutsch et
al., 2015).
Ocean warming is changing species composition of fisheries around the world (Cheung et al.,
2013b; Gamito et al., 2015; Martínez-Ortiz et al., 2015). In temperate and sub-tropical regions, the
average temperature preference of species in fisheries catches has increased since the 1970s. In the
tropics, the average temperature preference of species in the catch has also increased but reached a
plateau once only species with high temperature preferences remained (Cheung et al., 2013b). Such
changes in average species temperature preferences have also been reported for non-exploited marine
biological communities (Bates et al., 2014; Bianchi & Morri, 2003; Vergés et al., 2014).
Oxygen limitation may be shaping the relationship between species´ temperature preferences
and ocean warming (Cheung et al., 2013b; Pauly & Cheung, 2018). Acute or short-term warming can
increase metabolic oxygen demand above supply, with impacts on body size and abundance that would
lower the proportion such a species represents within the catch. Species living in warmer waters have
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adapted to the long-term exposure to higher temperature by reducing their standard metabolic rates
(Jutfelt, 2020; Sandblom et al., 2016). In other words, at a reference temperature, the oxygen demand of
a temperate species will be higher than that of a tropical species. Therefore, as warming continues, catch
composition is expected to shift towards a dominance of species with higher thermal tolerances and lower
oxygen demands.
The impacts of warming and oxygen limitation on the physiological performance of marine fishes
and invertebrates can be assessed with a Biogeographically derived metabolic index (BDMI), which is a
ratio of oxygen supply to demand of a species or population (Chapter 3). A relatively high metabolic
demand (low BDMI) indicates a higher sensitivity to warming and deoxygenation than a relatively low
metabolic demand (high BDMI) (Deutsch et al., 2015). Ocean warming and deoxygenation lower BDMI by
increasing oxygen demand and reducing oxygen supply, respectively (Deutsch et al., 2015). An indicator
(Biogeographically derived Metabolic Index of the Catch, BDMC) combining BDMI with fisheries catch
data can help elucidate the impacts of ambient temperature and oxygen on the physiological performance
of species in the catch. A second indicator (Mean Oxygen Demand of the Catch, MODC) combining
species oxygen demand at a reference temperature with fisheries catch data can help elucidate the
impacts of ambient temperature and oxygen on changes in catch composition. We hypothesize that
ocean warming, initially, allows species that are warm adapted (i.e., with lower metabolic oxygen demand
and higher BDMI) to thrive. Thus, we expect the average BDMI of the catch (BDMC) to increase as the
Mean Oxygen Demand of the Catch (MODC) declines. As warming continues, eventually, only warm
adapted species remain in the catch, and will begin to BDMC decline (Fig. 4.1).
In the Eastern Tropical Pacific Ocean, the latitudinal temperature gradient (average annual SST
23.1 °C - 29.3°C) and the large temperature and oxygen anomalies driven by El Niño Southern Oscillation
provide a “natural experiment” to examine the relationship between temperature, oxygen, and the
changes in physiological performance that shape community structure. Commercial pelagic fisheries in
the Eastern Tropical Pacific Ocean may act as bellwethers of the impacts of warming and deoxygenation
on pelagic ecosystems (Woodworth-Jefcoats et al., 2019), as they target many species with high oxygen
demands, such as sardine, tuna and billfish (Bertrand et al., 2011; Mislan et al., 2017; Prince &
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Goodyear, 2006). Furthermore, in the tropics, temperatures and oxygen concentrations are closer to
species’ physiological tolerance limits, so even a small degree of warming could drive species to shift
towards cooler, more oxygenated waters (Breitburg et al., 2018).
In this study, we aim to test the hypothesis that changing ocean temperatures and oxygen levels
are playing an important role in shaping the composition of fisheries catches in the Eastern Tropical
Pacific Ocean. Specifically, analyzing fisheries catch data from eight countries’ exclusive economic zones
(Mexico to Ecuador) between 1970 and 2009, we expect that pelagic fisheries catch will be dominated by
tropical species with low oxygen demands in warmer and/or less oxygenated waters and that temperature
and oxygen thresholds may separate different species assemblages.

4.2

Methods

4.3

Catch data

The geographical domain of this study included the Exclusive Economic Zones (EEZs) of countries
bordering the Eastern Tropical Pacific Ocean from Mexico in the north, to Ecuador in the south. We
present results for Ecuador and Galapagos separately, because of differences in catch composition and
oceanographic conditions. Given the uncertainty in ESM projections for upwelling areas, I exclude Peru
from the analysis.
Our analysis focused on fisheries for small pelagics such as sardines (Sardinops spp.,
Opisthonema spp., Ethmidium spp.), anchovies (Engraulis spp., Cetengraulis spp.) and mackarels
(Acanthocybium spp., Scomber spp., Scomberomorus spp., Euthynnus spp.), and large pelagics such as
tuna (Thunnus spp.), mahi mahi (Coryphaena hippurus), billfish (Istiophorus sp., Makaira sp., Xiphias sp.)
and sharks (Lluch-Cota et al.,2019). We used the reconstructed historical catch time series data from the
Sea Around Us to calculate the catch-based indicators used in this study (Cisneros-Montemayor et al.,
2015; Donadi et al., 2015; Haas et al., 2015; Harper et al., 2014; Lindop, 2015; Lindop et al., 2015; Pauly
et al., 2020; Trujillo et al., 2015; Zeller et al. 2016). The Sea Around Us data is used because it has higher
degree of taxonomic resolution and estimates of potential discards. To minimize the effects of fishing on
the analysis, we only included catch time series from species that were caught for more than 30 years, as
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fisheries commonly expand their number of target species as they deplete traditional target species. In total,
this study included 25 species that contributed to 99% of the total pelagic catch from 1970 to 2009
(Appendix C. 8).

Figure 4.1. A diagram explaining hypothesized trends of mean oxygen demand of the catch
(MODC) and biogeographic-derived metabolic index of the catch (BDMC) in subtropical and
tropical pelagic catches. MODC is a catch-based indicator of average temperature independent
oxygen demand that represent warm adaptation in fish populations. BDMC is a catch-based
indicator of the ratio between oxygen supply and temperature-dependent oxygen demand and
represents warm-adaptation in fish and warming increases in metabolic rate. I hypothesize that in
subtropical areas, MODC declines with warming, as the abundance of species with high oxygen
demands decreases and leads to an increase in BDMC. In tropical areas, MODC is stable because
only tropical species with low oxygen demands remain in the catch, thus BDMC declines with
warming-induced increases in oxygen demand and declining oxygen supply.
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4.3.1

Environmental data
We obtained sea surface temperature from the Centennial in-situ Observation Based Estimates

(COBE) provided by NOAA/OAR/ESRL (https://www.esrl.noaa.gov/psd/) (Ishii et al., 2005). The
temperature time series has a monthly time step from 1891 until present and is interpolated on a global grid
of 1 ° latitude by 1° longitude.
In the absence of time series of oxygen concentration data for each of the studied exclusive
economic zones, we used sea surface oxygen concentration (mol/m3) from ocean model hindcast
simulations. Specifically, hindcast outputs were obtained from three Earth system models included in the
Coupled Models Intercomparison Project Phase 6 (CMIP6): the second generation Earth system model
developed by the Centre National de Recherches Météorologiques, CNRM-ESM2-1 (Séférian et al., 2019),
the Community Earth system model Version 2, CESM2 (Danabasoglu et al., 2020) and the latest version
of the Institut Pierre Simon Laplace climate model, IPSL-CM6A-LR (Boucher et al., 2020). The hindcast
simulation is 62-year long (744 months), from 1948 to 2009 (Griffies et al., 2016; Orr et al., 2017). All data
were re-gridded on a °1 latitude x °1 longitude map of the ocean.
For each EEZ, we estimated the annual average sea surface temperature and oxygen time series
from 1970 to 2009. We produced global 1971-2000 climatologies of sea surface temperature and sea
surface oxygen to estimate species temperature preferences and oxygen thresholds.

4.3.2

Mean Oxygen Demand of the Catch (MODC) and the Biogeographically derived metabolic

index for the Catch (BDMC).
To calculate BDMC and MODC, we first computed the theoretical oxygen level required by an
individual to support its maintenance metabolic rate (Chapter 3):
𝑂2,𝑑𝑒𝑚𝑎𝑛𝑑 = (

𝑊 1−𝑑 (𝐾 ⁄(1−𝑑)) 𝑒 −𝑗2 /𝑇 𝑂2,𝑡ℎ𝑟𝑒𝑠ℎ 𝑒 −𝑗1 /𝑇𝑝𝑟𝑒𝑓
1−𝑑 (𝐾 ⁄(1−𝑑)) 𝑒 −𝑗1 /𝑇 𝑒 −𝑗2 /𝑇𝑝𝑟𝑒𝑓
𝑊∞

) (1)

where W is average body weight (in g) and 𝑊∞ is the asymptotic weight (in g), estimated from the
asymptotic length 𝐿∞ (in cm) and the species´ length-weight relationship (Froese & Pauly, 2019), while K
is the von Bertalanffy K (Froese & Pauly, 2019). d is an anabolic scaling coefficient with a value of 0.7
(Pauly & Cheung, 2018). An abbreviated form of the Arrhenius equation (Clarke & Johnston, 1999)
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𝑒 −𝑗1 /𝑇 and 𝑒 −𝑗2/𝑇 is included in (1) to account for the temperature-dependence of anabolism and catabolism.
Parameters j1 and j2 are the activation energies (0.388 eV and 0.689 eV; Cheung et al., 2011) divided by
the Boltzmann constant, resulting in a j1 and j2 of 4500K and 8000K, respectively (Cheung et al., 2011). T
is the temperature in Kelvin and 𝑂2,𝑠𝑢𝑝𝑝𝑙𝑦 is the ambient sea surface dissolved oxygen concentration in
mol/m3. The species-specific oxygen threshold concentration (O2,thresh, expressed in mol/m3) is the 10th
percentile of the sea surface oxygen concentrations across its distribution. 𝑇𝑝𝑟𝑒𝑓 is the species temperature
preference (in Kelvin), expressed as the median sea surface temperature across the species’ distribution
(Cheung et al., 2013a; Cheung et al., 2008).
The Biogeographically derived metabolic index (BDMI) is the ratio of oxygen supply to demand:
𝐵D𝑀𝐼 =

𝑂2,𝑠𝑢𝑝𝑝𝑙𝑦

⁄𝑂
2,𝑑𝑒𝑚𝑎𝑛𝑑

(2)

Where 𝑂2,𝑠𝑢𝑝𝑝𝑙𝑦 is the average annual dissolved oxygen concentration in each EEZ (in mol/m3) and
𝑂2,𝑑𝑒𝑚𝑎𝑛𝑑 is the species’ oxygen demand (in mol/m3) computed in equation 1.
We then calculated a Biogeochemically-derived metabolic index of the Catch (BDMC) based on
the community-averaged BDMI (from equation 2) weighted by the catch:
𝐵𝐷𝑀𝐶𝑦𝑟 =

∑𝑛
𝑖 𝐵𝐷𝑀𝐼𝑖,𝑇 𝐶𝑎𝑡𝑐ℎ𝑖,𝑦𝑟
∑𝑛
𝑖 𝐶𝑎𝑡𝑐ℎ𝑖,𝑦𝑟

(3)

where 𝐶𝑎𝑡𝑐ℎ𝑖,𝑠 is the weight of the catch of species i in each EEZ, 𝐵𝐷𝑀𝐼𝑖,𝑇 is the oxygen demand of species

i at sea water temperature T and n is the total number of species.
We also calculated a Mean Oxygen Demand of the Catch (MODC) that represented the average
oxygen demand (O2 demand) from equation (1) weighted by the annual catch of species i:
𝑀𝑂𝐷𝐶𝑦𝑟 =

∑𝑛
𝑖 𝑂2,𝑑𝑒𝑚𝑎𝑛𝑑 𝑖,𝑇𝑟𝑒𝑓 ∙𝐶𝑎𝑡𝑐ℎ𝑖,𝑦𝑟
∑𝑛
𝑖 𝐶𝑎𝑡𝑐ℎ𝑖,𝑦𝑟

(4)

where 𝐶𝑎𝑡𝑐ℎ𝑖,𝑦𝑟 is the catch of a species i in each EEZ, 𝑂2, 𝑑𝑒𝑚𝑎𝑛𝑑𝑖,𝑇 is the oxygen demand of species i
at a reference sea water temperature, Tref as represented by the average sea surface temperature in the
study region over 1970-2009.
Finally, the Mean Temperature of the Catch (MTC) was the community-averaged temperature
preference weighted by the catch (Cheung et al., 2013a):
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𝑀𝑇𝐶𝑦𝑟 =

∑𝑛
𝑖 𝑇𝑝𝑟𝑒𝑓𝑖 ∙𝐶𝑎𝑡𝑐ℎ𝑖,𝑦𝑟
∑𝑛
𝑖 𝐶𝑎𝑡𝑐ℎ𝑖,𝑦𝑟

(5)

where 𝐶𝑎𝑡𝑐ℎ𝑖,𝑦𝑟 is the catch of a species i in each EEZ, 𝑇𝑝𝑟𝑒𝑓 is the temperature preference of species i.
We computed the annual BDMC, MODC and MTC for each exclusive economic zone from 1970 to 2009.

4.3.3

Spatial trends

A visual inspection of the data revealed a non-linear relationship between temperature and both BDMC and
MODC. Therefore, we applied segmented regressions to understand the relationship between the two
environmental variables (temperature and oxygen) with BDMC and MODC, using the package ‘segmented’
in R (Muggeo, 2003, 2017). Segmented regressions may be useful to identify the threshold below which
physiological performance begins to decline, and the threshold that separates temperate and subtropical
communities from tropical communities. Given the uncertainties inherent in the limited amount of data
analyzed in this study, future studies should examine different fisheries dependent and independent data
from different location to further explore the generality of thresholds.
4.3.4

Temporal trends

The annual rates of warming and deoxygenation in each EEZ were estimated as the slope of linear
regressions between decade and temperature, as well as year and oxygen. We estimated the correlation
between MODC, BDMC, MTC, temperature, oxygen level, and the Oceanic Niño Index (ONI,
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php). ONI is the threemonth running mean of sea surface temperature anomalies in the 3.4 Niño region (5N-5S, 170W-120W).
Values above 0.5 indicate an EL Niño, while values below -0.5 indicate a La Niña.
We applied wavelet coherency analysis to detect any transient linear correlations between BDMC
and MODC with El Niño Southern Oscillation (ENSO) time series (Gouhier et al., 2019). Firstly, we averaged
the BDMC and MODC time series across ESM to obtain an ensemble model for each indicator, then
standardized each time series by applying a Continuous Wavelet Transform function. Specifically, we
applied the Morlett wavelet function, which is commonly applied to analyze ecological data. The Morlett
function is a continuous wavelet from which we can extract time-dependent amplitude and frequency,
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represented in Appendix C.6, Appendix C.7. We performed a cluster analysis based on the dissimilarities
among the wavelet cross-coherency between BDMI and ONI, as well as between MODC and ONI with a
maximum correlation analysis. All wavelet analyses were performed with the wavelet library developed by
(Gouhier et al., 2019).

4.4
4.4.1

Results
Spatial trends

Between 1970 and 2009, sea surface temperatures and sea surface oxygen were negatively correlated (R 2
> 0.8). Average annual temperature and oxygen concentration ranged between 23.1 - 29.3°C and 0.20 0.22 mol/m3, respectively (Fig. 4.2). The northern and southern most exclusive economic zones of the
Eastern Tropical Pacific Ocean (Mexico and Ecuador) had the lowest temperatures and highest dissolved
oxygen concentrations. From Guatemala to Colombia (north to south), temperature declined, and oxygen
concentrations increased (Fig. 4.2).
MODC declined with temperature until a threshold of 25.18 °C - 25.21°C, after which it stabilized
and remained low (Fig. 4.3, Table 4.1). On the other hand, BDMC increased with temperature until 25.18°C
- 25.35°C, after which it declined (Fig. 4.3, Table 4.2). MODC increased with oxygen until it reached a
threshold of 0.210-0.213 mol/m3, and then plateaued (Fig. 4.3, Table 4.1), while BDMC increased until
0.211-0.214 mol/m3, and then declined (Fig. 4.3, Table 4.2). Temperatures were much cooler than the
threshold in Mexico, very close to the threshold in Ecuador and Galapagos, and much warmer in the
remaining EEZ (Fig. 4.3). Oxygen concentrations were higher than the threshold in Mexico and Ecuador,
very similar to the threshold in Galapagos, Colombia and Panama, and much lower in the remaining EEZ
(Fig. 4.3).

4.4.2

Temporal trends

The rate of warming and deoxygenation were negatively correlated (R2 = 0.68). The slope between
temperature and year ranged from 0.008 to 0.014 year

-1 (Appendix

C. 2), while the slope between oxygen

and year ranged from -5.17x10-5 to -2.11 x10-5 year -1 for CESM, -4.7 x10-5 to 2.43 x10-5 year -1 for CNRM,
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Figure 4.2. Average sea surface temperature (°C) and sea surface oxygen concentration (mol/m 3)
(left panel) and their rate of change (right panel) in exclusive economic zones of the Eastern
Tropical Pacific Ocean from 1970 to 2009 based on Centennial in-situ Observation Based
Estimates sea surface temperature measurements and hindcast model outputs for oxygen
concentration from three Earth system models: A) CESM2, B) CNRM-ESM2-1 , C) IPSL-CM6A-LR .
The rate of change of sea surface temperature and sea surface oxygen from 1970 to 2009 is also
shown for D) CESM2, E) CNRM-ESM2-1, F) IPSL-CM6A-LR. Temperature and oxygen data are
categorized according to the values below the 33rd percentile, between the 33rd and the 67th
percentile and above the 67th percentile.
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Figure 4.3. Segmented regressions between A) sea surface temperature (°C) and the Mean Oxygen
Demand of the Catch (MODC); B) sea surface temperature (°C) and the mean Biogeographically
derived metabolic index of the catch (BDMC); C) sea surface oxygen (mol/m3) and MODC; D) sea
surface oxygen (mol/m3) and BDMC. Results based on different oxygen outputs, CESM2 in red,
CNRM-ESM2-1 in blue and IPSL-CM6A-LR in purple. Squares represent average MODC and BDMC
values between 1970 and 2009 in each Exclusive Economic Zone: (ME) Mexico, (GU) Guatemala,
(ES) El Salvador, (NI) Nicaragua, (CR) Costa Rica, (PA) Panama, (CO) Colombia, (EC), Ecuador,
(GA) Galapagos.
and -4.95 x10-5 to 2.59x10-5 year

-1

for IPSL (Appendix C. 3). Oxygen trends were similar for CNRM and

IPSL outputs and were found to increase over the reference time period in Guatemala, El Salvador,
Nicaragua and Ecuador, and to decline in the remaining EEZs. According to CESM model outputs,
deoxygenation occurred in all EEZ, with the lowest rates of deoxygenation recorded for Galapagos and
Ecuador, and the highest for Mexico, Panama and Colombia (Fig. 4.2).
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Table 4.1. Segmented regression analyses between sea surface oxygen concentration (mol/m 3) and Mean Oxygen Demand of the Catch
(MODC) as well as between sea surface temperature and MODC of pelagic fisheries in the Eastern Tropical Pacific (from Mexico to
Ecuador) from 1970 to 2009. Segmented regression analyses were conducted for each set of Earth system model (ESM) outputs used to
compute MODC.
ESM

R2 Breakpoint

CESM2

0.6

CNRM-ESM2-1

IPSL-CM6A-LR

CESM2

CNRM-ESM2-1

IPSL-CM6A-LR

0.4

0.37

0.57

0.58

0.57

Std. error Parameter

0.213 mol/m3

0.211

0.21

mol/m3

mol/m3

25.21 °C

25.18 °C

25.21 °C

0.000 Intercept

Estimate

Std.error

t-value

p-value

0.350

0.052

6.74

<0.001

Oxygen

-0.944

0.248

-3.81

<0.001

Difference in slopes coefficient

6.637

0.457

14.52

<0.001

0.202

0.081

2.50

0.013

Oxygen

-0.238

0.386

-0.62

0.537

Difference in slopes coefficient

2.856

0.441

6.47

<0.001

0.212

0.067

3.19

0.002

Oxygen

-0.293

0.321

-0.91

0.363

Difference in slopes coefficient

3.111

0.491

6.34

<0.001

0.728

0.046

16.01

<0.001

Temperature

-0.023

0.002

-12.29

<0.001

Difference in slopes coefficient

0.023

0.002

12.06

<0.001

0.727

0.045

16.22

<0.001

Temperature

-0.023

0.002

-12.46

<0.001

Difference in slopes coefficient

0.023

0.002

12.15

<0.001

0.716

0.044

16.20

<0.001

Temperature

-0.023

0.002

-12.41

<0.001

Difference in slopes coefficient

0.023

0.002

12.15

<0.001

0.001 Intercept

0.001 Intercept

0.099 Intercept

0.096 Intercept

0.098 Intercept
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Table 4.2. Segmented regression analysis between sea surface oxygen (mol/m3) and mean
Biogeographically derived Metabolic Index of the Catch (BDMC) as well as between sea surface
temperature and BDMC of pelagic fisheries in the Eastern Tropical Pacific Ocean (from Mexico to
Ecuador) from 1970 to 2009. Segmented regressions were conducted for each set of Earth system
model (ESM) outputs used to compute BDMC.
ESM

R2

Breakpoint Std. error Parameter

CESM2

0.6 0.214 mol/m3

CNRM-ESM2-1 0.3 0.211 mol/m3

IPSL-CM6A-LR 0.5 0.213 mol/m3

CESM2

0.6

CNRM-ESM2-1 0.6

IPSL-CM6A-LR 0.6

25.35 °C

25.32 °C

25.18 °C

0.000 Intercept

Estimate Std.error t-value p-value
-5.009

0.363 -13.81 <0.001

Oxygen

30.154

1.730

Difference in slopes coefficient

-55.253

4.560 -12.12 <0.001

0.001 Intercept

17.43 <0.001

-3.527

0.741

-4.76 <0.001

Oxygen

23.112

3.548

6.51 <0.001

Difference in slopes coefficient

-15.310

3.903

-3.92 0.0170

-3.005

0.411

-7.31 <0.001

Oxygen

20.751

1.985

10.45 <0.001

Difference in slopes coefficient

-21.292

4.782

-4.45 <0.001

0.845

0.334

-2.53

Temperature

0.092

0.014

6.74 <0.001

Difference in slopes coefficient

-0.168

0.015 -11.47 <0.001

-0.713

0.327

-2.18

Temperature

0.087

0.013

6.49 <0.001

Difference in slopes coefficient

-0.159

0.014 -11.13 <0.001

-1.171

0.362

-3.23 <0.001

Temperature

0.106

0.015

7.13 <0.001

Difference in slopes coefficient

-0.181

0.016 -11.62 <0.001

0.001 Intercept

0.110 Intercept

0.120 Intercept

0.000 Intercept

0.012

0.030

There was a high degree of interannual variability in all the BDMC and MODC time series. Average
BDMC values were highest in Ecuador and Galapagos (Appendix C.4). BDMC followed an increasing trend
through time in Ecuador and was consistently high in the Galapagos. Although BDMC was also high in
Mexico during the 1970s, it declined until the 1980s, when it reached levels similar to Guatemala through
Costa Rica, increased thereafter before declining again between 2005 and 2010. While BDMC in
Guatemala increased throughout the time series, BDMC in El Salvador, Nicaragua and Costa Rica declined
slightly. BDMC in Panama and Colombia was higher on average, through the time series, but with no longterm trend. MODC was highest in Mexico, where it increased until the 1980s, and declined thereafter
(Appendix C.5). While MODC in Guatemala also followed a declining trend, MODC, on average, had much
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lower values. MODC in El Salvador, Nicaragua, Costa Rica, Panama, Columbia and Galapagos remained
consistently low through time, only with MODC in Panama, Colombia and Galapagos registering slightly
lower values. Except for Mexico, MODC was highest in Ecuador, increasing slightly until 1990, after which
it declined abruptly, increased sharply in 2000 and declining thereafter, although with considerable
interannual variability. Year was not correlated with temperature nor oxygen, indicating long-term warming
and deoxygenation trends were weak relative to the interannual variability produced by ENSO. BDMC and
Oceanic Nino Index (ONI) were negatively correlated, as higher ONI values indicate warmer waters (Fig.
4.4). MODC and BDMC co-vary negatively with temperature and positively with oxygen (Fig. 4.4).
MODC and BDMC were negatively correlated in all eight EEZs; however, the slope of the
regression between these indicators was much steeper for some EEZ than for others (Table. 4.3). In
Mexico, Guatemala, El Salvador, Nicaragua, Costa Rica and Ecuador, where the relationship was steeper,
larger declines in BDMC were required to produce a decline in MODC. In other words, larger losses in
physiological performance were required to produce a shift in species composition, making catch
composition more stable. In Panama, Colombia, and Galápagos, a smaller decline in physiological
performance was required to produce a shift in species composition. In these EEZ, the slope was weaker,
as smaller declines in BDMC were required to change MODC (Table 4.3).

Country

Slope

R-squared

p-value

Mexico

-1.012

0.806

<0.001

Guatemala

-0.718

0.639

<0.001

El Salvador

-0.5405

0.457

<0.001

Nicaragua

-0.754

0.432

<0.001

Costa Rica

-0.498

0.361

<0.001

Panama

-0.227

0.036

0.125

Colombia

-0.261

0.038

0.118

Ecuador

-0.736

0.556

<0.001

Galapagos

-0.402

0.099

0.027

Table 4.3. Linear regression analyses between the normalized Mean Oxygen Demand of the Catch
(MODC) and the mean Biogeographically derived Metabolic Index of the Catch (BDMC) of pelagic
fisheries in the Eastern Tropical Pacific Ocean from 1970 to 2009.
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Year

ONI

Temperature

Oxygen

BDMC

MODC

MTC

0.1

0.0

0.6

-0.5

0.3

-1.0

MODC

-0.1

0.0

-0.6

0.6

-0.3

BDMC

0.0

-0.2

-0.6

0.6

Oxygen

-0.1

-0.2

-0.9

Temperature

0.1

0.2

ONI

0.0

MTC

A) CESM2

Year

-1.0
-0.3

0.3

0.6

0.6

-0.5

-0.9

-0.6

-0.6

0.6

0.2

-0.2

-0.2

0.0

0.0

0.0

0.1

-0.1

0.0

-0.1

0.1

-1.0

B) CNRM-ESM2-1
MTC

0.1

0.0

0.6

-0.5

0.3

MODC

-0.1

0.0

-0.6

0.6

-0.2

BDMC

0.0

-0.3

-0.6

0.5

Oxygen

-0.1

-0.3

-0.8

Temperature

0.1

0.2

ONI

0.0

Year

-1.0
-0.2

0.3

0.5

0.6

-0.5

-0.8

-0.6

-0.6

0.6

0.2

-0.3

-0.3

0.0

0.0

0.0

0.1

0.0

0.0

-0.1

0.1

-1.0

C) IPSL-CM6A-LR
MTC

0.1

0.0

0.6

-0.5

0.3

MODC

-0.1

0.0

-0.6

0.6

-0.3

BDMC

0.0

-0.2

-0.6

0.6

Oxygen

-0.1

-0.2

-0.9

Temperature

0.1

0.2

ONI

0.0

Year

0.0

-1.0
-0.3

0.3

0.6

0.6

-0.5

-0.9

-0.6

-0.6

0.6

0.2

-0.2

-0.2

0.0

0.0

0.1

-0.1

0.0

-0.1

0.1

Figure 4.4. Correlation between the Mean Temperature of the Catch (MTC), the Mean Oxygen
Demand of the Catch (MODC), the Biogeographically derived Metabolic Index (BDMC), sea surface
oxygen (mol/m3), sea surface temperature (°C), Oceanic Niño Index (ONI) and year. Correlation
analyses were conducted based on oxygen hindcast outputs from the Earth system models: A)
CESM2, B) CNRM-ESM2-1, C) IPSL-CM6A-LR. Significant correlations were underlined (p<0.05).
Correlation coefficients (R) are displayed inside every cell. Red indicates negative correlations
and blue indicate positive correlations. The color scale represents the strength of the correlation,
with dark tones representing R values closer to 1 or -1, and light tones representing values closer
to 0.1 or -0.1.
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Figure 4.5. Standardized time series of the Mean Oxygen Demand of the Catch (MODC) and Mean
Biogeographically derived Metabolic Index of the Catch (BDMC) of pelagic fisheries in the
exclusive economic zones in the Eastern Tropical Pacific Ocean. Standardized Oceanic Niño
Index is also plotted. The dashed line is a reference point at 0.

68

The coherence between ENSO and BDMC time series was strong and consistent throughout the study
period (Appendix C. 7), while the coherence between ENSO and MODC time series was episodic (Appendix
C. 6). The warming and cooling produced by different ENSO phases always caused changes in BDMC but
did not consistently cause changes in catch composition (MODC). In fact, the relationship between BDMC
and MODC shifted between positive and negative, as MODC and BDMC responded differently to changes
in temperature and oxygen (Figure 4.5). The coherence between BDMC and ENSO was very strong and
similar across EEZs from El Salvador through Colombia and Galápagos (Appendix C. 7).

4.5

Discussion
Our study sought to test the hypothesis that the sensitivity of species’ physiological performance

to changing ocean temperatures and oxygen levels plays an important role in shaping the composition of
fisheries catches in eight EEZs across the Eastern Tropical Pacific Ocean. To that end we applied two
indices, Mean Oxygen Demand of the Catch (MODC) and Biogeographically derived metabolic index of
the Catch (BDMC), and show that the constraints of warming on species´ physiological performance,
through its relationship with oxygen demand and supply, does indeed shape pelagic catch composition
across the region. While BDMC is an indicator of average species physiological performance in the catch,
MODC is an indicator of average species oxygen demand at a reference temperature, which generally
declines with temperature, allowing us to detect the effect of shifting species on average oxygen
demands in the catch. In EEZs with on average cooler water, impacts of warming on physiological
performance began excluding species with high oxygen demand from the catch (for example, Trachurus
murphyi, Sarda chilensis, Thunnus alalonga), causing declines in MODC. In the warm waters of tropical
EEZs, biological communities were already dominated by species with low oxygen demand (for example,
Euthynnus linneatus, Thunnus orientalis, Acanthocybium solandri, Dosidicus gigas). These results
support the hypothesis that warming-induced impacts on physiological performance have led to an
increasing dominance of species with low oxygen demand in the catch (Cheung et al., 2013a).
Importantly, we were able to determine clear temperature and oxygen thresholds that separate different
species compositions and physiological responses to warming and deoxygenation. When temperature
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was above the threshold (25.18-25.21 °C), species with low oxygen demand dominated the catch, and
the average species physiological performance (BDMC) declined due to a narrowing gap between
oxygen demand and supply. As warming continues, it is possible that more species will be excluded from
the catch due to oxygen limitation.
Patterns in MODC and BDMC were mainly driven by the regional temperature gradient.
Temperatures in Mexico and Ecuador are, on average, cooler than the threshold, as a result of the California
Current and equatorial upwelling systems bringing colder nutrient rich waters to the surface, while
temperatures in Central American EEZs were warmer than the threshold (Fiedler & Lavín, 2017). The
oxygen and temperature thresholds we detected here may represent critical tipping points – where a small
change could push a system into abrupt or irreversible change (Griffiths et al., 2013). These tipping points
are indicative of profound shifts in ecosystem functions with important consequences for human use and
the long-term delivery of ecosystem services. Such tipping points are typically hard to identify, yet if known
can help shape monitoring and management programmes that support the sustainable management of
marine resources. In Galapagos, Panama and Colombia, where oxygen concentrations were near the
threshold, fisheries catch composition is highly variable. Consequently, pelagic fisheries in these EEZs may
respond faster to short-term temperature variations such as marine heatwaves caused by El Niño. Catch
compositions were much more stable in EEZs with oxygen level further above or below the threshold.
MODC and BDMC stabilized over time in EEZs characterized by warmer waters and where most
species have low oxygen demand. Despite their low MODC, EEZs in the Eastern Pacific warm pool
(Guatemala, El Salvador, Nicaragua, Costa Rica) had the lowest BDMCs. Therefore, they may be
particularly vulnerable to additional stressors that cause physiological stress and limit organisms’ aerobic
scope, such as ocean acidification, overfishing and declining (Horwitz et al., 2020; Laubenstein et al., 2018).
Consequently, this region may be less resilient to El Niño that can drive temperatures above the
physiological tolerance limits of many species (Smale et al., 2019).
The strong ENSO-driven interannual temperature variability was found to drive the temporal
BDMC. ENSO continuously affects BDMC amongst EEZs in the Eastern Tropical Pacific Ocean in all
EEZs except Mexico and Ecuador, where temperatures were cooler. The sharp temperature anomalies
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increase species oxygen demand, thereby reducing the gap between oxygen demand and supply. This
may have consequences on species growth and abundance. In some but not all ENSO events, changes
in the ratio between oxygen demand and supply drive changes I catch composition. These results show
the potential application of the BDMI as a tool that could be used to measure and eventually predict, the
impacts of ENSO on fisheries resources.
Strong El Niño are known to affect fisheries catches and species distributions throughout the
Eastern Tropical Pacific region (Fiedler, 2002; Leung et al., 2019; Mora & Robertson, 2005; Zapata Padilla,
2002). We found ENSO’s impact on BDMC to be lasting longer and becoming more immediate after
stronger El Niño events (Appendix C.7). This could reflect the different ways in which El Niño affects a
population, from the short-term effects of highly mobile pelagic species moving away from unfavorable
conditions (Carlisle et al., 2017; Farchadi et al., 2019; Marín-Enríquez & Muhlia-Melo, 2018), to the longerterm effects of impaired population growth, recruitment and reproductive success (Watters et al., 2003). In
addition to the direct climate effects, ENSO also causes shifts in ecological interactions (Ruiz-Cooley et al.,
2017), which could create noise in the observed responses of BDMC and MODC.
Deoxygenation is likely one of the key factors driving changes in the catch composition of pelagic
fisheries in the Eastern Tropical Pacific Ocean. Oxygen itself may become limiting in pelagic environments
as hypoxic waters are upwelled to the surface and as oxygen minimum zones expand (Duteil et al., 2018;
Stramma et al., 2012), compressing the volume of suitable habitat for sardines, tuna and billfish (Mislan et
al., 2017). This study was not able to detect the impact of deoxygenation on the catch composition of pelagic
fisheries because it is based on the environmental conditions at the ocean surface, where oxygen
concentration approximates oxygen solubility. However, habitats of pelagic species extend hundreds of
meters below the surface, where oxygen levels decline rapidly and may limit species distributions. Future
research should explore how the three-dimensional impacts of warming and deoxygenation on
metabolically viable pelagic habitats may affect fisheries.
Fisheries may also confound trends in BDMC and MODC, as they can influence the relative
composition of the catch. Specifically, fisheries may increase the proportion of small, fast growing species
in the catch. These species may also have lower oxygen demands. Future studies should account for
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fishing effort in models detecting factors causing trends in both indices. Alternatively, trends can be
validated with fishery independent information. Future studies should also conduct separate analysis for
oceanic large pelagic fisheries, coastal large pelagics fisheries and small pelagics fisheries, as they may
be influenced by different oceanographic conditions.
The key role that temperature was found to play in structuring catch composition of pelagic fisheries,
directly and via its relationship with oxygen, suggests that catches may be vulnerable to warming under
climate change. Here, we show how the application of BDMC and MODC can help improve our
understanding of the impacts of warming and deoxygenation on marine fisheries. Together, these indicators
reveal how the reductions physiological fitness caused by warming can lead to pelagic fisheries that are
increasingly dominated by species with low oxygen demands. Importantly, identified thresholds and applied
indices can help inform monitoring methods that support sustainable management measures for marine
resources in the Eastern Tropical Pacific Ocean.
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Chapter 5: Temperature and oxygen supply shape the demersal community in a tropical
oxygen minimum zone

5.1

Introduction
The open ocean lost 0.5-3.3% of its oxygen content between 1970 and 2010 (Schmidtko et al.,

2017) and is projected to lose an additional 3.2-4.7% by the end of the 21st century under the high
greenhouse gas emissions scenario (Keeling et al., 2009). However, oxygen levels are not homogenous
throughout the ocean, oxygen minimum zones with concentrations below 0.05-0.08 mol/m3 develop in the
Eastern Tropical Pacific and Atlantic oceans where high respiration rates meet sluggish ventilation
(Hameau et al., 2020; Oschlies et al., 2018). Oxygen levels within oxygen minimum zones decreased ten
times faster than the global average (4% per decade) between 1960 and 2010, quadrupling the volume of
anoxic waters (Schmidtko et al., 2017). Oxygen minimum zones now occupy 8% of the ocean area (Limburg
et al., 2017) and projections indicate they will continue to expand under ocean warming (Bopp et al., 2013;
Stock et al., 2019).
The North and Equatorial Pacific Ocean are the main areas affected by deoxygenation, where
39.9% of global oxygen losses have occurred between 1960 and 2010 (Schmidtko et al., 2017). The North
Eastern Pacific contains a large oxygen minimum zone that shoals up to 50 m below the surface and has
large functionally anoxic cores (Gallo & Levin, 2016; Tiano et al., 2014). Few species are adapted to live in
these extreme low oxygen environments (Childress & Seibel, 1998; Gallo & Levin, 2016). However, the
high concentration of food along the oxygen minimum zone margins sustains large aggregations of some
fish and crustacean species (Bianchi, 1991; Gallo & Levin, 2016) that support deep water shrimp and squat
lobster fisheries along Central America (Wehrtmann et al., 2012). Gallo & Levin (2016) found that the
biological implications of expanding oxygen minimum zones remain grossly understudied in this region,
where hypoxic conditions are common in the shallow, warm waters of the continental shelf (Bianchi, 1991;
Fiedler & Lavín, 2017).
Organisms inhabiting waters with temperature and oxygen conditions closer to their physiological
tolerance limits are likely to be more sensitive to further warming and deoxygenation (Gallardo et al.,
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2019; Hofmann et al., 2011; Wishner et al., 2018). Warming exacerbates the impacts of expanding
oxygen minimum zones on marine ectothermic organisms by accelerating metabolic rates. In this way,
warming narrows the organism’s aerobic scope (Deutsch et al., 2015; Pauly & Cheung, 2018; Pörtner, et
al., 2017) and leaves less oxygen available for basic physiological processes required to sustain a
population, such as growth and reproduction. When ocean warming and deoxygenation surpass
physiological tolerance limits, many species respond by shifting their distributions towards more
oxygenated waters (Deutsch et al., 2020; Gagné et al., 2020). In many cases, oxygen minimum zone
expansions drive organisms into shallower, warmer waters, where fishing effort is also higher (Craig,
2012; Prince & Goodyear, 2006).
At the community level, structural shifts occur when the average organism transitions from being
an oxy-regulator (oxygen demand is independent on oxygen supply) to an oxy-conformer (oxygen
demand depends on supply) (Claireaux & Chabot, 2016). Once oxygen demand depends on the supply,
losses in oxygen supply directly impact physiological performance. At the population level, organisms with
impaired physiological performance will also have lower abundances until a threshold at which the habitat
is no longer metabolically viable (Pörtner et al., 2017).
The sensitivity of species assemblages to ocean warming and further deoxygenation in oxygen
minimum zones can be assessed using a Biogeographically derived Metabolic Index (BDMI) (Chapter 3).
BDMI is essentially a ratio of a species´ oxygen supply to demand that varies according to changes in
temperature and oxygen. Oxygen is essential for the long-term survival of a species, so a habitat is
considered metabolically viable when environmental oxygen supply is higher than the species’ demand
(Chapter 3). A reduction in oxygen supply caused by ocean deoxygenation and/or an increase in oxygen
demand caused by warming would lower BDMI values and thus reduce the habitat viability. Similar indices
have been developed and applied to study the effects of warming and deoxygenation on a limited number
of marine ectothermic species (Deustch et al., 2015). However, the BDMI is applicable to a wider range of
species, as input parameter values are available for over 1000 marine ectothermic water breathers of
commercial importance. Consequently, the BDMI can be readily applied to study oxygen minimum zone
fauna in the Eastern Tropical Pacific for which limited biological data is available.
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In this study, I aim to examine the relationship between ocean warming, deoxygenation and species
composition in the Eastern Tropical Pacific oxygen minimum zone. Specifically, I develop and apply two
community-based indices to understand the role of temperature and oxygen in structuring demersal fish
and invertebrate communities along the dynamic oxygen minimum zone margins in the Costa Rican Pacific.
In the absence of long-term oceanographic and ecological time series to elucidate the impacts of expanding
oxygen minimum zones on biological communities, I use episodic oceanographic and biological records
collected during different phases of El Nino Southern Oscillation (ENSO). The wide ranges of temperature
and oxygen levels that ENSO produces along oxygen minimum zone margins create a ‘natural experiment’
to explore the effects of warming and expanding oxygen minimum zone margins on marine fauna
communities (Leung et al., 2019). Based on the results from this ‘natural experiment’, I discuss the
implications of projected ocean warming and deoxygenation for marine biodiversity and fisheries associated
with oxygen minimum zones.

5.2
5.2.1

Methods
Demersal species community survey

Scientific surveys of the demersal fish and invertebrate community along the Costa Rican Pacific were
conducted onboard commercial shrimp trawlers (22.5 m long, with 270 hp engine and two standard
epibenthic nets 20.5 m long, mouth opening of 5.35 m x 0.85 m, mesh size, 4.45 cm, cod-end mesh size
3.0 cm). Surveys were conducted in August 2008, May 2009, March 2010, and February 2011. During each
survey, 15-minute trawls were deployed to collect samples at a speed of 2.1 - 5.7 km/h. These surveys
followed a stratified design, in which at least one tow was conducted at 150 m, 250 m and 350 m every half
a degree latitude. For each trawl, I collected the following information: geographic coordinates, depth,
duration, species level catch weight and bottom temperature (Fig. 5.1). Organisms caught during each trawl
were identified and weighed (total wet weight – TW). Abundance and biomass data were standardized to
catch per unit of effort (CPUE) in kilograms per hour (kg × trawl hr -1). Sea bottom temperature (°C) was
recorded at each sampling station with an SBE-25 CTD (Sea-Bird Electronics, Inc., Bellevue, WA). I
grouped the survey data by 1° latitude, 1° longitude and 10 m depth groups.
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Figure 5.1. Trawl sample locations along the Pacific coast of Costa Rica, 2008-2011. Sampling was
carried out at 145-350 m depths.
In the absence of in situ oxygen measurements, I used Earth system model hindcast from the
Centre National de Recherches Météoroglogiques Earth system model version 2,CNRM-ESM2-1 (Séférian
et al.,2019), Community Earth system model version 2, CESM2 (Danabasoglu et al., 2020), Version 6 of
the Institut Pierre‐Simon Laplace (IPSL) climate model, IPSL-CM6A-LR (Boucher et al., 2020) available
from the Coupled Models Intercomparison Project Phase 6 (CMIP6) database . The hindcast simulation
covers the time period from January 1948 to December 2009 across 50 depth levels (Griffies et al., 2016;
Orr et al., 2017). I transformed the dissolved oxygen concentration (mol/m3) data to a 1° latitude x 1°
longitude grid for each depth level between 140 and 350 m. I created monthly oxygen climatologies for
normal, EL Niño and La Niña between 1948 and 2009. ENSO state was determined based on the Oceanic
Niño Index: La Niña (<-0.5), El Niño (>0.5), Normal (-0.5–0.5), which is available from the NOAA Climate
Prediction Center (http://www.cpc.ncep.noaa.gov/products/monitoring_data/). I associated an oxygen
climatology value to each trawl based on ENSO phase, month, latitude, longitude and depth level. The trawl
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surveys in 2008 and 2009 were conducted under a neutral ENSO phase, while during 2010 El Niño
conditions were present and in 2011 La Niña conditions were present.

5.2.2

Community-level indicators (Biogeographically derived Metabolic Index of the Catch,

Mean Oxygen Demand of the Catch)
I derived two community-level indicators from the BDMI, hereafter called Biogeographically derived
Metabolic Index of the Catch (BDMC), and Mean Oxygen Demand of the Community (MODC). BDMC is
an indicator of the physiological performance of organisms within the community, while MODC is an
indicator of their metabolic traits (see Chapter 3). I used the two indices to identify the oxygen threshold
that separates the different responses of the community to changes in oxygen and temperatures.
To calculate the BDMC, I firstly estimated the oxygen demand for each species in each trawl
according to the methods presented in Chapter 3. This algorithm estimates oxygen demand of marine fishes
and invertebrates based on the von Bertalanffy growth equation and metabolic theory:
𝑂2,𝑑𝑒𝑚𝑎𝑛𝑑 = (

𝑊 1−𝑑 (𝐾 ⁄(1−𝑑)) 𝑒 −𝑗2 /𝑇 𝑂2,𝑡ℎ𝑟𝑒𝑠ℎ 𝑒 −𝑗1 /𝑇𝑝𝑟𝑒𝑓
1−𝑑 (𝐾 ⁄(1−𝑑)) 𝑒 −𝑗1 /𝑇 𝑒 −𝑗2 /𝑇𝑝𝑟𝑒𝑓
𝑊∞

) (1)

where W is average body weight (g) and d is a scaling coefficient with a value of 0.7 (Pauly &
Cheung, 2018). 𝑊∞ is the asymptotic weight (g), estimated from the asymptotic length 𝐿∞ (cm) and the
species´ length-weight relationship (Froese and Pauly 2019), while K is the von Bertalanffy K (Froese &
Pauly, 2019). An abbreviated form of the Arrhenius equation (Clarke and Johnston 1999), 𝑒 −𝑗1/𝑇 and 𝑒 −𝑗2/𝑇
accounts for the temperature dependence of anabolism and catabolism, where j1 and j2 represent the
activation energy divided by the Boltzmann constant. The coefficients j1 and j2 have values of 4500K and
8000K, respectively (Cheung et al., 2011). T is the temperature in Kelvin measured in situ. The species
oxygen threshold O2,thresh (mol/m3) is the 10th percentile of the dissolved oxygen concentrations across a
species´ distribution, while the species temperature preference 𝑇𝑝𝑟𝑒𝑓(Kelvin) is the median sea water
temperature across a species´ distribution (Cheung et al.,2013a; Cheung et al., 2013b). I estimated species
oxygen thresholds and temperature preferences based on the dissolved oxygen concentrations and
temperatures for trawls in which species were present. Due to data limitations, I included 95.6% of the total
catch biomass in the analysis.
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I then estimated the Biogeographically derived Metabolic Index (BDMI) as the ratio of oxygen
supply to demand (1). Oxygen demand (mol/m3) for each species was computed using equation 1 while
oxygen supply is the ambient dissolved oxygen concentration (mol/m3). If oxygen supply exceeds demand,
BDMI takes a value of one or above and the habitat is ‘metabolically viable’ (Chapter 3).
I computed BDMC and MODC for each trawl and Earth system model combination. BDMC
represents the community averaged BDMI weighted by the catch and was used here as an indicator of the
physiological performance of species within the community. I calculated BDMC as:
𝑛

̅̅̅̅̅̅̅̅̅𝑠 = ∑𝑖
𝐵𝐷𝑀𝐶

𝐵𝐷𝑀𝐼𝑖,𝑇 𝐶𝑎𝑡𝑐ℎ𝑖,𝑠
∑𝑛
𝑖 𝐶𝑎𝑡𝑐ℎ𝑖,𝑠

(2)

where 𝐶𝑎𝑡𝑐ℎ𝑖,𝑠 is the weight of the catch of species i in each trawl s, 𝐵𝐷𝑀𝐼𝑖,𝑇 is the oxygen demand of
species i at sea water temperature T and n is the total number of species.
MODC was calculated as the average oxygen demand (O2, demand from eq. 1) weighted by the catch:
𝑀𝑂𝐷𝐶𝑠 =

∑𝑛
𝑖 𝑂2,𝑑𝑒𝑚𝑎𝑛𝑑 𝑖,𝑇𝑟𝑒𝑓 𝐶𝑎𝑡𝑐ℎ𝑖,𝑠
∑𝑛
𝑖 𝐶𝑎𝑡𝑐ℎ𝑖,𝑠

(3)

where 𝐶𝑎𝑡𝑐ℎ𝑖,𝑠 is the catch of species i in each trawl s, 𝑂2, 𝑑𝑒𝑚𝑎𝑛𝑑𝑖,𝑇 is the oxygen demand of species i at
a reference sea water temperature T ref and n is the total number of species. T ref was the average sea
bottom temperature in all trawls, which was 12.87 °C.
In combination, BDMC and MODC were used to detect the effects of warming and deoxygenation
on the demersal community in the Costa Rican oxygen minimum zone. If the community composition
remains constant, BDMC will increase with ambient oxygen and decrease with temperature because of
increasing metabolic oxygen demand. However, if oxygen becomes limiting, MODC will decline as species
with high oxygen demand are excluded from the community and species with lower oxygen demands
become more dominant. At this stage, BDMC trends will depend on the balance between declines in
community-mean oxygen demand and oxygen supply.
A visual inspection of the data revealed a non-linear relationship between oxygen, temperature and
both BDMC and MODC. I therefore conducted segmented regressions to examine the effect of oxygen,
temperature and their interaction on these indicators (Muggeo, 2003; Muggeo, 2017). I aggregate tows
across years because of the small sample size. The latitudinal and longitudinal range of these tows is very
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narrow, and the composition of elasmobranchs and bony fish do not change across latitude or longitude
within the 150-250 m depth range (Clarke et al., 2015; Clarke et al., in prep). In this chapter, I assume that
the changes in temperature and oxygen across different depths and ENSO phases drive the changes in
catch composition. The oxygen breaking point then was used to separate the trawl samples into two
different communities. I assessed the difference in species richness and biomass across these
communities, then used a SIMPER to detect which species caused the largest differences (Clarke et al.,
2014).
I examined the differences in temperature, oxygen, MODC, BDMC and depth centroids across
sampling years with an ANOVA and a post-hoc Tukey test. When necessary, I normalized these variables
with a Tukey transformation. Depth centroids for each species i per year (Cheung et al., 2009) were
calculated as:
𝐷𝑒𝑝𝑡ℎ 𝑐𝑒𝑛𝑡𝑟𝑜𝑖𝑑 =

𝐷𝑒𝑝𝑡ℎ𝑖 ∗𝐶𝑎𝑡𝑐ℎ𝑖
𝐶𝑎𝑡𝑐ℎ𝑖

(3)

Where 𝐷𝑒𝑝𝑡ℎ𝑖 is the depth of the tow i and 𝐶𝑎𝑡𝑐ℎ𝑖 was the catch in weight of species i.
Finally, I evaluated the ability of the Biogeographically derived Metabolic Index (BDMI) to predict
the presence and absence of each species in the Costa Rican Pacific region. Firstly, I identified the species
that were most abundant in the survey i.e., species that were present in at least 23 tows (25% of the total
91 tows). Then, I calculated the Area Under the Curve (AUC) of the Receiver Operating Characteristic
(ROC) by comparing the species’ presence predicted by the BDMI with the presence records from the trawl
survey data. This analysis was performed with the pROC package in R (Robin et al., 2011).

5.3

Results
Dissolved oxygen concentrations throughout the study area ranged between 0.0023 - 0.0588

mol/m3, while temperatures ranged between 9.6 °C and 15.5 ° C. Spatial variability of the oxygen outputs
from each ESM was high, which resulted in a high variability in BDMC and MODC values (Fig. 5.2, Fig. 5.4,
Fig. 5.5, Table 5.1). A wide range of temperatures and dissolved oxygen concentrations were found across
the sampling years (Table 5.1, 5.2). Temperatures and oxygen were consistently higher in 2008 through
2010 (neutral and El Niño) than during 2011 (La Niña) (Fig. 5.2). Specifically, temperature was significantly
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cooler in 2011 than in 2009, while oxygen (CESM2) was lower in 2011 than in any other year (Table 5.2).
This corresponded with lower BDMC in 2008 and 2011, and with the decline of MODC during this period.
Simultaneously, average depth centroids became significantly shallower in 2011, especially in comparison
to 2009 (Fig. 5.2, Table 5.2). BDMC (CESM2) was higher in 2009 and 2010 than 2008 and 2011, while
BDMC (IPSL-CM6A-LR) was lower in 2008 than in any other year. On the other hand, MODC (CESM2,
IPSL-CM6A-LR) was higher in 2008 than in any other year, and MODC (CNRM-ESM2-1) was higher in
2008 and 2009 than in 2011 (Table 5.2).

Figure 5.2. Temperature (A), dissolved oxygen concentration (B), Biogeographically derived
Metabolic Index of the Catch (BDMC) (C), and Mean Oxygen Demand of the Catch (MODC) (D)
across sampling years along the Pacific coast of Costa Rica (150 – 350 m). Outputs based on
CESM2 (blue), CNRM-ESM2-1 (yellow) and IPSL-CM6A-LR (red). The boxplots represent the
median and the lower and upper hinges represent the 25th and 75th percentiles.
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Figure 5.3. Depth centroids of demersal species along the Pacific coast of Costa Rica (150 – 350
m) from 2008 to 2011.
Table 5.1. Analysis of variances of the differences in temperature, dissolved oxygen concentration
(mol/m3), BDMC, MODC (mol/m3) and depth centroids (m) across sampling years (2008-2011).
Results for the changes in dissolved oxygen concentration, BDMI and MODC are based on output
from three different Earth system models (ESM; CESM2, CNRM-ESM2-1, IPSL-CM6A-LR).
ESM
CESM2

Dependent variable
Oxygen

Independent variable d.f. Sum of squares
Year
Residuals

BDMC

Year
Residuals

MODC

Year
Residuals

CNRM-ESM2-1

Oxygen

Year
Residuals

BDMC

Year
Residuals

MODC

Year
Residuals

IPSL-CM6A-LR

Oxygen

Year
Residuals

BDMC

Year
Residuals

MODC

Year
Residuals

Temperature

Year
Residuals

Depth centroids

Year
Residuals

Mean square

3

3.5700000

1.1900000

87

13.0100000

0.1495000

3

2.5630000

0.8543000

87

8.4490000

0.0971000

3

0.0000100

0.0000033

87

0.0000378

0.0000004

3

78.3000000

26.1100000

87

2301.3000000

26.4500000

3

0.0359000

0.0119650

87

0.5779000

0.0066420

3

0.0000037

0.0000012

87

0.0000153

0.0000002

3

0.0202000

0.0067380

87

0.4127000

0.0047440

3

11.4000000

3.8010000

87

55.0400000

0.6330000

3

0.0000467

0.0000156

87

0.0001638

0.0000019

3

11.1800000

3.7280000

87

103.8900000

1.1940000

3

0.0000067

0.0000022

108

0.0000787

0.0000007

F value

p-value

7.959

<0.01

8.797

<0.01

7.649

<0.01

0.987

0.40

1.801

0.15

6.968

<0.01

1.420

0.24

6.008

<0.01

8.263

<0.01

3.122

0.03

3.047

0.03
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Table 5. 2.Tukey tests to identify the years with differences in temperature, dissolved oxygen
concentration (mol/m3), BDMC, MODC (mol/m3) and depth centroids (m) of demersal species along
the Pacific coast of Costa Rica. I show results for the three different Earth system models (ESM;
CESM2, CNRM-ESM2-1, IPSL-CM6A-LR).

ESM
CESM2

CNRM-ESM2-1
IPSL-CM6A-LR

Dependent
variables

Years

Difference

p-value

BDMC

2009-2008

0.2871

0.01

BDMC

2010-2008

0.2549

0.10

BDMC

2011-2009

-0.3909

<0.01

BDMC

2011-2010

-0.3587

0.01

Oxygen

2011-2008

-0.3349

0.01

Oxygen

2011-2009

-0.5020

<0.01

Oxygen

2011-2010

-0.4108

0.02

MODC

2009-2008

-0.0006

0.01

MODC

2010-2008

-0.0007

0.02

MODC

2011-2008

-0.0008

<0.01

MODC

2011-2008

-0.0005

<0.01

MODC

2011-2009

-0.0004

0.01

BDMC

2009-2008

0.7957

<0.01

BDMC

2010-2008

0.9288

0.01

BDMC

2011-2008

0.6243

0.03

MODC

2009-2008

-0.0012

0.01

MODC

2010-2008

-0.0014

0.02

MODC

2011-2008

-0.0019

<0.01

Depth centroid

2011-2009

0.0006

0.05

Temperature

2011-2009

-0.8686

0.02

I identified a threshold oxygen concentration below which BDMC and MODC responded differently
to changes in oxygen (p < 0.01). For all ESMs, BDMC increased with oxygen while MODC values remained
low and stable when ambient oxygen levels were below 0.013-0.039 mol/m3 (Fig. 5.4, Fig. 5.5). However,
when oxygen level was above these values, MODC increased with ambient oxygen, with BDMC either
plateauing for CESM2, increasing at a slower rate for CNRM-ESM2-1, or declining for IPSL-CM6A-LR (Fig.
5.4, 5.5). The relationship between temperature and both indicators mirrored their relationship with oxygen
as temperature and oxygen co-variated positively in the study area (Fig. 5.4, Fig. 5.5).
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I subsequently used the 0.013-0.039 mol/m3 oxygen level as a threshold to separate two different
faunal communities according to ambient oxygen levels and hypoxia-tolerance of species within the
communities (Table 5.3, 5.4). Overall, the average number of species and weight caught per tow was lower
in the low oxygen community (Appendix D. 1). Ten out of 51 species accounted for over 50% of the
differences in species composition between these communities, with Squilla biformis, Pleuroncodes
monodon, Heterocarpus vicarious, Merluccius angustimannus and Cherublemma emmelas being most
abundant in the oxygen minimum zone community, while Pontinus sierra, Solenocera agassizi, Physiculus
rastrelliger, Baldwinella eos, Engyophrys sanctilaurentii and Peprilus snyderi being more abundant in the
higher oxygen community (Table 5.5).

Table 5.3. Break-points and adjusted R squared of the segmented regressions between BDMC and
oxygen and temperature, as well as MODC, oxygen and temperature. I present results based on
the outputs of each Earth system model (ESM; CESM2, CNRM-ESM2-1, IPSL-CM6A-LR).
Dependent variable ESM
BDMC

CESM2

Adjusted R2

Break-point

0.85

0.013
10.413

CNRM-ESM2-1

0.98

0.039
11.924

IPSL-CM6A-LR

0.67

0.027
12.948

MODC

CESM2

0.33

0.011
11.877

CNRM-ESM2-1

0.39

0.038
11.881

IPSL-CM6A-LR

0.38

0.032
11.679

St. error Independent variables

p-value

0.001 Oxygen

0.01

4.685 Temperature

0.15

0.001 Oxygen
0.392 Temperature
0.009 Oxygen

<0.01
0.90
<0.01

0.147 Temperature

0.12

0.003 Oxygen

0.07

2.554 Temperature

0.93

0.006 Oxygen

0.37

0.555 Temperature

0.69

0.005 Oxygen

0.02

0.724 Temperature

0.78
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Table 5.4. Results of the segmented regression between each indicator (BDMC, MODC) and,
temperature, oxygen and their interaction. I conducted segmented regressions based on the
outputs of three different Earth system models (ESM; CESM2, CNRM-ESM2-1, IPSL-CM6A-LR).
Dependent variables ESM

Independent variables

BDMC

CESM2

Estimate

Std. Error

t value

p-value

Intercept

-0.5966

3.8401

-0.155

0.88

Temperature – segment 1

0.0402

0.3909

0.103

0.92

319.7797

63.7567

5.016

<0.01

0.0486

0.3932

0.124

0.15

Oxygen – segment 2

-43.9693

14.7808

-2.975

0.01

Temperature:Oxygen

-16.9229

5.1732

-3.271

<0.01

0.6637

0.1085

6.117

<0.01

0.0372

0.0087

4.299

<0.01

-10.5044

3.9059

-2.689

<0.01

0.0125

0.0059

2.135

0.9

Oxygen – segment 2

10.4393

0.7804

13.377

<0.01

Temperature:Oxygen

-0.5660

0.3036

-1.864

0.07

-18.1950

18.2100

-0.999

0.33

1.6340

1.4840

1.101

0.29

2323.1440

1623.1430

1.431

0.17

10.9780

6.3760

1.722

0.12

Oxygen – segment 2

444.2080

1350.4910

0.329

<0.01

Temperature:Oxygen

-153.1310

127.4650

-1.201

0.25

Intercept

0.0069

0.0033

2.085

0.04

Temperature – segment 1

-0.0003

0.0003

-1.082

0.28

Oxygen – segment 1

-0.6945

0.3563

-1.949

0.05

Temperature – segment 2

-0.0001

0.0004

-0.330

0.93

Oxygen – segment 2

-0.1151

0.1151

-1.000

0.07

Temperature:Oxygen

0.0613

0.0301

2.035

0.04

0.0161

0.0035

4.549

<0.01

Temperature – segment 1

0.0001

0.0003

0.472

0.64

Oxygen – segment 1

0.1150

0.1273

0.903

0.37

Temperature – segment 2

0.0003

0.0002

1.534

0.69

Oxygen – segment 2

0.0318

0.0270

1.180

0.31

Temperature:Oxygen

-0.0079

0.0100

-0.796

0.43

0.0006

0.0063

0.100

0.92

0.0001

0.0006

0.162

0.87

Oxygen – segment 1
Temperature – segment 2

CNRM-ESM2-1 Intercept
Temperature – segment 1
Oxygen – segment 1
Temperature – segment 2

IPSL-CM6A-LR Intercept
Temperature – segment 1
Oxygen – segment 1
Temperature – segment 2

MODC

CESM2

CNRM-ESM2-1 Intercept

IPSL-CM6A-LR Intercept
Temperature – segment 1
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Dependent variables ESM

Independent variables

Estimate

Std. Error

t value

p-value

Oxygen – segment 1

0.2937

0.2256

1.302

0.20

Temperature – segment 2

0.0008

0.0007

1.092

0.78

Oxygen – segment 2

0.1704

0.0600

2.841

0.02

Temperature:Oxygen

-0.0251

0.0178

-1.405

0.16

Figure 5.4. Segmented regression between Biogeographically derived Metabolic Index of the
Catch (BDMC) and temperature, oxygen and its interaction. Model predictions (line), prediction
confidence intervals (ribbon) and data are shown (circles). The model based on the output of three
Earth system models, CESM2 is represented in blue (A, B), CNRM-ESM2-1 in yellow (C,D) and
IPSL-CM6A-LR in red (E,F).
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Figure 5.5. The segmented regressions between Mean Oxygen Demand of the Catch (MODC) and
temperature, oxygen and its interaction. Model predictions, prediction confidence intervals and
data points are included. Models were conducted based on the output of three Earth system
models, CESM2 in blue (A, B), CNRM-ESM2-1 in yellow (C, D) and IPSL-CM6A-LR in red (E, F).
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Table 5.5. Mean abundance of species in the communities in low oxygen and higher oxygen
environments along the Pacific coast of Costa Rica. Dissimilarities between communities were
measured with similarity percentage (SIMPER) analysis. I show results from the ten species that
contribute to most dissimilarities, based on outputs of three different Earth system models.
Higher mean abundances are highlighted in bold.
ESM

Species

Mean Abundance per trawl

Cumulative dissimilarity (%
contribution)

Low oxygen

Higher oxygen

Squilla biformis

0.45

0.20

0.11

Pleuroncodes monodon

0.27

0.19

0.21

Pontinus sierra

0.19

0.29

0.28

Heterocarpus vicarius

0.15

0.08

0.32

Solenocera agassizi

0.07

0.17

0.37

Physiculus rastrelliger

0.12

0.16

0.42

Baldwinella eos

0.06

0.17

0.46

Merluccius angustimanus

0.17

0.11

0.50

Cherublemma emmelas

0.13

0.01

0.54

Peprilus snyderi

0.05

0.11

0.57

CNRM-ESM2-1 Squilla biformis

0.46

0.13

0.11

Pleuroncodes monodon

0.27

0.19

0.21

Pontinus sierra

0.21

0.24

0.26

Baldwinella eos

0.07

0.19

0.30

Physiculus rastrelliger

0.13

0.14

0.35

Solenocera agassizi

0.08

0.14

0.39

Merluccius angustimanus

0.17

0.10

0.43

Heterocarpus vicarius

0.16

0.01

0.47

Engyophrys sanctilaurentii

0.02

0.15

0.51

Cherublemma emmelas

0.13

0.00

0.54

0.47

0.13

0.11

Pleuroncodes monodon

0.27

0.19

0.21

Pontinus sierra

0.21

0.23

0.26

Baldwinella eos

0.06

0.18

0.30

Engyophrys sanctilaurentii

0.01

0.17

0.34

Physiculus rastrelliger

0.13

0.13

0.39

Peprilus snyderi

0.04

0.16

0.43

Heterocarpus vicarius

0.17

0.01

0.47

Merluccius angustimanus

0.17

0.10

0.51

Solenocera agassizii

0.08

0.14

0.55

CESM2

IPSL-CM6A-LR Squilla biformis
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When BDMI was applied to predict the occurrences of species across the sampling locations, the
predictions from BDMI were better than random for all species (Appendix D.1). Occurrences predicted with
temperature and oxygen outputs from the CESM2 model agreed most with observed occurrences (AUC
above 0.7 in 25% of the species) amongst predictions using different ESMs (Appendix D.1).

5.4

Discussion
Our results support the hypothesis that changing ambient oxygen and temperature contributed to

ENSO-driven shifts in the demersal community of marine fauna along the oxygen minimum zone margins
in the Costa Rican Pacific. The main findings supporting this hypothesis are: (1) the faunal community
structure, as indicated by BDMC and MODC, are positively correlated with environmental oxygen
concentration; (2) species´ depth distributions track the changes in temperature and oxygen closely; (3) the
fauna community at the lowest oxygen levels was comprised of species with very low oxygen demands.
The different responses of MODC across an environmental oxygen threshold level (0.013-0.039
mol/m3) suggest the existence of two different ecological communities that are adapted to different
environmental conditions. Species inhabiting the oxygen minimum zone in the Costa Rican Pacific are
known to have physiological and behavioral adaptations that allow them to maintain very low oxygen
demands (0.0066 - 0.0259 mol/m3), granting them access to the high food availability under reduced
predation and reduced competition characteristic of these hypoxic areas (Gallo & Levin, 2016). The steep
oxygen and temperature gradients along the oxygen minimum zone margins have been known to separate
different ecological communities in relatively small geographic areas (Bianchi, 1991; Gallo & Levin, 2016;
Wishner et al., 2018). Here, I identified the threshold value of ambient oxygen level of 0.013-0.039 mol/m3
that separated distinct communities. This threshold is below the 0.05 – 0.08 mol/m3 (Hameau et al.,2020)
limit used to define oxygen minimum zone; however, ESMs overestimate the spatial extent of oxygen
minimum zones in the Eastern Tropical Pacific, and therefore, it is possible the threshold identified in this
study is closer to 0.05 – 0.08 mol/m3 (Hameau et al., 2020).
Particularly, the community associated with lower oxygen levels identified in this study is
comparable to the one detected by Bianchi (1991) in Nicaragua (300-350m), which also had a low species
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diversity and was dominated by Pleuroncodes monodon, Merluccius angustimanus and Cherublemma
emmelas. While both communities identified here had a much lower species richness than the highly
oxygenated coastal waters that most commercial species inhabit (Gallo & Levin, 2016), the lower oxygen
community had amongst the lowest species richness in Costa Rican waters. Biomass was higher in the
higher oxygen environment along the oxygen minimum zone margin, where the high concentration of food
attracts large aggregations of Pleuroncodes monodon and Squilla biformis (Bianchi, 1991; Gallardo et al.,
2019).
Species inhabiting the oxygen minimum zone responded quickly to the relatively small ENSOdriven changes in temperature and oxygen by shifting their depth distributions, which may indicate that
species are living close to their tolerance limits (Wishner et al., 2018). Species responded to the low
temperature and oxygen supply during La Niña by shoaling, while they inhabited deeper waters when
temperature and oxygen supplies were higher during normal and El Niño years. These shifts are consistent
with the documented responses of fish and invertebrates to short and long term shoaling of oxygen
minimum zone, which are shifting species distributions (Gilly et al., 2013; Grantham et al., 2004; Stewart et
al., 2014); changing in community compositions (Bertrand et al., 2011; Chu & Gale, 2017; Papiol et al.,
2017), declining biodiversity and biomass (Gallo & Levin, 2016).
When applying the BDMC and MODC to test a hypothesis, it is important to consider several
sources of uncertainty. Particularly, oxygen hindcasts from CMIP6 ESMs cannot fully replicate the spatial
and temporal oxygen trends in the tropics, including the strong interannual variation in oxygen across
normal, EL Niño and La Niña phases (Cabré et al., 2015). Despite the wide variability in absolute oxygen
values, the effect of oxygen on BDMC and MODC was strong and produced similar general trends across
models. This effect is strong despite the dampening effect that temperature has on the relationship between
oxygen and both indicators. Temperature and oxygen are positively correlated in the study area, so an
increase in oxygen that leads to higher BDMC and MODC occurs at the same time as an increase in
temperature that leads to lower BDMC and MODC. Given the uncertainties in the environmental data and
the limited geographic and temporal range of the data, it is possible that the existence of thresholds or
breaks in the data is artificial. Future studies should explore the universality of tipping points. Yet, the
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relatively high prediction ability increases our confidence in the results even further. All AUC values were
above 0.5, which is high considering the fact that ecological interactions and fishing impacts tend to be
more important than the environment in shaping species distributions at such fine spatial resolutions
(Peterson et al., 2011).
I can draw on the community response to the inter-annual variability in temperature and oxygen
supply along the oxygen minimum zone margins during different ENSO phases to infer possible
consequences of the projected long term warming and oxygen minimum zone expansion. I expect species
to continue shifting as they track environmental oxygen and temperature envelopes. Oxygen minimum zone
expansions may compress the habitat of hypoxia tolerant species at the deep end of their depth distribution
range, while warming may compress their habitat at the shallower end (Deutsch et al., 2015). Expanding
oxygen minimum zones can also be compressing the habitat of hypoxia sensitive species towards the coast
(Rose et al., 2019). Upper boundaries of the oxygen minimum zone along Central America already reach
50 m below the surface in some places, so any additional shoaling is bound to affect shallow water species.
The impacts of oxygen minimum zone expansions on demersal faunal abundance and community
structure are likely to reduce fishery production. Fisheries inside oxygen minimum zones are generally not
very productive, as hypoxia reduces trophic efficiency (Bertrand et al., 2011; Rose et al., 2019). The Costa
Rican shrimp-trawl fishery operating within hypoxic waters was not sustainable, the landings of both target
species (Heterocarpus vicarious and Solenocera agassizi) declined substantially between the fishery’s
beginning in the 1980s and the mid 2000´s (Wehrtmann & Nielsen Munoz, 2009). The prospect of
developing a new fishery based on another target species in the oxygen minimum zone is low because the
more palatable texture created by muscle has high oxygen demands that cannot be met in hypoxic
environments (Gallo & Levin, 2016).
The key role that oxygen and temperature have played in structuring the demersal faunal
community in the Costa Rican Pacific region suggests that such faunal community ocean is vulnerable to
deoxygenation and warming under climate change. Using BDMC and MODC, I was able to show how
oxygen supply limits the physiological performance of the average organism within the demersal community
along the oxygen minimum zone margins in Costa Rica. Oxygen minimum zone expansions have the
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potential to affect marine biodiversity and marine food production along the Pacific of Costa Rica and
potentially the region. Although climate-mitigation is essential to minimize oxygen minimum zone expansion
and the scale of potential impacts, the scope for adaptation will depend on a better understanding of the
rate and magnitude at which it is occurring, as well as its ecological impacts.
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Chapter 6: General discussion and conclusions

6.1

Synthesis of the main findings
In this thesis, I aimed to better understand the impacts of climate change on species impacted by

fisheries in the Eastern Tropical Pacific Ocean, a region that extends from Baja California, Mexico to
northern Peru. I modeled the impacts of climate change on the biogeography and ecophysiology of
exploited species, in order to assess the risk of climate change on fisheries. The results support the need
for regional to local-scale modeling to inform climate change adaptation strategies. In Chapter 2, I
projected the impacts of climate change on species caught (targeted, discarded or as bycatch) by the four
main fisheries (small-scale, large pelagics, small pelagics and shrimp trawl) in the Eastern Tropical Pacific
Ocean using an ensemble of species distribution models. Results showed that by the mid 21st century,
environmental conditions will become less suitable for 31-63% of species in each Exclusive Economic
Zone. Species are projected to shift towards the equator, seeking the more favorable, cooler habitats that
are driven by upwelling. Simultaneously, habitat suitability was projected to increase or remain the same
in the northern and southern margins of the Eastern Tropical Pacific but decreased by up to 14% along
Central America. Such regional changes in habitat suitability reflect the direction of projected range shifts
to areas where environmental conditions would become more suitable for the species under climate
change. Findings also showed that the expansion of oxygen minimum zones will force species into
shallower, inshore waters. Small pelagic fisheries and small-scale fisheries were the biggest losers. The
habitat suitability of key small-pelagic species declines up to -45.7%, and species turnover of key species
for small scale fisheries decline up to 80%. Although shrimp habitat suitability is projected to increase or
remain the same, species caught as bycatch in shrimp trawl fisheries are projected to undergo large
losses in habitat suitability of up to ~ 14%.
Chapter 3 revealed the key role of warming and deoxygenation in shaping future marine fisheries
resource availability in the Eastern Tropical Pacific Ocean. These environmental drivers are among the
main factors affecting the future sustainability of fish stocks and fisheries (Koenigstein et al., 2016), yet,
available projections of climate impacts seldom incorporate the mechanism linking them together. In
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Chapter 3, I aim to present a new method to further our understanding of how warming and
deoxygenation may affect marine organisms. I developed a Biogeographically derived Metabolic Index
(BDMI) to determine if a habitat will be viable or not by comparing ambient oxygen supply to demand. In
contrast to previous metabolic indices that are dependent on experimentally-derived estimates of
temperature-dependent oxygen demand, the BDMI is based on oxygen demand estimates computed
from growth parameters and species’ biogeography that are available from open access databases for
thousands of marine fishes and invertebrates. I assessed the performance of the BDMI by comparing it
with a metabolic index developed by Deutsch et al. (2015) and Penn et al. (2018) that require parameters
estimated from physiological experiments. The comparison for three fish and invertebrate species
revealed that both metabolic indices were significantly and positively correlated and projected similar
magnitudes of habitat loss. Our results support the potential of the BDMI to better understand the
combined effects of ocean warming and deoxygenation on a wide range of marine species in the Eastern
Tropical Pacific Ocean and elsewhere.
Previous research has detected a signal of warming on global marine fisheries (Cheung et al.,
2013b), yet, the role that deoxygenation plays in shaping fishery catches has not been explored. I bridge
this gap in Chapters 4 and 5, by examining the sensitivity of species to warming and deoxygenation with
two catch-based indicators based on the BDMI - Biogeographically derived Metabolic Index of the Catch
(BDMC) and Mean Oxygen Demand of the Catch (MODC). In Chapter 4, I applied these indices to time
series data of pelagic fisheries in the Eastern Tropical Pacific Ocean between 1970 and 2009.
Temperature was the main factor driving oxygen limitation in pelagic catches. Findings also show that El
Niño Southern Oscillation (ENSO)-driven temperature variability caused the observed temporal BDMI and
MODC patterns during the studied period. I identified temperature and oxygen thresholds of 25.20 °C and
0.21 oxygen mol/m3, respectively, that separated catch composition according to species’ sensitivity to
warming and deoxygenation. Below the oxygen threshold, catch composition was stable and dominated
by species with low oxygen demand, while the metabolic index declined as warming increased species’
oxygen demand. Above the oxygen threshold, warming caused pelagic catches to become increasingly
dominated by species with low oxygen demand. The oxygen threshold may represent a tipping point
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where catch composition transitions from an assemblage that includes temperate and subtropical species
with relatively high oxygen demands, to an assemblage that is dominated by tropical species with
relatively low oxygen demands.
In Chapter 5, I used the two indicators applied in Chapter 4 (BDMC, MODC) to examine the effect
of temperature and oxygen on species composition in a demersal community in the oxygen minimum
zone off the Costa Rican Pacific coast. I used data obtained from a scientific sampling campaign using
shrimp trawl vessels during 2008-2011. The wide ENSO-driven temperature and oxygen fluctuations
produced along the margins of the oxygen minimum zone provided a ‘natural experiment’ to explore the
effects of warming and hypoxia on demersal fish and invertebrate communities. My results show that
oxygen was the main factor constraining organisms’ physiological performance and shaping catch
composition in this community, although species distributions were sensitive to changes in both
temperature and oxygen. A 0.01-0.04 mol/m3 oxygen threshold separated the marine fauna into two
distinct communities, according to their hypoxia tolerance. During El Niño years when the Eastern
Tropical Pacific Ocean was warmer and more oxygenated, average oxygen demand by the faunal
community was higher and average species depth centroids were deeper relative to the cooler, less
oxygenated conditions during La Niña.

6.2

Key uncertainties

The BDMI is based on the Oxygen and Capacity-limited Thermal Tolerance (OCLTT; Pörtner et al., 2017)
and the Gill Oxygen Limitation Theory (GOLT; Pauly & Cheung, 2018) that have contributed to a debate
in the scientific literature that has at times been polarized. A particular source of contention around the
GOLT and OCLTT are the mechanisms driving the decline in physiological performance when
temperatures increase above tolerance levels (Jutfelt et al., 2018; Pörtner et al., 2017). The role of
oxygen supply in limiting fish growth explained in the GOLT has also been debated (Lefevre et al., 2017;
Marshall & White, 2019). However, these critiques are based on individual physiological experiments that
fail to account for evolutionary and ecological considerations in both the experimental design and
interpretation of the results (Pauly & Cheung, 2018; Pörtner & Giomi, 2013). For example, oxygen
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limitation occurs in fish that are closer to their maximum sizes, yet much smaller fish are generally used in
laboratory experiments (Leiva et al., 2019). Future approaches that integrate knowledge gleaned from the
fields of evolution, ecology, physiology and climate change may provide a unifying theory (Jutfelt et al.,
2020; Leiva et al., 2019) that would advance the assessment of the effects of ocean warming and
deoxygenation on marine species and fisheries.
All modeling work conducted in this thesis depended on the output of Earth system models, which
have three main sources of uncertainty relevant to this thesis: 1) Earth system models represent open
ocean conditions well, but are not able to replicate the variability and extremes that often occur in coastal
areas. In addition, they do not account for the hypoxic events that occur in coastal areas due to
eutrophication and warming (Breitburg et al., 2018). Therefore, I may not be able to fully capture the total
impacts of climate change on species in coastal environments. 2) Earth system models underestimate the
rate of deoxygenation in tropical oceans but overestimate the spatial extent of oxygen minimum zones
(Cabre et al., 2015; Oschlies et al., 2018). Uncertainty in oxygen projection for the tropics results from two
opposing trends: warming lowers oxygen solubility and therefore, dissolved oxygen, at the same time that
it reduces biological oxygen consumption (Bopp et al., 2017). 3) Furthermore, upwelling is one of the
most important processes driving temperature and oxygen trends in the Eastern Tropical Pacific Ocean,
and yet, there is a high degree of uncertainty in how they might change in the future.
I do not consider the impacts of additional climate drivers that have the potential to limit
organisms’ aerobic scope, such as ocean acidification and declining primary productivity. The Eastern
Tropical Pacific has the lowest surface pH levels in the world, as the hypoxic waters below the
thermocline have very low pH and are transported to the surface by the multiple upwelling systems
(Fiedler & Lavín, 2017). Food availability may also decline throughout the region, as the warming-induced
stratification of surface waters limit nutrient transport to the mixed layer and supresses primary
productivity (Fiedler & Lavín, 2017). Additional anthropogenic factors such as overfishing, habitat
degradation and pollution also have the potential to cause physiological stress and limit an organisms’
aerobic scope.
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Another important source of uncertainty derives from the species-specific application of the BDMI
that does not consider the impacts of deoxygenation on trophic interactions. Yet, the physiological stress
caused by deoxygenation affects the behaviour, feeding and movement patterns that structure many of
the current ecological interactions among species (Breitburg et al., 2018). Fishing can also shape
community composition by increasing the proportion of small, fast growing species in the catch. Future
studies should explore the role of fishing effort in driving trends in BDMC and MODC, by including it as a
factor in modeling and analyzing fishery independent information.

6.3

Future research areas
The BDMI has many potential applications to further our understanding of warming and

deoxygenation on marine biodiversity and fisheries. Current studies on the impacts of warming and
deoxygenation on marine biodiversity and fisheries largely focus on the horizontal dimension of the
ocean. Analyses of two-dimensional (horizontal) habitat loss require data that are more readily available
and provide useful approximations of changes in the geographic distributions of fisheries resources. Yet,
the BDMI can be extended to estimate three-dimensional habitat loss. Although the assessment of threedimensional habitat loss requires three-dimensional (longitude, latitude, depth) oxygen and temperature
data currently not widely available, the approach can estimate habitat compression and vertically resolved
changes in catchability (Schirripa et al., 2017). By accounting for the increasing catchability of commercial
species, fisheries management may avoid resource depletion (Craig, 2012; Farchadi et al., 2019; Gallo &
Levin, 2016; Prince et al., 2010). A three-dimensional application of the BDMI could also improve
modeling climate impacts on meso-pelagic fish (Brito-Morales et al., 2020), which are key diet items of
current fishery resources and may soon become key fishery species due to their high biomass (Hidalgo &
Browman, 2019).
The BDMI provides an opportunity to explore the impacts of historic and projected warming
deoxygenation on global fisheries and living marine resources. By including the mechanisms driving the
historic changes of warming on fisheries as detected by Cheung et al. (2013b), the BDMI can predict
future impacts. For example, Cheung et al. (2013b) showed that MTC will reach a plateau in tropical
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EEZs as only species with high temperature preferences remain in the catch. The BDMI can estimate the
increase in temperature and decline in oxygen required for fisheries to reach this plateau. In addition to
uncovering the impacts of long-term mean conditions, the BDMI could improve predictions of the impacts
of El Niño, by providing the mechanism driving warming impacts in both well oxygenated pelagic
environments, and demersal environments.
The BDMI may also be used to identify tipping points that separate assemblages with different
responses to warming and deoxygenation. In Chapter 4 and 5, I detected a potential threshold that
separates the more stable species compositions at the cool and warm extremes of the pelagic
environment in the Eastern Tropical Pacific Ocean. Pelagic catches in EEZs close to a tipping point had a
highly variable trait composition after El Niño, presumably as the ecosystem state fluctuated around
equilibrium (Dakos et al., 2019; Guerin et al., 2013). Warming and deoxygenation will lead to a
dominance of species/populations with low oxygen demands and low metabolic indices. These
populations have smaller sizes and lower reproductive output, which increase their sensitivity to additional
environmental stress and the probability of reaching the tipping point (Dakos et al., 2019). A global
application of the BDMC and MODC could strengthen our understanding of this method´s potential to
detect tipping points (van Nes et al., 2016) and whether they change across different oceanographic
biogeographies.
Identifying potential tipping points is important because crossing them may be irreversible,
increase the cost of inaction and redistribute ecosystem benefits and burdens (Selkoe et al., 2015).
Options to avoid some of the negative consequences of reaching a tipping point include : a) a reduction in
local pressures (Halpern, 2017; Rilov et al., 2019; Selkoe et al., 2015), b), implementation of
precautionary management measures that tie management targets to ecosystem thresholds, c)
monitoring of tipping point indicators such as the BDMI and MODC and d) an increase in monitoring and
interventions as the risk of tipping points increase (Selkoe et al., 2015).
Future impacts of warming and deoxygenation on habitat loss, fisheries and ecosystem state may
be buffered or exacerbated through ecological interactions. Warming and deoxygenation triggers
behavioral adaptations that can modify species interactions, such as avoidance, reduced activity or lower
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feeding rates (Breitburg et al., 2018). This will intensify with the local extirpation of key species that could
trigger trophic cascades. At the same time local invasions could have destabilizing effects on ecosystem
structure and function (DeRoy et al., 2020). Therefore, it is important to explore the role of oxygen
limitation at the ecosystem level, using BDMI as a driver.

6.4

Recommendations for climate-smart fisheries in the Eastern Tropical Pacific Ocean
Warming and deoxygenation limit the aerobic scope of marine ectothermic organisms in the

Eastern Tropical Pacific, with direct impacts on physiological performance and catch composition.
Additional anthropogenic and climatic stressors can limit an organism´s aerobic scope both directly, by
causing additional physiological stress (e.g. lack of food and pollution) and indirectly, by increasing the
magnitude of warming and deoxygenation (e.g. eutrophication and loss of coastal vegetation). Therefore,
reducing these human stressors on fisheries resources may compensate for some of the catch lost due to
climate change (Cheung et al., 2018; Gaines et al., 2018; Galbraith et al., 2017; Sumaila & Tai, 2020).
Common stressors throughout the Eastern Tropical Pacific include fisheries habitat degradation, pollution,
run-off from urban and agricultural lands (Lluch-Cota et al., 2019).
Overfishing is the main stressor affecting fisheries resources in the Eastern Tropical Pacific
(Lluch-Cota et al., 2019). Overfished or depleted populations have been shown to be more vulnerable to
warming (Free et al., 2019). Fisheries eliminate individuals with high performance aerobic scopes that
invest more of their aerobic capacity in growth instead of the skittish behaviors that would allow them to
avoid interactions with fishing gear (Duncan et al., 2019). Oxygen limitation also selects for smaller sizes
due to geometric constraints in the gill’s ability to supply growing fish bodies with enough oxygen (Daniel
Pauly & Froese, 2020). Thus, fishing and oxygen limitation both select for smaller body sizes and faster
growth rates. To counteract this selection process, fisheries should increase the size at first capture,
preserve the larger individuals (Pauly & Froese, 2020) and reduce fishing effort in proportion to the
climate-induced decreases in carrying capacity (Arreguín-Sánchez et al., 2015; Cheung et al., 2018). In
cases where estimates of carrying capacity are not available, decreases in habitat suitability such as
those presented in Chapter 2 may be used as proxies (Wabnitz et al., 2018). This would increase body
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size, allow populations to recover and increase their resilience to climate change (Diaz Pauli et al., 2017;
Pauly & Froese, 2020). Reducing the stress of fisheries could increase the metabolic index and size of
species, increasing reproductive output and staving off oncoming tipping points brought on by warming
and deoxygenation (Dakos et al., 2019). Yet, the weak fisheries governance, monitoring and lack of
enforcement may hinder climate adaptation efforts in the region (Defeo & Castilla, 2012).
Initiatives to improve fisheries management in the region can use ENSO as a tool to better
understand the impacts of warming and deoxygenation on fisheries. Through its impacts on temperature
and oxygen, ENSO variability affects respiratory demand in the Eastern Tropical Pacific (Bindoff et al.,
2019; Ito et al., 2020), affecting fisheries for small pelagics, shrimp (Bertrand et al., 2011; Castro-Ortiz &
Lluch-Belda, 2008), large pelagics such as tuna and billfish as well as demersal coastal resources (Arntz
et al., 2006; Leung et al., 2019). Forecasting tools are essential to prepare and adapt fisheries for the
increasingly strong El Niño events (Yang et al., 2018; Yu & Kao, 2007), yet, to build these tools, a better
understanding of the mechanisms driving the impacts is required. The BDMI can help uncover these
mechanisms and facilitate the transition into the realm of short-term predictions if the spatio-temporal
coverage of oceanographic, biodiversity and fisheries monitoring programs is improved (Lluch-Cota et al.,
2019; Webb et al., 2013). Management frameworks, in turn, should have the flexibility and regional scope
to respond to these predictions (Mills et al., 2013).
Projections of the shifts in species distributions and resulting impacts on catches can inform
regional initiatives to manage fisheries to be climate-smart, support resilience as well as be proactive in
developing adaptive opportunities and reducing potential conflicts that may arise when commercial
species begin to shift across borders (Gullestad et al., 2020; Oremus et al., 2020; Pinsky et al., 2018;
Pinsky & Fogarty, 2012). They may also support the development of incentives to cooperate among
Regional Fisheries Management Organisations, despite shifting opportunities that arise from climatedriven changes (Miller, 2007).
The results of this thesis suggest that fisheries have already been impacted by warming and
deoxygenation. The severity of projected impacts and levels of committed warming show that adaptation
and mitigation are essential to preserve the benefits that fisheries provide to society in terms of
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livelihoods, food and nutrition, as well as income (Bindoff et al., 2019). Although many EEZ in the region
are taking an active role in mitigating climate change (e.g. Costa Rica’s plan to become carbon neutral by
2050), they only account for a small percentage of global emissions, so action by the main historic and
current CO2 emitters is necessary to reach internationally agreed to targets (Janssens-Maenhout et al.,
2019).
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Appendices
Appendix A Chapter 2: Climate change impacts on living marine resources in the
Eastern Tropical Pacific
A.1

Species caught by the coastal small-scale, large pelagics, small pelagics, shrimp-

trawl bycatch and shrimp-trawl fisheries in the tropical Eastern Pacific.

Species

Coastal small-

Large-pelagics

Shrimp-trawl

Shrimp-trawl

Small-pelagics

scale fisheries

fisheries

bycatch

fisheries

fisheries

Acanthocarpus alexandri

X

Acanthurus xanthopterus

X

X

Achirus klunzingeri

X

X

Achirus mazatlanus

X

X

Achirus scutum

X

X

Aetobatus narinari

X

X

Albula esuncula

X

X

Albula nemoptera

X

X

Albula pacifica

X

Albula vulpes

X

X

Alectis ciliaris

X

X

Alopias pelagicus

X

X

Alopias superciliosus

X

X

Alopias vulpinus

X

X

Alphestes immaculatus

X

X

Alphestes multiguttatus

X

X

Aluterus monoceros

X

X

Aluterus scriptus

X

X

Anchoa argentivittata

X

X

X

Anchoa eigenmannia

X

X

X

Anchoa ischana

X

X

X

Anchoa lucida

X

X

X

Anchoa mundeola

X

X

X

Anchoa nasus

X

X

X

Anchoa panamensis

X

X

X

Anchoa spinifer

X

X

X
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Species

Coastal small-

Large-pelagics

Shrimp-trawl

Shrimp-trawl

Small-pelagics

scale fisheries

fisheries

bycatch

fisheries

fisheries

Anchoa starksi

X

X

X

Anchoa walkeri

X

X

X

Anchovia macrolepidota

X

X

X

Ancylopsetta dendritica

X

X

Anisotremus davidsonii

X

X

Anisotremus interruptus

X

X

Aphos porosus

X

Apogon pacificus

X

Apogon retrosella

X

Argentina aliceae

X

X

Argentina sialis

X

Argopecten ventricosus

X

Ariopsis guatemalensis

X

X

Ariopsis seemanni

X

X

Ariosoma gilberti

X

Ariosoma prorigerum

X

Arothron hispidus

X

X

Astroscopus zephyreus

X

Atherinella argentea

X

Atractoscion nobilis

X

X

Auxis rochei

X

Bagre panamensis

X

X

Bagre pinnimaculatus

X

X

Bairdiella armata

X

X

Bairdiella ensifera

X

X

Bairdiella icistia

X

X

Balistes polylepis

X

X

Bathycongrus macrurus

X

Bathygobius andrei

X

Batrachoides boulengeri

X

Batrachoides waltersi

X

X

Bellator gymnostethus

X

X

Bellator loxias

X
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Species

Coastal small-

Large-pelagics

Shrimp-trawl

Shrimp-trawl

Small-pelagics

scale fisheries

fisheries

bycatch

fisheries

fisheries

Bellator xenisma
Bodianus diplotaenia

X
X

Bollmannia chlamydes

X

Bollmannia ocellata

X

Bollmannia stigmatura

X

Bothus leopardinus

X

Bregmaceros bathymaster

X

Brotula clarkae

X

X

Brotula ordwayi

X

X

Calamus brachysomus

X

X

Callinectes arcuatus

X

X

Callinectes bellicosus

X

X

Canthidermis maculata

X

X

Carangoides otrynter

X

Caranx caballus

X

Caranx lugubris

X

X

X

Caranx melampygus

X

X

X

Caranx sexfasciatus

X

X

Caranx vinctus

X

X

Carcharhinus falciformis

X

X

Carcharhinus galapagensis

X

X

Carcharhinus leucas

X

Carcharhinus limbatus

X

X

Carcharhinus longimanus

X

X

Carcharhinus obscurus

X

X

Carcharhinus porosus

X

X

Cathorops dasycephalus

X

X

Cathorops fuerthii

X

X

Cathorops multiradiatus

X

X

Caulolatilus affinis

X

X

Caulolatilus princeps

X

X

Centropomus armatus

X

X

Centropomus medius

X

X

X

X
X

X

134

Species

Coastal small-

Large-pelagics

Shrimp-trawl

Shrimp-trawl

Small-pelagics

scale fisheries

fisheries

bycatch

fisheries

fisheries

Centropomus nigrescens

X

X

Centropomus robalito

X

X

Centropomus undecimalis

X

X

Centropomus unionensis

X

X

Centropomus viridis

X

X

Cephalopholis panamensis

X

X

Cetengraulis mysticetus

X

X

Cetorhinus maximus
Chaetodipterus zonatus

X
X

X

Chaetodon humeralis

X

Chanos chanos

X

X

Cheilotrema saturnum

X

X

Cherublemma emmelas

X

Chilara taylori

X

Chilomycterus reticulatus

X

Chione undatella

X

X

Chlorophthalmus mento

X

X
X

Chloroscombrus orqueta

X

X

Citharichthys fragilis

X

X

Citharichthys gilberti

X

X

Citharichthys gordae

X

Citharichthys platophrys

X

X

Citharichthys sordidus

X

X

Citharichthys stigmaeus

X

X

Citharichthys xanthostigma

X

X

Coelorinchus canus

X

Coelorinchus scaphopsis

X

X

Cookeolus japonicus

X

X

Coryphaena equiselis

X

Coryphaena hippurus

X

Cyclopsetta panamensis

X

X

Cyclopsetta querna

X

X

Cynoponticus coniceps

X

X
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Species

Coastal small-

Large-pelagics

Shrimp-trawl

Shrimp-trawl

Small-pelagics

scale fisheries

fisheries

bycatch

fisheries

fisheries

Cynoscion albus

X

X

Cynoscion nannus

X

X

Cynoscion parvipinnis

X

X

Cynoscion phoxocephalus

X

X

Cynoscion reticulatus

X

X

Cynoscion squamipinnis

X

X

Cynoscion stolzmanni

X

X

Cynoscion xanthulus

X

X

Daector dowi

X

Dasyatis dipterura

X

X

Dasyatis longa

X

X

Decapterus macarellus

X

Decapterus macrosoma

X

X

Decapterus muroadsi

X

X

Decodon melasma

X

X

Dermatolepis dermatolepis

X

Diapterus aureolus

X

X

Diapterus brevirostris

X

X

Diapterus peruvianus

X

X

Diodon eydouxii

X

X

Diodon holocanthus

X

X

Diodon hystrix

X

X

Diplectrum eumelum

X

X

Diplectrum euryplectrum

X

X

Diplectrum labarum

X

X

Diplectrum macropoma

X

X

Diplectrum maximum
Diplectrum pacificum

X

X

X
X

X

Diplectrum rostrum

X

Diplobatis ommata

X

Echidna nocturna

X

Elattarchus archidium

X

Elops affinis

X

X
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Species

Coastal small-

Large-pelagics

Shrimp-trawl

Shrimp-trawl

Small-pelagics

scale fisheries

fisheries

bycatch

fisheries

fisheries

Engyophrys sanctilaurentii

X

X

Epinephelus analogus

X

X

Epinephelus cifuentesi

X

X

Epinephelus labriformis

X

X

Epinephelus quinquefasciatus

X

X

Ethusa ciliatifrons

X

Etropus crossotus

X

X

Etropus peruvianus

X

X

Eucinostomus argenteus

X

X

Eucinostomus currani

X

X

Eucinostomus dowii

X

X

Eucinostomus entomelas

X

X

Eucinostomus gracilis

X

X

Eugerres lineatus

X

Euphylax robustus

X

Euthynnus affinis

X

X

Euthynnus lineatus

X

X

Farfantepenaeus brevirostris

X

X

X

Farfantepenaeus californiensis

X

X

X

Fistularia commersonii

X

X

Fistularia corneta

X

X

Fowlerichthys avalonis

X

Galeocerdo cuvier

X

Galeorhinus galeus

X

X

Genyatremus dovii

X

X

Genyatremus pacifici

X

X

Gerres cinereus

X

X

Ginglymostoma cirratum

X

X

Gnathanodon speciosus

X

X

Gnathophis cinctus
Gobiomorus maculatus

X
X

X

Gobiosoma paradoxum

X

Gymnothorax dovii

X
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Coastal small-

Large-pelagics

Shrimp-trawl

Shrimp-trawl

Small-pelagics

scale fisheries

fisheries

bycatch

fisheries

fisheries

Gymnothorax equatorialis

X

Gymnothorax panamensis

X

Gymnothorax phalarus

X

Gymnura marmorata

X

X

Haemulon californiensis

X

X

Haemulon flaviguttatum

X

X

Haemulon maculicauda

X

X

Haemulon scudderii

X

X

Haemulon sexfasciatum

X

X

Haemulon steindachneri

X

X

Haemulopsis axillaris

X

X

Haemulopsis elongatus

X

X

Haemulopsis leuciscus

X

X

Halichoeres chierchiae

X

X

Halichoeres nicholsi

X

Halichoeres notospilus

X

Halichoeres semicinctus

X

X

Haliporoides diomedeae

X

X

Harengula thrissina

X

X

Hemanthias peruanus

X

X

Hemanthias signifer

X

X

Hemicaranx leucurus

X

X

X

Hemicaranx zelotes

X

X

X

Hemiramphus saltator

X

X

Hepatus kossmanni

X
X

X

Heterocarpus affinis

X

Heterocarpus hostilis

X

Heterocarpus vicarius

X

Heterodontus mexicanus

X

X

Hippoglossina bollmani

X

X

Hippoglossina stomata

X

X

Hippoglossina tetrophthalma

X

X

Holacanthus passer

X
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Coastal small-

Large-pelagics

Shrimp-trawl

Shrimp-trawl

Small-pelagics

scale fisheries

fisheries

bycatch

fisheries

fisheries

Holothuria impatiens

X

X

Hoplopagrus guentherii

X

X

Hyporhamphus naos

X

Hyporhamphus snyderi

X

Hyporthodus acanthistius

X

X

Ilisha fuerthii

X

X

Isopisthus remifer

X

X

Istiompax indica

X

Istiophorus platypterus

X

Isurus oxyrinchus

X

Isurus paucus

X

Kajikia audax

X

Katsuwonus pelamis

X

Kyphosus analogus

X

X

Kyphosus elegans

X

X

Kyphosus ocyurus

X

X

Kyphosus vaigiensis

X

Lagocephalus lagocephalus

X

X

Larimus acclivis

X

X

Larimus argenteus

X

X

Larimus effulgens

X

X

Larimus pacificus

X

X

Lepidopus fitchi

X

X

Lepophidium microlepis
Lepophidium negropinna

X

X

X

X
X

Lepophidium pardale

X
X

Lile gracilis

X

X

X

Lile stolifera

X

X

X

Litopenaeus occidentalis

X

X

Litopenaeus stylirostris

X

X

Lobotes pacificus

X

X

Lobotes surinamensis

X

X

Lonchopisthus sinuscalifornicus

X
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Large-pelagics

Shrimp-trawl

Shrimp-trawl

Small-pelagics

scale fisheries

fisheries

bycatch

fisheries

fisheries

Lophiodes spilurus

X

Lutjanus aratus

X

X

Lutjanus argentiventris

X

X

Lutjanus colorado

X

X

Lutjanus guttatus

X

X

Lutjanus inermis

X

X

Lutjanus jordani

X

X

Lutjanus novemfasciatus

X

X

Lutjanus viridis

X

X

Makaira nigricans

X

Manta birostris

X

Megalops atlanticus

X

Megapitaria aurantiaca

X

X

Menticirrhus elongatus

X

X

Menticirrhus nasus

X

X

Menticirrhus panamensis

X

X

Menticirrhus undulatus

X

X

Merluccius angustimanus

X

X

Merluccius gayi

X

X

Merluccius productus

X

X

Microgobius erectus

X

Microlepidotus brevipinnis

X

X

Microlepidotus inornatus

X

X

Micropogonias altipinnis

X

X

Micropogonias ectenes

X

X

Modiolus americanus

X

X

Modiolus capax

X

X

Monolene asaedae

X

Monolene maculipinna

X

X

Mugil cephalus

X

X

Mugil curema

X

X

Mulloidichthys dentatus

X

X

Mustelus californicus

X

X
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Coastal small-

Large-pelagics

Shrimp-trawl

Shrimp-trawl

Small-pelagics

scale fisheries

fisheries

bycatch

fisheries

fisheries

Mustelus dorsalis

X

X

Mustelus henlei

X

X

Mustelus lunulatus

X

X

Mycteroperca xenarcha

X

X

Myliobatis californica

X

X

Myrophis vafer

X

Narcine entemedor

X

X

Narcine vermiculatus

X

X

Nasolamia velox

X

Nebris occidentalis

X

X

Negaprion brevirostris

X

X

Nematistius pectoralis

X

X

Nematocarcinus agassizii
Nemichthys scolopaceus

X
X

Neobythites stelliferoides

X
X

Neoopisthopterus tropicus

X

X

Nezumia stelgidolepis

X

X

Nicholsina denticulata

X

Nodipecten subnodosus

X

X

Notarius osculus

X

X

Notarius troschelii

X

X

Occidentarius platypogon

X

X

Octopus vulgaris

X

X

Odontoscion xanthops

X

Ogilbia ventralis

X

Oligoplites altus

X

X

X

Oligoplites refulgens

X

X

X

Oligoplites saurus

X

X

X

Ophichthus frontalis

X

X

Ophichthus remiger

X

Ophichthus triserialis

X

Ophichthus zophochir

X

Ophidion fulvum

X
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Large-pelagics
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Shrimp-trawl

Small-pelagics

scale fisheries

fisheries

bycatch

fisheries

fisheries

Ophioscion scierus

X

X

Ophioscion strabo

X

X

Ophioscion typicus

X

Opisthonema bulleri

X

X

X

Opisthonema libertate

X

X

X

Opisthonema medirastre

X

X

X

Opisthopterus equatorialis

X

X

X

Opistognathus punctatus

X

Orthopristis cantharinus

X

X

Orthopristis chalceus

X

X

Orthopristis reddingi

X

X

Otophidium indefatigabile

X

Panulirus gracilis

X

Paralabrax auroguttatus

X

X

Paralabrax humeralis

X

X

Paralabrax loro

X

X

Paralabrax maculatofasciatus

X

X

Paralabrax nebulifer

X

X

Paralichthys adspersus

X

X

Paralichthys aestuarius

X

X

Paralichthys woolmani

X

X

Paralonchurus dumerilii

X

X

Paralonchurus goodei

X

X

Paralonchurus petersii

X

X

Paranthias colonus

X

X

Pareques viola

X

X

Pasiphaea americana
Peprilus snyderi

X
X

X

Perissias taeniopterus

X

Peristedion barbiger

X

Physiculus nematopus

X

Physiculus rastrelliger

X

Pinctada mazatlanica

X

X
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Large-pelagics

Shrimp-trawl

Shrimp-trawl

Small-pelagics

scale fisheries

fisheries

bycatch

fisheries

fisheries

Platymera gaudichaudii

X

Plesionika trispinus

X

X

Pleuroncodes monodon

X

X

Pleuroncodes planipes

X

X

Pleuronichthys ocellatus

X

X

Pleuronichthys ritteri

X

Pleuronichthys verticalis

X

Pliosteostoma lutipinnis

X

X

Polydactylus approximans

X

X

Polydactylus opercularis

X

X

Polylepion cruentum

X

X

Pomadasys bayanus

X

X

Pomadasys branickii

X

X

Pomadasys macracanthus

X

X

Pomadasys panamensis

X

X

Pontinus furcirhinus
Pontinus vaughani

X
X

X

Porichthys analis

X

Porichthys greenei

X

Porichthys margaritatus

X

X

Porichthys myriaster

X

Portunus asper

X

Portunus xanthusii

X

Prionace glauca

X

Prionotus albirostris

X

Prionotus birostratus

X

Prionotus ruscarius

X

X

Prionotus stephanophrys

X

X

Pristigenys serrula

X

X

Pronotogrammus eos

X

X

Protrachypene precipua

X

Psenes sio

X

X

Pseudobalistes naufragium

X

X

X
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Large-pelagics

Shrimp-trawl

Shrimp-trawl

Small-pelagics

scale fisheries

fisheries

bycatch

fisheries

fisheries

Pseudupeneus grandisquamis

X

X

Pteria sterna

X

X

Pteroplatytrygon violacea

X

Raja equatorialis

X

Raja inornata

X

X

Raja velezi

X

X

Rhinobatos glaucostigma

X

X

Rhinobatos leucorhynchus

X

X

Rhinobatos productus

X

X

Rhinoptera steindachneri

X

X

Rhizoprionodon longurio

X

X

Rimapenaeus byrdi

X

Rimapenaeus faoe

X

X

Rimapenaeus fuscina

X

X

Rimapenaeus pacificus

X

X

Roncador stearnsii

X

X

X

Rypticus bicolor

X

Rypticus nigripinnis

X

Sarda chiliensis

X

X

X

Sarda orientalis

X

X

X

Sardinops sagax

X

X

X

Scarus compressus

X

X

Scarus ghobban

X

X

Scarus rubroviolaceus

X

X

Scomber japonicus

X

X

Scomberomorus concolor

X

Scomberomorus sierra

X

X

Scorpaena guttata

X

X

Scorpaena histrio

X

X

Scorpaena mystes

X

X

Scorpaena russula

X

X

Scorpaena sonorae
Sebastes caurinus

X
X
X

X
X
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Coastal small-

Large-pelagics
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Shrimp-trawl

Small-pelagics

scale fisheries

fisheries

bycatch

fisheries

fisheries

Sebastes chlorostictus

X

Sebastes ensifer

X

Sebastes macdonaldi

X

Sebastes melanostomus

X

Sebastes miniatus

X

Selene brevoortii

X

X

X

Selene orstedii

X

X

X

Selene peruviana

X

X

X

Seriola peruana

X

X

X

Serranus psittacinus

X

X

Serrivomer sector

X

Sicyonia aliaffinis

X

Sicyonia disdorsalis

X

X

Sicyonia penicillata

X

X

Sicyonia picta

X

Solenocera agassizii

X

X

Solenocera florea

X

X

Solenocera mutator
Sphoeroides angusticeps

X
X

Sphoeroides kendalli

X

Sphoeroides lispus

X

Sphoeroides sechurae

X

X

X

Sphoeroides trichocephalus

X

Sphyraena argentea

X

X

X

Sphyraena ensis

X

X

X

Sphyraena idiastes

X

Sphyrna corona

X

Sphyrna lewini

X

X

Sphyrna mokarran

X

X

Sphyrna tiburo

X

Sphyrna zygaena

X

Spondylus crassisquama

X

Squilla biformis

X
X
X
X
X

X
X
X
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Small-pelagics

scale fisheries

fisheries

bycatch

fisheries

fisheries

Squilla mantoidea

X

Stellifer chrysoleuca

X

X

Stellifer ephelis

X

X

Stellifer ericymba

X

X

Stellifer illecebrosus

X

X

Stellifer oscitans

X

X

Stellifer zestocarus

X

X

Syacium ovale

X

Symphurus atramentatus

X

X

Symphurus atricaudus

X

X

Symphurus callopterus

X

X

Symphurus chabanaudi

X

X

Symphurus elongatus

X

Symphurus fasciolaris

X

Symphurus leei

X

Symphurus melanurus

X

Symphurus melasmatotheca

X

Symphurus oligomerus

X

Synchiropus atrilabiatus

X

Synodus evermanni

X

Synodus lacertinus

X

Synodus lucioceps

X

Synodus scituliceps

X

X

Synodus sechurae

X

Tetrapturus angustirostris

X

Thunnus alalunga

X

Thunnus albacares

X

Thunnus obesus

X

Thunnus orientalis

X

Torpedo peruana

X

Trachinotus kennedyi

X

X

Trachinotus paitensis

X

X

Trachinotus rhodopus

X

X
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Small-pelagics

scale fisheries

fisheries

bycatch

fisheries

fisheries

Trichiurus lepturus

X

X

Trinectes fonsecensis

X

X

Triplofusus princeps

X

X

Tylosurus pacificus

X

Umbrina roncador

X

X

Umbrina xanti

X

X

Urobatis halleri

X

X

Urolophus maculatus

X

X

X

X

Urotrygon aspidura

X

Urotrygon chilensis

X

Urotrygon munda

X

Urotrygon nana

X

Urotrygon rogersi

X

Xiphias gladius
Xiphopenaeus kroyeri

X
X

X

Zalieutes elater
Zapteryx exasperata

X
X

X

X
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A.2

Geographic occurrence records for all the 505 modeled marine and invertebrate

species. Color scale represents the number of species with presence record in each 0.5degree longitude by 0.5-degree latitude grid. Areas in grey represent cells with no presence
records.
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A.3

Results of Generalized Linear Models utilized to downscale environmental

parameters in the tropical Eastern Pacific. For all models, n was 12229 and p was < 2.2e-16.
ESM: Earth system model.

Habitat

ESM

Dependent variables

Independent variables

R2

Demersal

GFDL-ESM-2G

Sediment

Sediment+Latitude*Longitude+Depth

0.99

Demersal

GFDL-ESM-2G

Temperature

Temperature+Latitude*Longitude+Depth

0.74

Demersal

GFDL-ESM-2G

Salinity

Salinity+Latitude*Longitude+Depth

0.69

Demersal

GFDL-ESM-2G

Oxygen

Oxygen+Latitude*Longitude+Depth

0.92

Demersal

GFDL-ESM-2G

Primary productivity

Primary productivity+Latitude*Longitude+Depth

0.56

Pelagic

GFDL-ESM-2G

Mixed Layer Depth

Mixed Layer Depth+Latitude*Longitude

0.89

Pelagic

GFDL-ESM-2G

Temperature

Temperature+Latitude*Longitude

0.84

Pelagic

GFDL-ESM-2G

Salinity

Salinity+Latitude*Longitude

0.70

Pelagic

GFDL-ESM-2G

Oxygen

Oxygen+Latitude*Longitude

0.82

Pelagic

GFDL-ESM-2G

Primary productivity

Primary productivity+Latitude*Longitude

0.55

Demersal

IPSL-CM5-MR

Sediment

Sediment+Latitude*Longitude+Depth

0.99

Demersal

IPSL-CM5-MR

Temperature

Temperature+Latitude*Longitude+Depth

0.79

Demersal

IPSL-CM5-MR

Salinity

Salinity+Latitude*Longitude+Depth

0.70

Demersal

IPSL-CM5-MR

Oxygen

Oxygen+Latitude*Longitude+Depth

0.85

Demersal

IPSL-CM5-MR

Primary productivity

Primary productivity+Latitude*Longitude+Depth

0.65

Pelagic

IPSL-CM5-MR

Mixed Layer Depth

Mixed Layer Depth+Latitude*Longitude

0.89

Pelagic

IPSL-CM5-MR

Temperature

Temperature+Latitude*Longitude

0.86

Pelagic

IPSL-CM5-MR

Salinity

Salinity+Latitude*Longitude

0.77

Pelagic

IPSL-CM5-MR

Oxygen

Oxygen+Latitude*Longitude

0.90

Pelagic

IPSL-CM5-MR

Primary productivity

Primary productivity+Latitude*Longitude

0.65

Demersal

MPI-ESM-MR

Sediment

Sediment+Latitude*Longitude+Depth

0.99

Demersal

MPI-ESM-MR

Temperature

Temperature+Latitude*Longitude+Depth

0.89

Demersal

MPI-ESM-MR

Salinity

Salinity+Latitude*Longitude+Depth

0.78

Demersal

MPI-ESM-MR

Oxygen

Oxygen+Latitude*Longitude+Depth

0.87

Demersal

MPI-ESM-MR

Primary productivity

Primary productivity+Latitude*Longitude+Depth

0.56

Pelagic

MPI-ESM-MR

Mixed Layer Depth

Mixed Layer Depth+Latitude*Longitude

0.87

Pelagic

MPI-ESM-MR

Temperature

Temperature+Latitude*Longitude

0.84

Pelagic

MPI-ESM-MR

Salinity

Salinity+Latitude*Longitude

0.81

Pelagic

MPI-ESM-MR

Oxygen

Oxygen+Latitude*Longitude

0.55

Pelagic

MPI-ESM-MR

Primary productivity

Primary productivity+Latitude*Longitude

0.38
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A.4

Surface and bottom environmental parameters selected by the Ecological Niche

Factor Analysis (ENFA) as important in determining the species environmental niche.
Selected environmental parameters

Number of demersal species

Number of pelagic species

Temperature

299

206

Salinity

279

79

Oxygen

284

189

Primary Productivity

120

170

pH

270

86

Sediment

38

NA

Mixed Layer Depth

NA

118
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A.5

Average Area Under the Curve for each species distribution model (SDM) and

Earth system model (ESM) for 505 marine fish and invertebrate species in the Eastern
Tropical Pacific.
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A.6

Percentage of the 505 study species according to the proportional change of

habitat suitability in the Pacific Exclusive Economic Zones between 2001-2020 and 2041-2060.
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Appendix B Chapter 3: A new metabolic index to understand the impacts of ocean
warming and deoxygenation on global marine fisheries resources

B.1

Relationship between the BDMI estimated with oxygen in atm using different

temperature dependence parameters (j1,j2) and the physiologically derived metabolic index
(Penn et al., 2018). In red I compare the BDMI estimated with the temperature dependence
parameters detailed in the methods, in blue the species-specific temperature dependence of
the anabolic term compiled by Penn et al., (2018), and in yellow in the temperature
dependence of the anabolic and catabolic term based on Penn et al., (2018) and Pauly (2010).
The first row shows the relationship between the BDMI and the physiologically derived
metabolic index (Penn et al., 2018) for the baseline period (1971-2000). The second row
illustrates the changes in BDMI and physiologically derived metabolic index (Penn et al.,
2018) by the end of the century (2071-2100) relative to the baseline period (1971-2000).
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B.2

Relationship between the BDMI estimated with oxygen in atm with metabolic

scaling parameter of 0.7 in red and of 0.9 in yellow based on Pauly and Cheung (2018) and the
physiologically derived metabolic index (Penn et al., 2018). The first row shows the
relationship between the BDMI and the physiologically derived metabolic index (Penn et al.,
2018) for the baseline period (1971-2000). The second row illustrates the changes in BDMI and
physiologically derived metabolic index (Penn et al., 2018) by the end of the century (20712100) relative to the baseline period (1971-2000).
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B.3

Relationship between the BDMI estimated with oxygen in atm (red) and oxygen in
3

mol/m (blue) and the physiologically derived metabolic index (Penn et al., 2018). The first row
shows the relationship between the BDMI and the physiologically derived metabolic index
(Penn et al., 2018) for the baseline period (1971-2000). The second row illustrates the changes
in BDMI and physiologically derived metabolic index (Penn et al., 2018) by the end of the
century (2071-2100) relative to the baseline period (1971-2000).
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B.4

Biological and ecological input parameters necessary to estimate the Biogeographically derived metabolic index (BDMI)

for Gadus morhua, Diplodus puntazzo and Callinectes sapidus. I show the parameter values for the standard application of the
BDMI presented in the methods and results, as well as for the values of the parameter values to conduct sensitivity analysis that
explore the sensitivity of BDMI output to changes in the values of different parameters, including the effect of different metabolic
scaling (d), anabolic temperature dependence (j1), temperature dependence (j1,j2), oxygen units (oxygen threshold in mol/m3 and
atm) and the percentile used to estimate species oxygen thresholds (p01, p05, p10, p15, p20, p25).

Sensitivity analysis

Species

L∞

K

LWa

LWb

d

j1

BDMI

Diplodus puntazzo

62.2

0.36 0.01259 3.03 0.7 4500

BDMI

Callinectes sapidus

BDMI

j2

Temperature preference oxygen threshold

8000

19.4092405

0.199242273

2.7 0.7 4500

8000

23.7334512

0.199953679

Gadus morhua

200 0.177 0.00708 3.07 0.7 4500

8000

3.5479608

0.163605535

d

Diplodus puntazzo

62.2

8000

19.4092405

0.199242273

d

Callinectes sapidus

2.7 0.9 4500

8000

23.7334512

0.199953679

d

Gadus morhua

200 0.177 0.00708 3.07 0.9 4500

8000

3.5479608

0.163605535

j1

Gadus morhua

200 0.177 0.00708 3.07 0.7 4874

8000

3.5479608

0.163605535

j1

Diplodus puntazzo

62.2

8000

19.4092405

0.199242273

j1

Callinectes sapidus

2.7 0.7 2669

8000

23.7334512

0.199953679

j1,j12

Diplodus puntazzo

0.36 0.01259 3.03 0.7 2669

4065

19.4092405

0.199242273

j1,j12

Callinectes sapidus

2.7 0.7 2669 13759

23.7334512

0.199953679

j1,j12

Gadus morhua

200 0.177 0.00708 3.07 0.7 4874

9609

3.5479608

0.163605535

O2 (mol/m3)

Diplodus puntazzo

62.2

8000

19.4092405

0.205625642

O2 (mol/m3)

Callinectes sapidus

2.7 0.7 4500

8000

23.24596

0.2036782

O2 (mol/m3)

Gadus morhua

200 0.177 0.00708 3.07 0.7 4500

8000

3.5479608

0.257750646

20

20

20
62.2
20

20

0.9

0.1284

0.36 0.01259 3.03 0.9 4500
0.9

0.1284

0.36 0.01259 3.03 0.7 2669
0.9
0.9

0.1284
0.1284

0.36 0.01259 3.03 0.7 4500
0.9

0.1284
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Sensitivity analysis

Species

L∞

K

LWa

LWb

d

j1

p01

Diplodus puntazzo

62.2

0.36 0.01259 3.03 0.7 4500

p01

Callinectes sapidus

p01

j2

Temperature preference oxygen threshold

8000

19.4092405

0.190370877

2.7 0.7 4500

8000

23.7334512

0.194543131

Gadus morhua

200 0.177 0.00708 3.07 0.7 4500

8000

3.5479608

0.15135856

p05

Diplodus puntazzo

62.2

8000

19.4092405

0.196564881

p05

Callinectes sapidus

2.7 0.7 4500

8000

23.7334512

0.198321781

p05

Gadus morhua

200 0.177 0.00708 3.07 0.7 4500

8000

3.5479608

0.156465892

p10

Diplodus puntazzo

62.2

8000

19.4092405

0.199242273

p10

Callinectes sapidus

2.7 0.7 4500

8000

23.7334512

0.199953679

p10

Gadus morhua

200 0.177 0.00708 3.07 0.7 4500

8000

3.5479608

0.163605535

p15

Diplodus puntazzo

62.2

8000

19.4092405

0.201165185

p15

Callinectes sapidus

2.7 0.7 4500

8000

23.7334512

0.201696896

p15

Gadus morhua

200 0.177 0.00708 3.07 0.7 4500

8000

3.5479608

0.170285571

p20

Diplodus puntazzo

62.2

8000

19.4092405

0.201956206

p20

Callinectes sapidus

2.7 0.7 4500

8000

23.7334512

0.202755

p20

Gadus morhua

200 0.177 0.00708 3.07 0.7 4500

8000

3.5479608

0.174899595

p25

Diplodus puntazzo

62.2

8000

19.4092405

0.202641667

p25

Callinectes sapidus

2.7 0.7 4500

8000

23.7334512

0.20346057

p25

Gadus morhua

200 0.177 0.00708 3.07 0.7 4500

8000

3.5479608

0.177724862

20

20

20

20

20

20

0.9

0.1284

0.36 0.01259 3.03 0.7 4500
0.9

0.1284

0.36 0.01259 3.03 0.7 4500
0.9

0.1284

0.36 0.01259 3.03 0.7 4500
0.9

0.1284

0.36 0.01259 3.03 0.7 4500
0.9

0.1284

0.36 0.01259 3.03 0.7 4500
0.9

0.1284
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B.5

Comparing the habitat loss (%) and Φcrit projected by the physiologically derived

metabolic index (MI, Penn et al., 2018) and different parametrizations of the BDMI: using
oxygen partial pressure (atm) and dissolved oxygen concentration (mol/m 3); j1, speciesspecific temperature dependence parameters for the anabolic term compiled by Penn et al.,
(2018); j1, j2: the same species-specific temperature dependence parameters for the anabolic
term and scale it with the catabolic temperature dependence as in Pauly (2010); d: I used a
value 0f 0.9 and for standard I use the parameter values described in the methods.

Species
D. puntazzo

Parameters
d
j1
j1, j2
Standard

C. sapidus

d
j1
j1, j2
Standard

G. morhua

d
j1
j1, j2
Standard

Oxygen

BDMI habitat loss %

Φcrit

MI habitat loss %

Φcrit

Difference in lost
habitat

atm

-16.71

0.93

-17.04

7.54

-0.33

mol/m3

-18.10

0.90

-17.04

7.54

1.06

atm

-16.50

0.88

-17.04

7.54

-0.54

mol/m3

-17.50

0.85

-17.04

7.54

0.46

atm

-18.15

1.27

-17.04

7.54

1.11

mol/m3

-19.80

1.22

-17.04

7.54

2.76

atm

-16.71

1.04

-17.04

7.54

-0.33

mol/m3

-18.10

1.00

-17.04

7.54

1.06

atm

-46.83

1.03

-46.67

3.16

0.16

mol/m3

-47.70

0.99

-46.67

3.16

1.03

atm

-47.31

1.35

-46.67

3.16

0.64

mol/m3

-48.21

1.31

-46.67

3.16

1.54

atm

-46.69

1.13

-46.67

3.16

0.02

mol/m3

-47.30

1.06

-46.67

3.16

0.63

atm

-46.83

1.28

-46.67

3.16

0.16

mol/m3

-47.70

1.23

-46.67

3.16

1.03

atm

-13.01

1.00

-12.47

4.25

0.54

mol/m3

-13.65

0.93

-12.47

4.25

1.18

atm

-12.33

1.27

-12.47

4.25

-0.14

mol/m3

-12.27

1.19

-12.47

4.25

-0.20

atm

-12.12

1.16

-12.47

4.25

-0.35

mol/m3

-15.68

1.08

-12.47

4.25

3.21

atm

-13.01

1.25

-12.47

4.25

0.54

mol/m3

-13.65

1.16

-12.47

4.25

1.18
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B.6

Linear regressions between the BDMI and the physiologically derived metabolic

index (Penn et al., 2018) for the baseline period (1971-2000). For j1, I use species-specific
temperature dependence for the anabolic term (Penn et al., 2018). For j1, j2, I use the same
species-specific temperature dependence for the anabolic term and scale it with the catabolic
temperature dependence as in Pauly (2010). For d, I use 0.9 as in Pauly and Cheung (2018)
and for standard I use BDMI computations detailed in the methods.

Species

Parameters

R2

Equation

p-value

D. puntazzo

d

1.00

BDMI=-0.33+0.15* Physiologically derived metabolic index

<0.001

D. puntazzo

j1

0.99

BDMI=-1.26+0.28* Physiologically derived metabolic index

<0.001

D. puntazzo

j1, j2

0.98

BDMI=0.67+0.08* Physiologically derived metabolic index

<0.001

D. puntazzo

Standard

1.00

BDMI=-0.43+0.19* Physiologically derived metabolic index

<0.001

C. sapidus

d

0.99

BDMI=0.65+0.13* Physiologically derived metabolic index

<0.001

C. sapidus

j1

0.97

BDMI=1.15+0.07* Physiologically derived metabolic index

<0.001

C. sapidus

j1, j2

1.00

BDMI=-0.39+0.46* Physiologically derived metabolic index

<0.001

C. sapidus

Standard

0.99

BDMI=0.77+0.17* Physiologically derived metabolic index

<0.001

G. morhua

d

0.99

BDMI=0.34+0.16* Physiologically derived metabolic index

<0.001

G. morhua

j1

0.98

BDMI=0.53+0.18 Physiologically derived metabolic index

<0.001

G. morhua

j1, j2

1.00

BDMI=0.04+0.26* Physiologically derived metabolic index

<0.001

G. morhua

Standard

0.99

BDMI=0.42+0.20* Physiologically derived metabolic index

<0.001
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B.7

Linear regressions between the change in BDMI and the physiologically derived

metabolic index (Penn et al., 2018) by end of century (2071-2100) relative to the baseline
period (1971-2000). For j1, I use species-specific temperature dependence for the anabolic
term (Penn et al., 2018), for j1, j2, I use the same species-specific temperature dependence for
the anabolic term and scale it with the catabolic temperature dependence as in Pauly (2010),
for d, I use 0.9 by Pauly and Cheung (2018) and for standard I use BDMI computations
detailed in the methods.

Species

Combination

R

Equation

p-value

Diplodus puntazzo

d

0.99

BDMI=-0.64+1.21* Physiologically derived metabolic index

<0.001

j1

0.93

BDMI=-1.75+1.69* Physiologically derived metabolic index

<0.001

j1, j2

0.91

BDMI=0.84+0.65* Physiologically derived metabolic index

<0.001

Standard

0.99

BDMI=-0.66+1.20* Physiologically derived metabolic index

<0.001

d

0.99

BDMI=0.59+0.62* Physiologically derived metabolic index

<0.001

j1

0.88

BDMI=1.32+0.37* Physiologically derived metabolic index

<0.001

j1, j2

1.00

BDMI=-0.64+1.14* Physiologically derived metabolic index

<0.001

Standard

0.99

BDMI=0.52+0.61* Physiologically derived metabolic index

<0.001

d

0.96

BDMI=-0.23+0.70* Physiologically derived metabolic index

<0.001

j1

0.93

BDMI=-0.30+0.62* Physiologically derived metabolic index

<0.001

j1, j2

1.00

BDMI=-0.01+0.97* Physiologically derived metabolic index

<0.001

Standard

0.97

BDMI=-0.04+0.71* Physiologically derived metabolic index

<0.001

Callinectes sapidus

Gadus morhua
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B.8

Linear regressions between the physiologically derived metabolic index and the

Biogeographically derived metabolic index (BDMI) for the baseline period (1971-2000). I tested
the sensitivity of BDMI output to the selection of the percentile that defines species oxygen
thresholds by comparing the relationship between both metabolic indices across 6 different
percentiles (p01 = 1st percentile, p05= 5th percentile, p10 = 10th percentile, p15=15th percentile,
p20= 20th percentile, p25=25th percentile).

Species

Parameters

R2

Equation

p-value

D. puntazzo

p01

1

BDMI=-0.44+0.01* Physiologically derived metabolic index

<0.001

D. puntazzo

p05

1

BDMI=-0.41+0.19* Physiologically derived metabolic index

<0.001

D. puntazzo

p10

1

BDMI=-0.42+0.19* Physiologically derived metabolic index

<0.001

D. puntazzo

p15

1

BDMI=-0.41+0.19* Physiologically derived metabolic index

<0.001

D. puntazzo

p20

1

BDMI=-0.40+0.19* Physiologically derived metabolic index

<0.001

D. puntazzo

p25

1

BDMI=-0.42+0.19* Physiologically derived metabolic index

<0.001

C. sapidus

p01

0.99

BDMI=0.83+0.17* Physiologically derived metabolic index

<0.001

C. sapidus

p05

0.99

BDMI=0.78+0.17* Physiologically derived metabolic index

<0.001

C. sapidus

p10

0.99

BDMI=-0.77+0.17* Physiologically derived metabolic index

<0.001

C. sapidus

p15

1

BDMI=0.73+0.18* Physiologically derived metabolic index

<0.001

C. sapidus

p20

0.99

BDMI=0.74+0.17* Physiologically derived metabolic index

<0.001

C. sapidus

p25

0.99

BDMI=0.75+0.17* Physiologically derived metabolic index

<0.001

G. morhua

p01

0.99

BDMI=0.47+0.21* Physiologically derived metabolic index

<0.001

G. morhua

p05

0.99

BDMI=0.44+0.20* Physiologically derived metabolic index

<0.001

G. morhua

p10

0.99

BDMI=0.41+0.20* Physiologically derived metabolic index

<0.001

G. morhua

p15

0.99

BDMI=0.40+0.19 Physiologically derived metabolic index

<0.001

G. morhua

p20

0.99

BDMI=0.39+0.18* Physiologically derived metabolic index

<0.001

G. morhua

p25

0.99

BDMI=0.39+0.18* Physiologically derived metabolic index

<0.001
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B.9

Linear regressions between the percent change in BDMI and the physiologically

derived metabolic index (Penn et al., 2018) by end of century (2071-2100) relative to the
baseline period (1971-2000). I tested the sensitivity of BDMI output to the selection of the
percentile that defines species oxygen thresholds by comparing the relationship between
both metabolic indices across 6 different percentiles (p01 = 1st percentile, p05= 5th percentile,
p10 = 10th percentile, p15=15th percentile, p20= 20th percentile, p25=25th percentile).

Species

Parameters

R2

Equation

p-value

D. puntazzo

p01

0.99

BDMI=-0.56+1.22* Physiologically derived metabolic index

<0.001

D. puntazzo

p05

0.99

BDMI=-0.71+1.2* Physiologically derived metabolic index

<0.001

D. puntazzo

p10

0.99

BDMI=-0.51+1.22* Physiologically derived metabolic index

<0.001

D. puntazzo

p15

0.99

BDMI=-0.54+1.22* Physiologically derived metabolic index

<0.001

D. puntazzo

p20

0.99

BDMI=-0.57+1.22* Physiologically derived metabolic index

<0.001

D. puntazzo

p25

0.99

BDMI=-0.58+1.21* Physiologically derived metabolic index

<0.001

C. sapidus

p01

0.99

BDMI=0.77+0.63* Physiologically derived metabolic index

<0.001

C. sapidus

p05

0.99

BDMI=0.70+0.63* Physiologically derived metabolic index

<0.001

C. sapidus

p10

0.99

BDMI=-0.68+0.62* Physiologically derived metabolic index

<0.001

C. sapidus

p15

1

BDMI=0.60+0.62* Physiologically derived metabolic index

<0.001

C. sapidus

p20

0.99

BDMI=1.04+0.64* Physiologically derived metabolic index

<0.001

C. sapidus

p25

1

BDMI=0.57+0.62* Physiologically derived metabolic index

<0.001

G. morhua

p01

0.97

BDMI=-0.07+0.71* Physiologically derived metabolic index

<0.001

G. morhua

p05

0.96

BDMI=-0.46+0.68* Physiologically derived metabolic index

<0.001

G. morhua

p10

0.96

BDMI=-0.31+0.68* Physiologically derived metabolic index

<0.001

G. morhua

p15

0.97

BDMI=-0.13+0.71 Physiologically derived metabolic index

<0.001

G. morhua

p20

0.97

BDMI=-0.13+0.70* Physiologically derived metabolic index

<0.001

G. morhua

p25

0.96

BDMI=-0.04+0.71* Physiologically derived metabolic index

<0.001
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B.10

Percent habitat loss by end of century (2071-2100) relative to baseline conditions

(1971-2000) and Φcrit values estimated by the Biogeographically derived metabolic index
computed using six different percentiles to define the species oxygen threshold (p01 = 1st
percentile, p05= 5th percentile, p10 = 10th percentile, p15=15th percentile, p20= 20th percentile,
p25=25th percentile).

Species

Parameters

Habitat loss (%)

Φcrit

Callinectes sapidus

p01

-46.8333

1.316823

Callinectes sapidus

p05

-46.8333

1.291733

Callinectes sapidus

p10

-46.8333

1.281191

Callinectes sapidus

p15

-46.8333

1.270118

Callinectes sapidus

p20

-46.8333

1.26349

Callinectes sapidus

p25

-46.8333

1.259108

Diplodus puntazzo

p01

-16.7094

1.086202

Diplodus puntazzo

p05

-16.7094

1.051974

Diplodus puntazzo

p10

-16.7094

1.037838

Diplodus puntazzo

p15

-16.7094

1.027917

Diplodus puntazzo

p20

-16.7094

1.023891

Diplodus puntazzo

p25

-16.7094

1.020428

Gadus morhua

p01

-13.0092

1.349181

Gadus morhua

p05

-13.0092

1.305141

Gadus morhua

p10

-13.0092

1.248185

Gadus morhua

p15

-13.0092

1.199221

Gadus morhua

p20

-13.0092

1.167584

Gadus morhua

p25

-13.0092

1.149023
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Appendix C Chapter 4: Impact of warming and deoxygenation on pelagic fisheries of the
Eastern tropical Pacific

C.1

Temperature preferences and oxygen thresholds of all the species included in the

computation of BDMC and MODC for the Eastern Tropical Pacific Ocean. Temperature
preferences were estimated as the median temperature values throughout the species
distribution and were computed based on COBE sea surface temperature averages for 19702009. Oxygen thresholds are the 10th percentile of sea surface oxygen values throughout the
species distributions and were computed based on hindcast model outputs from CESM2,
CNRM-ESM2-1 and IPSL-CM6A-LR.
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C.2

Average sea surface temperature (°C) in Exclusive Economic Zones of the Eastern Tropical Pacific Ocean (1970-2009).
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C.3

Average sea surface oxygen (mol/m3) in the Exclusive Economic Zones of the Eastern Tropical Pacific Ocean (1970-

2009). Each color represents the hindcast output of a different Earth system model.
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C.4

Biogeographically-Derived Metabolic Index of the Catch (BDMC) time series for Exclusive Economic Zones of the

Eastern Tropical Pacific Ocean (1970-2009). Each color represents the BDMC computed with different oxygen hindcast output.
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C.5

Mean Oxygen Demand of the Catch (MODC, mol/m3) time series for EEZ in the Eastern Tropical Pacific Ocean (1970-2009)

computed with oxygen outputs from three different Earth system models.
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C.6

Coherence between Mean Oxygen Demand of the Catch and the Oceanic Niño Index for pelagic fisheries in the Eastern

Tropical Pacific. The horizontal axis represents time, while the vertical axis represents frequency. Red colors represent areas where
the two time series co-vary while blue colors represent areas where there is a low dependence between both time series. The
absence of arrows means both time series co-vary with no lag or lead. Arrows to the right indicate the time series in phase (they
move in the same direction), arrows to the left mean the time series are in anti-phase (they move in the opposite direction). Rightdown or left-up arrows: first variable leads, right-up, left-down: second variable leads.
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C.7

Coherence between the Biogeographically derived Metabolic Index of the Catch of pelagic fisheries in the Eastern

Tropical Pacific Ocean and the Oceanic Niño Index. The horizontal axis represents time, while the vertical axis represents
frequency. Red colors represent areas where the two time series co-vary while blue colors represent areas where there is a low
dependence between both time series. The absence of arrows means both time series co-vary with no lag or lead. Arrows to the
right indicate the time series in phase (they move in the same direction), arrows to the left mean the time series are in anti-phase
(they move in the opposite direction). Right-down or left-up arrows: first variable leads, right-up, left-down: second variable leads.
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C.8

Catches of pelagic species in Pacific Exclusive Economic Zones between 1970 and 2009, represented as a percentage of

its total pelagic catches. Percentages higher than 10% are highlighted in red.

Species

Colombia

Costa Rica

Ecuador

El Salvador

Galapagos

Guatemala

Mexico

Nicaragua

Panama

Acanthocybium solandri

0.02

1.09

0.00

0.00

0.10

0.89

0.00

0.00

0.00

Aetobatus narinari

0.00

0.00

0.00

0.00

0.00

0.04

0.00

0.00

0.00

43.09

0.00

7.12

0.00

0.00

0.00

0.00

0.00

64.96

Coryphaena hippurus

0.64

6.05

0.02

3.04

0.52

14.23

1.72

28.18

0.38

Dosidicus gigas

0.00

0.00

0.43

0.00

0.00

3.01

5.65

0.00

0.00

Engraulis mordax

0.00

0.00

0.00

0.00

0.00

0.00

12.36

0.00

0.00

Engraulis ringens

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

Ethmidium maculatum

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

Euthynnus lineatus

0.80

0.71

0.03

0.00

0.05

1.11

0.13

0.00

0.14

Istiophorus platypterus

0.13

1.64

0.00

0.00

0.04

0.49

0.02

0.00

0.12

32.65

26.87

2.69

25.75

58.47

14.25

3.51

10.32

3.70

Makaira mazara

0.00

0.04

0.00

0.00

0.00

0.00

0.01

0.00

0.00

Odontesthes regia

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

Opisthonema libertate

0.00

0.00

17.65

0.00

0.00

0.00

0.00

0.00

23.10

Sarda chiliensis

0.00

0.00

0.00

0.00

0.00

0.00

0.69

0.00

0.00

Sardinops sagax

0.00

0.00

31.29

0.00

0.00

0.00

61.63

0.00

0.00

Scomber japonicus

0.00

0.00

38.07

0.00

0.00

0.00

2.62

0.00

0.00

Scomberomorus sierra

1.62

0.00

0.28

0.00

0.03

0.93

0.00

0.00

1.37

Thunnus alalunga

0.00

0.00

0.00

0.00

0.00

0.00

1.06

0.00

0.00

Thunnus albacares

16.91

61.12

1.93

68.06

25.75

58.03

9.66

59.71

5.67

Cetengraulis mysticetus

Katsuwonus pelamis
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Thunnus obesus

2.70

1.54

0.45

2.35

14.16

2.44

0.19

0.75

0.20

Thunnus orientalis

0.00

0.00

0.00

0.00

0.01

0.00

0.66

0.00

0.00

Trachurus murphyi

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

Tylosurus crocodilus

0.00

0.00

0.00

0.00

0.00

3.01

0.00

0.00

0.00

Xiphias gladius

1.43

0.94

0.04

0.80

0.87

1.56

0.09

1.03

0.35
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Appendix D Chapter 5: Temperature and oxygen supply shape the demersal community
in a tropical Oxygen Minimum Zone
D.1

Area Under the Curve comparing presence with predicted presence based on a

Φcrit threshold of the local minimum.

Species

Area Under the Curve
IPSL-CM6A-LR

CNRM-ESM2-1

CESM2

Argentina aliceae

0.58

0.53

0.70

Ariosoma prorigerum

0.66

0.59

0.75

Bathycongrus macrurus

0.58

0.65

0.60

Bollmannia umbrosa

0.64

0.56

0.61

Brotula clarkae

0.70

0.66

0.63

Cherublemma emmelas

0.50

0.51

0.50

Citharichthys platophrys

0.60

0.61

0.58

Coelorinchus canus

0.56

0.55

0.51

Coelorinchus scaphopsis

0.56

0.53

0.69

Coryphaenoides capito

0.50

0.51

0.51

Cynoscion nannus

0.56

0.52

0.52

Decodon melasma

0.62

0.53

0.68

Diplectrum euryplectrum

0.65

0.53

0.75

Engyophrys sanctilaurentii

0.58

0.51

0.61

Gymnothorax equatorialis

0.63

0.55

0.69

Hemanthias peruanus

0.65

0.54

0.73

Heterocarpus vicarius

0.50

0.51

0.50

Hippoglossina bollmani

0.63

0.56

0.72

Hippoglossina tetrophthalma

0.65

0.55

0.70

Kathetostoma averruncus

0.57

0.52

0.52

Lepophidium microlepis

0.60

0.67

0.60

Lophiodes caulinaris

0.50

0.51

0.54

Lophiodes spilurus

0.55

0.51

0.51

Merluccius angustimanus

0.57

0.52

0.52

Monolene asaedae

0.50

0.53

0.53

Mustelus henlei

0.64

0.53

0.71

Ophichthus remiger

0.54

0.51

0.56
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Species

Area Under the Curve
IPSL-CM6A-LR

CNRM-ESM2-1

CESM2

Peprilus medius

0.93

0.93

0.87

Peprilus snyderi

0.56

0.51

0.55

Peristedion barbiger

0.60

0.53

0.53

Peristedion crustosum

0.50

0.51

0.53

Physiculus nematopus

0.54

0.56

0.55

Physiculus rastrelliger

0.56

0.51

0.51

Pleuroncodes monodon

0.50

0.50

0.50

Pontinus furcirhinus

0.62

0.53

0.69

Pontinus sierra

0.55

0.50

0.52

Porichthys margaritatus

0.76

0.79

0.79

Prionotus albirostris

0.62

0.55

0.74

Prionotus stephanophrys

0.65

0.59

0.75

Pronotogrammus eos

0.52

0.53

0.53

Raja velezi

0.63

0.53

0.69

Rhynchoconger nitens

0.59

0.76

0.61

Serranus aequidens

0.56

0.52

0.55

Solenocera agassizii

0.53

0.53

0.50

Squatina californica

0.64

0.59

0.76

Squilla biformis

0.50

0.50

0.50

Symphurus callopterus

0.63

0.55

0.68

Symphurus melanurus

0.54

0.57

0.54

Synodus scituliceps

0.57

0.68

0.61

Torpedo peruana

0.60

0.54

0.56

Zalieutes elater

0.52

0.53

0.56
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