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Hypoxia, triggered in large part by eutrophication, exerts widespread and expanding
stress on coastal ecosystems. Hypoxia is often specifically defined as water having
dissolved oxygen (DO) concentrations < 2 mg L~". However, DO concentration alone
is insufficient to categorize hypoxic stress or predict impacts of hypoxia on zooplankton
and fish. Hypoxic stress depends on the oxygen supply relative to metabolic demand.
Water temperature controls both oxygen solubility and the metabolic demand of
aquatic ectotherms. Accordingly, to assess impacts of hypoxia requires consideration of
effects of temperature on both oxygen availability and animal metabolism. Temperature
differences across ecosystems or across seasons or years within an ecosystem can
dramatically impact the severity of hypoxia even at similar DO concentrations. Living
under sub-optimum DO can reduce temperature-dependent metabolic efficiencies,
prey capture efficiency, growth and reproductive potential, thus impacting production
and individual zooplankton and fish fitness. Avoidance of hypoxic bottom water can
reduce or eliminate low-temperature thermal refuges for organisms and increase energy
demands and respiration rates, and potentially reduce overall fitness if alternative
habitats are sub-optimal. Moreover, differential habitat shifts among species can shift
predator-prey abundance ratios or interactions and thus modify food webs. For
example, more tolerant zooplankton prey may use hypoxic waters as a refuge from
fish predation. In contrast, zooplankton avoidance of hypoxic bottom waters can result
in prey aggregations at oxyclines sought out by fish predators. Hypoxic conditions that
affect spatial ecology can drive taxonomic and size shifts in the zooplankton community,
affecting foraging, consumption and growth of fish. Advances in understanding the
ecological effects of low DO waters on pelagic zooplankton and fish and comparisons
among ecosystems will require development of generic models that estimate the oxygen
demand of organisms in relation to oxygen supply which depends on both DO and
temperature. We provide preliminary analysis of a metric (Oxygen Stress Level) which
integrates oxygen demand in relation to oxygen availability for a coastal copepod and
compare the prediction of oxygen stress to actual copepod distributions in areas with
hypoxic bottom waters.
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INTRODUCTION

Dissolved oxygen (DO) has been declining in coastal waters
since the middle of the 20th century (Diaz and Rosenberg,
2008; Vaquer-Sunyer and Duarte, 2008; Rabalais et al., 2009;
Breitburg et al., 2018). Hypoxia occurs naturally in many
marine and freshwater systems that are characterized by high
productivity and stratification (Rabalais et al., 2010). However,
human activities such as intensive agriculture practices, land
use changes, and point-source nutrient loading have caused the
frequency, magnitude and extent of coastal hypoxia to increase
(Turner et al., 2008; Bianchi et al., 2010).

Seasonal deoxygenation of sub-pycnocline coastal waters is
driven primarily by nutrient stimulation of largely ungrazed
phytoplankton blooms that decay below a stratified water
column. These blooms sink or are eaten and processed by
zooplankton, and are subsequently decomposed by microbial
activity, consuming much of the available DO in the lower
water column isolated from aeration (Malone, 1991; Nixon, 1995;
Howarth et al, 1996; Diaz and Rosenberg, 2008). Since 1950,
more than 500 sites in coastal waters have reported DO < 2 mg
17!, with fewer than 10 percent of these systems reporting
such low DO values prior to 1950 (Diaz and Rosenberg, 2008;
Vaquer-Sunyer and Duarte, 2008; Isensee et al., 2015). While
more observations have likely contributed to this increase in
reporting, a greater diversity of coastal hypoxic sites suggests that
increased eutrophication is primarily responsible for expanding
coastal hypoxia (Vaquer-Sunyer and Duarte, 2008). Coastal
zooplankton and fish do not appear to have developed specific
physiological adaptations to low DO in these new coastal
systems experiencing seasonal hypoxia (Childress and Seibel,
1998; Dam, 2013; McBryan et al.,, 2013). Instead, these organisms
suffer direct mortality, or reside in the low DO waters and
tolerate some deleterious effects, or avoid low DO bottom waters
through behavioral avoidance. Global warming can increase
coastal hypoxia by increasing water column density stratification,
decreasing oxygen solubility, and increasing the oxygen demand
of ectotherms (Altieri and Gedan, 2014).

Hypoxia is often specifically defined as water having DO
concentrations < 2 mg L~! (at 18°C in seawater = 1.5 ml
L=! = 56 kPa oxygen partial pressure), although more
biologically relevant definitions are required to define its impacts
(Davis, 1975; Vaquer-Sunyer and Duarte, 2008; Breitburg et al,,
2009; Ekau et al., 2010; Verberk et al., 2011; Elliott et al., 2013).
Physiologists usually express DO in terms of partial pressure
because oxygen availability to aquatic organisms is dependent on
the rate of diffusion across integuments or gills and is controlled
by the partial pressure of O, (mm Hg or kPa). In contrast, aquatic
ecologists and oceanographers usually express DO in terms of
concentration (mg L~ lormlL™1).

Temperature directly influences oxygen solubility in seawater
and thus DO concentration and oxygen partial pressure as
well as the metabolic demand of aquatic ectotherms, yet is
often overlooked as a controlling factor in hypoxic assessments.
A meta-analysis by Vaquer-Sunyer and Duarte (2011) suggests
that the survival time of benthic macrofauna in low DO
is reduced with increasing temperature and that the DO

concentration which results in mortality increases. Thus, in order
to effectively assess the impacts of hypoxic stress, it is necessary
to consider the effects of temperature on both oxygen availability
and animal metabolism. We contend that temperature is an
essential component defining hypoxic conditions. Temperature
differences across ecosystems or across seasons or years within an
ecosystem can dramatically impact the severity of hypoxia even at
similar DO concentrations.

Although hypoxic events have been shown to cause mortality
of more sedentary benthic species and crabs (Grantham et al.,
2004), less is known about the impact of hypoxia on pelagic
species, which is the focus of this paper. Pelagic species have
behavioral capabilities to generally avoid hypoxic water and must
either move out of the way or suffer the consequences of reduced
oxygen (Ekau et al, 2010). The physiological and ecological
consequences of moving to non-hypoxic, perhaps adjacent
habitats are important to understand broader impacts of hypoxia
at the species and ecosystem level. Physiological consequences
include changes in energy demand, respiration rates and overall
fitness if adjacent habitats have different temperatures. Ecological
consequences include shifts in densities and spatial overlaps of
predators and prey that modify food webs.

EFFECTS OF LOW DISSOLVED OXYGEN
ON ZOOPLANKTON AND FISH
METABOLISM AND VITAL RATES

Research on ecological effects of hypoxia in coastal systems
typically has considered DO in terms of the concentration of
oxygen in water (ml L™! or mg L~'). However, it is also
essential to consider the partial pressure and diffusivity of
oxygen in water because these properties determine the rate of
oxygen supply and, ultimately, the rate of oxygen uptake by
organisms (Verberk et al., 2011). The solubility of oxygen in
water (i.e., concentration at atmospheric equilibrium) declines
at both higher temperatures and higher salinities. Considering
potential biological and ecological effects of hypoxia on coastal
zooplankton and fish, reduced rates of oxygen uptake are
ultimately responsible for direct adverse effects such as reduced
growth and increased mortality. Under low oxygen conditions
(with oxygen supply low relative to oxygen demand), aerobic
respiration may not be fully supported by the consequent lower
oxygen uptake rates, and respiration becomes oxygen limited
(Gnaiger, 1991; Childress and Seibel, 1998; McAllen et al., 1999;
Portner and Knust, 2007; Seibel, 2011; Elliott et al., 2013).
As a result, zooplankton and fish residing in hypoxic water
must either implement specific adaptations to maintain the
rate of oxygen uptake, make up the energy deficit through
anaerobic respiration, or reduce their energy demand and
oxygen requirements by lowering metabolic rate such as through
reduced activity (Gnaiger, 1991; Childress and Seibel, 1998;
McAllen et al., 1999; Perry, 2011; Seibel, 2011; Friedman et al.,
2012; Elliott et al.,, 2013). In aquatic ectotherms, temperature
controls respiration and metabolic rates and thus the ambient
temperature of low oxygen water will affect the specific response
rates of an organism.
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Two useful metrics to assess the effects of low DO on
zooplankton and fish are the critical (Pgi¢) and lethal (Pjeg,)
oxygen thresholds (Prosser and Brown, 1962; Connett et al., 1990;
Gnaiger, 1991; Childress and Seibel, 1998; McAllen et al., 1999;
Portner and Knust, 2007; Seibel, 2011; Elliott et al., 2013). When
maximum potential respiration rate drops below an organism’s
“target” respiration rate (P), respiration rate becomes limited
by oxygen supply, and sub-lethal effects of hypoxia can be
expected. When the oxygen supply drops below an organism’s
“basal” respiration rate (Py,), acute lethal effects of hypoxia can
be expected. Both of these thresholds reflect the balance between
oxygen supply to the organism, a function of the rate of molecular
diffusion, and oxygen demand by the organism, a function of
respiration rate (and ultimately metabolic rate). Typically, these
are expressed in terms of oxygen partial pressures. According
to Fick’s Law for diffusion across a membrane, oxygen uptake
and maximum potential aerobic respiration rate will depend
on oxygen supply as governed by the external (environmental)
oxygen solubility, partial pressure, and diffusivity (Verberk et al.,
2011). Thus, corresponding critical and lethal oxygen supply
thresholds can be defined that account for oxygen solubility,
partial pressure and diffusivity. These thresholds will depend
on an organism’s non-oxygen-limited (target) respiration rate,
and the lowest sustainable (basal) respiration rate, respectively
(Elliott et al., 2013). For coastal zooplankton and fish lacking
specialized adaptations to live under low environmental DO,
oxygen uptake is more or less constant at the target level when
pO, is above P, then declines linearly as DO declines to
below the P level (Figure 1). Because zooplankton and most
newly hatched larval fish lack gills, their oxygen uptake is a
function of diffusion through the body surface. Under low oxygen
conditions relative to oxygen requirements, species with a higher
surface/volume ratio would be favored because of their greater
oxygen diffusion potential.

It has been established for decades that there is a critical
oxygen level for fishes at which metabolism and other processes
are limited by oxygen. The use of Pyi; as a measure of the relative
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FIGURE 1 | Adapted from Elliott et al. (2013). Relationship between an
organism'’s respiration rate and the environmental oxygen partial pressure.
Target Respiration Rate (TRR); Minimum survivable Respiration Rate (MRR),
critical oxygen partial pressure (Pcrit) and lethal oxygen partial pressure (Pleth)
are shown.

tolerance of a fish to low oxygen also has a long history (Prosser
and Brown, 1962; Chapman et al., 2002; Nilsson and Ostlund-
Nilsson, 2008; Mandic et al., 2009; Richards, 2011; Speers-Roesch
et al., 2013; and see review by Rogers et al., 2016). Early fish
literature often referred to Py as the ‘incipient limiting tension
or level’ (Davis, 1975). The classic work of Fry (1957) concludes
“Any reduction of the oxygen content below the level where
the active metabolic rate begins to be restricted is probably
unfavorable to the species concerned. From the ecological point
of view, the ‘incipient limiting level’ (the critical level under
conditions of activity) can be taken as the point where oxygen
content becomes unsuitable.”

Specific adaptations that help maintain oxygen uptake under
low DO (or increasing oxygen demand) include increased
ventilation of the respiratory surfaces (e.g., gills), increased heart
rate, reduced activity and production of high-affinity oxygen
uptake molecules (Herreid, 1980; Childress and Seibel, 1998;
Portner and Knust, 2007; Richards, 2009; Seibel, 2011). These
types of responses are common among zooplankton and fishes
in oceanic oxygen minimum zones, which likely have co-evolved
with low DO concentrations for thousands of years. However,
among coastal organisms, exposure to hypoxia is generally more
ephemeral (seasonal) and in many cases is a relatively new
stressor associated with eutrophication (Diaz and Rosenberg,
2008). Consequently, planktivorous fish and their zooplankton
prey do not appear to have developed specific physiological
adaptations to hypoxia in typical coastal systems (Childress
and Seibel, 1998; Dam, 2013; McBryan et al, 2013). Instead,
these organisms must either avoid hypoxia through behavioral
mechanisms or reside in stressful hypoxic water.

With 33 times less oxygen and 3 x 10° times lower diffusion
rates in water (at saturation) compared to air, DO can be
the proximate cause of reduced growth in zooplankton and
fish (e.g., Prosser and Brown, 1962; Portner, 2010; Bertrand
et al,, 2011; Verberk et al., 2011). Warming seas will result in
increased oxygen demand by zooplankton and fishes which can
result in shifts in spatial distributions, reduced body size and
changes in species composition (e.g., Beaugrand et al., 2002;
Portner and Knust, 2007; Cheung et al., 2012; Deutsch et al,
2015). Because warming temperatures and oxygen limitation
are inextricably linked, investigating the impacts of low DO on
coastal zooplankton and fishes can provide valuable insights into
future ocean warming effects on pelagic ecosystems.

LOW OXYGEN IMPACTS ON COASTAL
ZOOPLANKTON

The general observation of reduced copepod abundances
(integrated over the entire water column) in hypoxic water
columns (Roman et al, 1993; Keister et al., 2000; Kimmel
et al, 2012) suggests lower population growth, greater
copepod mortality, predation and/or emigration in water
columns with hypoxic bottom waters. Laboratory experiments
have demonstrated that copepod survival, growth rate,
egg production and ingestion rate all decline with lowered
oxygen availability. Low DO reduces the survival of copepods
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(Vargo and Sastry, 1977; Roman et al., 1993; Stalder and Marcus,
1997; Marcus et al.,, 2004; Richmond et al., 2006). In laboratory
experiments, Marcus et al. (2004) and Richmond et al. (2006)
demonstrated that Acartia egg production and population
growth rate were reduced in low DO waters (0.7 and 1.5 ml O,
L~!) compared to normoxic (DO > 2 mg L™!) controls. Low DO
conditions have also been shown to reduce the ingestion rates of
copepods fed in laboratory experiments (Elliott et al., 2013), as
well as reduce their escape response (Decker et al., 2004).
Hypoxia can directly affect the earliest life stages of
copepods. Copepods can be divided into two groups with
respect to reproduction: those that carry their eggs until
hatching (brooders) and those that release their eggs (broadcast
spawners). Copepod eggs are denser than seawater and thus
sink to bottom waters where they can be affected by low DO
conditions. Copepods in estuarine and coastal waters produce
two types of eggs: diapause (resting) eggs which must complete a
dormancy (refractory) period before hatching and non-diapause
(subitaneous) eggs which hatch within hours-days of being
spawned, depending on temperature (Grice and Marcus, 1981).
Low DO has been shown in laboratory experiments to severely
reduce the hatching success of non-diapause copepod eggs (Lutz
etal., 1992; Roman et al., 1993; Marcus et al., 1994, 1997; Marcus
and Lutz, 1994; Invidia et al., 2004; Richmond et al., 2006). The
eggs of dominant coastal copepods have sinking rates which
range from 15 to 35 m d-! (Uye, 1980; Knutsen et al., 2001;
Jiang et al., 2006). Thus, if hatching times are sufficiently long,
non-diapause (subitaneous) copepod eggs may sink into low DO
bottom waters in shallow systems (Tang et al., 1998; Jiang et al.,
2006). Low DO conditions can sometimes induce dormancy in
these non-diapause eggs, which is reversed with increases in
DO (Katajisto, 2004). Thus, the potential exists for non-diapause
eggs to hatch if hypoxia dissipates or they are resuspended into
normoxic waters. The length of time that non-diapause eggs
can withstand hypoxia/anoxia and remain viable to hatch varies
with copepod species and abiotic conditions such as temperature
and hydrogen sulfide (Katajisto, 2004; Hansen and Drillet, 2013;
Broman et al., 2017). Copepod diapause eggs have an obligatory
“refractory phase” and sink to the sediment which is typically
anoxic below a depth of several millimeters. Diapause eggs can
withstand considerable periods of anoxia and toxic hydrogen
sulfide (Marcus, 2001). In general, non-diapause eggs are less able
to withstand prolonged exposure to low oxygen than diapause
eggs because of their higher metabolic demand (Hansen and
Drillet, 2013). Coastal and estuarine waters which experience
seasonal hypoxia in bottom waters may develop a significant
“egg bank” of copepod eggs which, if reaerated, could hatch
and make important contributions to copepod populations and
their predators. A combined laboratory and modeling study by
Broman et al. (2017) demonstrated that re-oxygenation of anoxic
sediments activated copepod egg hatching, indicating that re-
oxygenation could result in substantial contributions to copepod
populations in the Baltic, and perhaps in other similar systems.
Generally, hypoxic bottom waters truncate zooplankton
vertical migration behaviors, reducing the excursion distance
(Roman et al., 1993, 2012; Pierson et al., 2009a, 2017; Keister
and Tuttle, 2013). For example, zooplankton in the Gulf of

Mexico avoided hypoxic near-bottom waters in their diel vertical
migrations and the median depth of their daytime distribution
was 7 m higher in the water column compared to daytime
distributions of zooplankton in water columns with no hypoxic
bottom waters (Roman et al., 2012). In the Chesapeake Bay,
moderate levels of hypoxia (Perit > DO > Pjey) coincided with
stronger migration responses than did lethal or fully oxygenated
conditions (Pierson et al., 2017). Thus, along with food levels
(Huntley and Brooks, 1982; Roman et al., 1988; Pearre, 2000;
Hays etal., 2001) and predators (Ohman, 1988; Bollens and Frost,
1989; Frost and Bollens, 1992), the presence of hypoxic bottom
waters can influence diel shifts in the vertical distribution of
neritic copepods (e.g., Roman et al., 1993; Keister et al., 2000;
Qureshi and Rabalais, 2001; North and Houde, 2004). Decker
et al. (2003) reported that behavioral responses of copepods to
hypoxia may differ depending on environmental history: Acartia
tonsa from Chesapeake Bay appeared to avoid hypoxic bottom
waters in laboratory mesocosms whereas A. tonsa from Florida,
not typically exposed to hypoxia, did not avoid low-oxygen
concentrations in the same mesocosms. Temporal analysis of
vertical distributions of copepods has suggested that individuals
display considerable variation in their vertical movements, often
taking brief (hours) excursions between the surface mixed layer
and sub-pycnocline depths (Pearre, 2000; Hays et al,, 2001;
Pierson et al., 2009a). Thus, it may be common for copepods
in coastal waters with hypoxia to experience a range of oxygen
concentrations over the day.

Zooplankton may change their vertical position in the water
column to avoid low DO bottom waters. However, the vertical
compression of their distribution to the upper water column can
increase their vulnerability to predation by visually feeding fish
and thus alter food-web processes (e.g., Pothoven et al., 2012).
Vertical movements can increase zooplankton concentrations
or visibility and move them into warmer temperatures with
a different array of predators. In general, depth-stratified
zooplankton sampling has shown that copepod abundances are
higher in the surface mixed layer and within the pycnocline
compared to hypoxic bottom water in coastal environments
(Roman et al., 1993; Keister et al., 2000; North and Houde, 2004;
Kimmel et al., 2009; Pierson et al., 2009b, 2017; Keister and Tuttle,
2013). However, this is not always the case (Qureshi and Rabalais,
2001; Taylor and Rand, 2003) and even if most zooplankton are
above the oxycline, significant amounts can occur in hypoxic
near-bottom water for part of the day (Roman et al., 1993;
North and Houde, 2004; Taylor et al., 2007; Keister and Tuttle,
2013; Pierson et al., 2017). In most coastal and estuarine waters,
copepods exhibit diel vertical migrations, presumably to reduce
predation by visual feeders by residing at depth during the
day, and returning to the surface layer at night (Cahoon, 1981;
Roman et al., 1988). Bottom-water hypoxia can clearly disrupt
vertical migration behavior. For example, when a wind event
mixed the water column and re-aerated hypoxic bottom water in
Chesapeake Bay, copepods migrated to a deeper depth during the
day (Roman et al., 1993).

Low oxygen waters have been associated with changes in
zooplankton species assemblages. These assemblage shifts could
be due to direct effects of low DO on the metabolic functions
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of the animal or indirect effects due to selective predation
by zooplanktivores. Long-term seasonal presence of bottom-
water hypoxia may favor copepod species which brood their
eggs as compared to broadcast spawners whose eggs would
sink into anoxic/hypoxic bottom waters. For example, increased
eutrophication and low oxygen bottom waters have resulted in
an increase in the abundance of the small, egg-carrying copepod
Oithona davisae in Tokyo Bay and decline in the occurrence of
Acartia omorii and Paracalanus sp., copepods that release their
eggs into the water column (Uye, 1994). A similar decline in
the broadcast egg spawner, Acartia tonsa has been associated
with the increase in bottom water hypoxia in Chesapeake Bay
(Kimmel et al., 2012). Egg-carrying copepods in the Gulf of
Mexico showed more relative abundance in water columns with
hypoxic bottom waters compared to nearby well-oxygenated
water columns (Elliott et al., 2012).

In general, smaller copepods have a higher surface to volume
ratio which would favor their oxygen uptake over larger copepods
in hypoxic waters and warmer waters where oxygen solubility is
lower and oxygen demand (respiration) is higher. In laboratory
experiments, Stalder and Marcus (1997) showed that the smaller
copepod, Acartia tonsa, survived low oxygen conditions better
than the larger Labidocera aestiva and Centropages hamatus. In
similar types of laboratory experiments, Roman et al. (1993)
found that the smaller copepod Oithona colcarva survived low
oxygen conditions better than the larger Acartia tonsa. In
addition to species differences there may be gender differences
in tolerance to hypoxia. Pierson et al. (2017) reported that male
Acartia tonsa were found in lower oxygen waters than females
in Chesapeake Bay. Males are smaller (Pierson et al., 2017) and
thus have a higher surface/volume ratio than females that may
also have a higher respiratory demand because of egg production
(e.g., Castellani and Altunbas, 2014).

LOW OXYGEN IMPACTS ON COASTAL
PELAGIC FISHES

Exploration of the impacts of low DO on fish date back over a
century (e.g., Shelford and Allee, 1913; Wells, 1913) which, early
on, documented that fish can often behaviorally avoid low DO
and that the tolerance of fish to low DO can vary with species
and body size (e.g., Fry, 1957; Brett, 1964, 1970). Research on the
physiological response of fish to DO is extensive and research on
the impact of hypoxia on fish in coastal ecosystems has exploded
in the last few decades (see reviews by Pauly, 2010; Richards, 2011;
Rogers et al., 2016). Hypoxia directly affects fish physiological
rates and fish must either move out of the way or suffer the
consequences of reduced DO. The consequences of moving to
non-hypoxic environments, while often poorly understood, is a
key to understanding hypoxic impacts at the species or ecosystem
level. To predict/forecast how hypoxia-driven changes in habitat
conditions will affect fish populations, we need to understand
how vital habitat requirements of a species are related to hypoxia
and other environmental drivers.

Physiological responses of fishes to low DO have been well
studied under laboratory conditions (e.g., Rogers et al., 2016).

Low DO has been shown to reduce fish consumption, growth,
reproduction and recruitment in the laboratory (e.g., Aku and
Tonn, 1997; Breitburg et al., 1999; Taylor and Miller, 2001; Shang
and Wu, 2004; Craig and Crowder, 2005; Eby et al., 2005; Diaz
and Breitburg, 2009; Brandt et al., 2011; Thomas and Rahman,
2012; Zhang et al.,, 2014) and increases susceptibility to other
stressors (Breitburg et al.,, 2009). Reductions in abundance of
sensitive, less-mobile fish species may occur due to fish kills
(Graham et al., 2004; Thronson and Quigg, 2008). Effects may
be direct via increased mortality through prolonged exposure to
low DO (Breitburg et al., 1999, 2003; Turner, 2001; Diaz and
Breitburg, 2009) or indirect via reduction of benthic (Turner,
2001) and water column (Wang, 1998; Breitburg et al.,, 1999;
Chesney et al, 2000; Turner, 2001) habitat availability and
alteration of food web structure (Graham, 2001). However, such
research rarely considers the interactive effects of temperature
and low DO on the fish.

If ambient DO is below the Pt level, fish can respond to
lowered oxygen in a number of ways that range from avoiding
the hypoxic region to increasing oxygen intake (increased
ventilation) to physiological shifts (e.g., Gamperl and Driedzic,
2009; Richards, 2009; Wells, 2009; Speers-Roesch et al., 2012)
to reducing metabolic costs (e.g., lowered appetite, reduced
activity levels). Eggs and larvae have fewer options; eggs can
only respond passively while larvae can migrate vertically or
adjust their feeding and activity levels. Most responses to hypoxia
will have consequences for consumption and growth rates (e.g.,
Wang et al,, 2009) and thus ultimately survival rates and/or
reproduction (Craig and Crowder, 2005; Beauchamp et al., 2007;
Searcy et al., 2007; Daewel et al., 2008; Wu, 2009).

Hypoxia can drive changes in spatial distribution of coastal
and estuarine fishes (Craig and Crowder, 2005; Hazen et al., 2009;
Ludsin et al., 2009; Zhang et al., 2009). Hypoxia-induced changes
in food webs may result from changes in the abundances of some
species and/or the distributional overlap of predators and prey
(Breitburg et al., 1997; Ekau et al., 2010). Diets of fishes can differ
in hypoxic water as shown for Atlantic bumper in the Gulf of
Mexico (Glaspie et al., 2018). Some fishes may even benefit from
hypoxia if their prey are forced into more vulnerable predatory
habitats as suggested for Chesapeake Bay where striped bass may
benefit from concentration of bay anchovy prey in the well-
oxygenated mixed layer (Costantini et al., 2008). Clearly, these
effects differ across species, life stages, and ecosystems and are
particularly dependent on the prevailing water temperatures and
species-specific bioenergetics tolerances (Brandt et al., 2009).

Whether effects of hypoxia on fish populations are positive
or negative is likely species-specific and ecosystem-dependent
(Breitburg et al.,, 1997, 2001; Costantini et al., 2008) and also
depend on the severity of the low oxygen coupled to the
prevailing temperatures. For example, species less tolerant of
hypoxia may be forced to reside where habitat (e.g., food,
refuge from predators, and temperature) critical for growth,
reproduction, and/or survival are suboptimal (Roman et al., 1993;
Aku et al., 1997; Keister et al., 2000; Wannamaker and Rice, 2000;
Costantini et al., 2008; Ludsin et al., 2009; Wu, 2009) which may
reduce individual consumption and fitness, ultimately leading
to lower population sizes (Aku and Tonn, 1997; Wu, 2002;
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Breitburg et al., 2003). In contrast, species more tolerant of low
DO could prosper in hypoxic waters, using it as a refuge from
predation or for feeding (Breitburg et al., 2001; Klumb et al,,
2004; Prince and Goodyear, 2006; Prince et al., 2010; Vejoik et al.,
2016). Some fish predators may benefit if low DO forces their
prey to move into habitats easily exploited by the predators (e.g.,
Costantini et al., 2008; Brandt et al., 2011).

It has been demonstrated that year-class success in fishes
is largely determined during the larval or early juvenile stage,
and that variability in vital rates (e.g., growth and mortality
rates), attributable to a wide variety of environmental stressors,
including low DO, can lead to order of magnitude fluctuations in
survival during early life (Cowan and Shaw, 2002; Houde, 2008).
As such, even subtle changes in survival potential of early life
stages may lead to declines in regional fish production if hypoxia
affects the distribution and physiological ecology of a significant
fraction of the population.

In coastal ecosystems, fish are likely to be most susceptible
to the effects of hypoxia during their egg and larval stages
(Breitburg, 2002). In coastal upwelling ecosystems subject to
variable DO conditions, early life stages of pelagic fish species
differ in their distributions, a reflection of species-specific
tolerances to low DO (Ekau and Verheye, 2005; Geist et al.,
2013, 2015). Pelagic fish eggs may have different exposures to
bottom hypoxia, depending on the species, sinking rates and
density structure of the water column (Nissling and Vallin,
1996; Ekau and Verheye, 2005). Larvae are generally planktonic

and thus are primarily able to migrate vertically in response
to hypoxia (Breitburg, 2002). Hypoxia may affect eggs and
larvae through direct mortality or indirectly as a consequence
of reduced growth and higher mortality resulting from altered
spatial distributions, availability of suitable prey for larvae,
and susceptibility to predators. Even small changes in daily
growth and mortality rates of early life stages can have order of
magnitude effects on levels of recruitment (Houde, 1989b, 2016).

ECOSYSTEM COMPARISONS OF
HYPOXIA IMPACTS ON COASTAL
ZOOPLANKTON AND FISH

Global comparisons of the effects of low DO on pelagic
ecosystems need to consider and evaluate the role of temperature
in controlling oxygen availability, metabolic demand, organism
behavior, and the consequences of moving to alternative habitats.
For example, temperatures of hypoxic (<2 mg L™!) bottom
water in the Gulf of Mexico can exceed 28°C (Pierson et al.,
2009b) in contrast to the Baltic Sea where hypoxic water
temperatures are 8-10°C (Carstensen et al., 2014; Figure 2).
Such differences in bottom temperatures affect oxygen availability
(partial pressure and solubility) for organisms, and drive
differences in respiratory demands (Qjo for respiration for
most zooplankton is around 2). Perhaps equally important is
the contrast in temperatures between hypoxic water and the

Temperature (°C)

Chesapeake Bay

0 5 10 15 20
Salinity

FIGURE 2 | Oxygen solubility (mg L") is shown by the color scale at different salinity and temperature (°C) conditions, with boxes indicating the range of salinity and
temperature during periods of seasonal deoxygenation for seven coastal and estuarine bodies of water around the world. Oxygen solubility calculated using the
equations of Benson and Krause (1980, 1984), assuming surface water pressure.
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overlying mixed layer (alternative habitats) which can be small
(1-3°C in the Gulf of Mexico; Pierson et al., 2009b, East
China Sea; Zhang et al., 2015) or large (up to 10°C) in the
Baltic Sea (Carstensen et al., 2014), Hood Canal (Sato et al.,
2016), and Lake Erie (Pothoven et al., 2012). Salinity also has
an effect on oxygen solubility, but the effect of temperature
per degree °C is nearly three times that of a change of
one salinity unit.

Thus, all “hypoxic” bottom waters do not pose the same level
of stress on zooplankton and zooplanktivorous fishes and can
generate different responses in spatial ecology and predator-
prey interactions. For example, using the predictive response
to decreasing oxygen (P.it) developed for the copepod Acartia
tonsa by Elliott et al. (2013), 2 mg L~! bottom water in the
Baltic Sea (9°C) would have an oxygen partial pressure of
4.24 kPa, which is slightly below the limiting P of A. tonsa
predicted for this temperature (5.07 kPa). In contrast, 2 mg
L~! bottom water in the Gulf of Mexico (30°C) would have
an oxygen partial pressure of 6.37 kPa, which is substantially
below the limiting Pgit = 18.31 kPa of A. fonsa predicted for
this temperature and is approximately the same as the predicted
lethal Py, = 6.77 kPa oxygen partial pressure. These predicted
differences in oxygen supply and demand provide a useful way
to assess how low oxygen waters directly determine habitat
availability for estuarine and coastal zooplankton. Field surveys
have shown that zooplankton generally avoid the warmer low
DO waters of the Gulf of Mexico (e.g., Qureshi and Rabalais,
2001; Roman et al., 2012) but reside in the colder low oxygen
waters of the Baltic Sea for significant portions of the day,
affording the zooplankton a potential refuge from predation
(e.g., Appeltans et al., 2003; Webster et al., 2015). Because of
the higher oxygen demand by coastal zooplankton and fish
in warm tropical and subtropical waters, the loss of habitat
space due to low oxygen waters is expected to be more severe
in these regions.

Research in ecosystems such as the Great Lakes and
Chesapeake Bay has identified water temperature as a critical
factor in the assessment of hypoxia impacts for fish (e.g.,
Costantini et al., 2008; Brandt et al., 2009, 2011). Temperature is
a fundamental driver of fish bioenergetics, behavior, and feeding
and large-scale changes in ocean temperature trigger large-scale
regime shifts in fish abundances (e.g., Cheung et al., 2013; Kilduft
et al., 2014; Tto et al., 2015). The temperatures at which hypoxia
occurs will determine the species most likely affected by the
hypoxia. For example, if hypoxia occurs at temperatures that are
largely unsuitable (too cold or too warm) to a particular species,
then hypoxia is unlikely to directly impact that species. Also,
if fish are forced to avoid hypoxic areas then temperatures of
nearby alternative habitats may determine the consequences of
shifts in distributions.

The direct consequences of lowered oxygen to fishes are
also highly dependent on the prevailing water temperatures.
Normally, the sensitivity of fish to low oxygen is higher at higher
water temperatures due to higher metabolic demand. But the
relationships are species-dependent, life stage-dependent and
non-linear. For example, a set of laboratory experiments showed
that juvenile striped bass growth was highly responsive to the

interaction between oxygen and temperature (Figure 3). It is
probable that striped bass would be more vulnerable to low
DO in some ecosystems than others depending on respective
temperature-DO levels (see Figure 2).

ZOOPLANKTON RESPIRATION,
METABOLISM AND ALLOMETRIC
SCALING

Oxygen availability to coastal zooplankton and fish is a function
of the rate of diffusion across their integument or gills, thus
allometric relationships for surface/volume, body mass, and
gill area, among others, should be explored for similar groups
of zooplankton and fish to predict oxygen limitation and its
consequences. For zooplankton, copepods have been studied
extensively and provide a robust example. The respiration of
copepods is an exponential function of temperature (Ikeda,
1970). Whereas there are differences due to species, latitude
and acclimation period, published Q;¢ values for copepod
respiration range from 1.0 to 2.7 (Mauchline, 1998; Teuber et al.,
2013). Temperature also influences the oxygen availability to
copepods. While oxygen solubility in seawater decreases with
temperature, oxygen partial pressure increases with temperature
because of the greater kinetic energy of the oxygen molecules.
As temperatures increase, the linear increase in partial pressure
may initially satisfy the increased oxygen demand by copepods
but, because respiration increases exponentially with respect
to temperature, oxygen demand eventually exceeds supply and
organisms become oxygen stressed (Verberk et al., 2011). An
example of this is shown using the relationships from Elliott
et al. (2013; Figure 4) for A. fonsa at a salinity of 25.
The curve showing the relationship of Py with temperature
crosses the line describing the oxygen partial pressure for
concentrations of 2 mg L™! at approximately 10°C. The Pj.y,
curve crosses at approximately 25°C. Consequently, above 10
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FIGURE 3 | The relationships between striped bass growth rate, temperature,
and dissolved oxygen from Brandt et al. (2009).
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FIGURE 4 | Partial pressure of dissolved oxygen over a range of temperatures
for an oxygen concentration of 2 mg L~ (solid black line), the Pgit (dashed
blue line) and Pty (dotted red line) for the copepod A. tonsa (Elliott et al.,
2013). Gray area shows region where values for Pt and Pty are greater than
the PO, at 2 mg L=, and thus where water may not be classified as hypoxic
but DO would be below the critical or lethal threshold. The partial pressures of
2mg L~ were calculated as the percent saturation of O2 (Benson and
Krause, 1980, 1984) at the given temperature (at assumed salinity of 25), and
then multiplying that by 21.198 kPa, the assumed partial pressure of Op

at the surface.

and 25°C, DO concentrations even when above 2 mg L~!
may be below the critical or lethal thresholds, respectively,
for A. tonsa.

The mass-specific metabolic activity and respiration of
copepods decrease with body size (see reviews by Marshall,
1973; Hirst and Sheader, 1997; Mauchline, 1998). Thus, to
compare respiration in different developmental stages of a
particular species or to compare different zooplankton species
over wide size ranges, investigators have developed empirical,
allometric scaling models that predict respiration rates from
body mass (Raymont and Gauld, 1951; Marshall, 1973; Ikeda,
1985). Within copepod species, body sizes in nature are inversely
related to temperature (Deevey, 1960; McLaren, 1963; Uye,
1982), due largely to different temperature-dependent rates of
growth and development (Miller et al., 1977; Forster et al,
2011). Since oxygen uptake by copepods takes place through
the integument and surface to volume ratio decreases with
increasing size, smaller copepods, with a higher surface area
to volume ratio may be favored in warmer waters where
oxygen solubility is lower but respiratory demand is higher.
Similarly, in low-oxygen environments, smaller copepods may
be favored because of their higher surface area to volume
ratio and thus more efficient oxygen diffusion per unit mass
(Portner, 2010).

Taken together, copepod body mass and habitat temperature
can account for 72 — 96% of the variability in measured weight-
specific copepod respiration rate (Ikeda, 1985; Ikeda et al., 2007;
Bode et al, 2013; Castellani and Altunbas, 2014; Figure 5).
Thus, for copepods, temperature dependence of growth rates

—
log, (Dry Weight)

FIGURE 5 | Conceptual figure showing natural log transformed respiration
rate (In R) of a copepod versus copepod dry weight (In DW), and the effect of
temperature on the relationship, based on data from Castellani and Altunbas
(2014). Lines represent the relationship between In R, In DW for different
temperatures. Note the slope remains the same but the overall respiration at a
given size increases with temperature.

and presumably respiration usually outweigh species-specific
differences (Huntley and Lopez, 1992; Hirst and Sheader, 1997).
To provide global assessments of seasonal hypoxia effects on
coastal zooplankton, one could develop generic species models
for copepods based solely on allometry and assess patterns of low
DO effects based on size and ambient temperature.

PLANKTIVOROUS FISH RESPIRATION,
METABOLISM AND ALLOMETRIC
SCALING

There is an extensive body of literature demonstrating that
metabolic rates of fish also are strongly dependent on both body
mass and temperature (e.g., Fry, 1971; Clarke and Johnston, 1999;
Claireaux and Lefrancois, 2007; Pauly, 2010; Peck et al., 2012;
Evans et al., 2014). Within a species, the allometric relationship
of metabolic demand to fish mass or weight is well established
(Rombough, 1988; Clarke and Johnston, 1999). Larger fish have
a higher demand for oxygen but the weight-specific rate of
oxygen consumption decreases as weight increases. Thus warmer
temperatures and lower DO would favor smaller fish (e.g., Ekau
etal., 2010; Pauly, 2010; Verberk et al., 2011; Cheung et al., 2012).

Scaling relationships have been developed for body mass,
metabolic rate and temperature in fishes and broader taxa
categories (e.g., Gillooly et al., 2001; Brown et al., 2004). For
example, Clarke and Johnston (1999) derived a generalized
allometric relationship of standard (resting) metabolism for
69 species of post-larval fishes. The taxa covered 12 orders
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and 28 families of fishes ranging from Myctophidae, to
Salmonidae, to Gobiidae to Ictaluridae. The mean coefficient
b for allometric scaling (R = aMP ) was 0.79 and the mean
Qqo for the effect of temperature was 1.83. After adjusting
for body mass, the relationship of metabolic rate (oxygen
consumption) was a curvilinear relationship to temperature
that the authors noted was “strikingly similar to relationships
established previously for aquatic invertebrates” (Clarke, 1991).
They also provided evidence that the relationship of metabolism
to temperature had different mean rates but overall similar
slopes across related species at the fish order level. Killen
et al. (2010) examined the scaling of metabolic rate and
fish body mass across temperature and fish fifestyles among
89 species of fish and concluded that the metabolic scaling
b exponent shifted with lifestyle changes from bathyal to
benthic to benthopelagic to pelagic and the authors related
this shift to energy requirements associated with swimming
and predator-prey interactions. At a standardized temperature,
oxygen consumption levels were generally high for pelagic
fishes (46% higher than for benthic fishes; b = 0.698 benthic
versus b = 0.856 pelagic). Highly active pelagic fishes may
require more muscle mass and respiratory surface areas
(Muir, 1969).

In larval-stage fishes, scaling relationships for respiration
and metabolism also have been investigated and reviewed.
Relationships may differ from those in juvenile and adult
fishes, probably because of the shift from cutaneous to gill
respiration during ontogeny (Rombough, 1988). The exponent
in the allometric relationship between respiration rate and body
mass is variable among taxa, generally lying in the range 0.6-1.2
(Houde and Zastrow, 1993; Peck et al., 2012), with some authors
contending that the relationship is isometric (b = 1.0) in fish
larvae (Giguere et al., 1988). As expected, temperature strongly
affects respiration rates in embryonic and larval-stage fishes
(Houde, 1989a; Houde and Zastrow, 1993). Peck et al. (2012)
suggested there is an ontogenetic shift in the scaling relationship,
with the power exponent in the allometric relationship declining
as larvae transition to the juvenile stage. The Q¢ for respiration
rates in fish larvae may, in many cases, be lower than the 2.0-
3.0 values typically seen in juvenile and adult fishes (Rombough,
1988). Houde (1989a) reported mean Qo of 1.46 for marine fish
larvae although Peck et al. (2012), with an expanded database,
estimated a mean Qg of 2.31, noting that taxa-specific Qi always
was < 1.70 for species living at > 25° C but was >2.60 for species
living at < 18°C.

Bioenergetics relationships in pelagic fishes have been
investigated and feeding, energy budgets, oxygen uptakes and
metabolic demand in relation to temperature, diet level, and
body size are reasonably well understood for some taxa,
for example anchovy life stages (Houde and Schekter, 1983;
Houde et al,, 1989; Vazquez and Houde, 1989). Bioenergetic
models for bay anchovy (Luo and Brandt, 1993; Houde
and Madon, 1995), based on our previous research, suggest
that temperature-dependent, weight-specific metabolism of
different anchovy species is similar (Vazquez and Houde,
1989; Figure 6), implying similar dependencies on ambient
temperatures and DO.

Metabolic Rates vs. Temperature
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FIGURE 6 | Weight-specific metabolic rates (M, calories g-1 day-1) at
different temperatures (T, °C) for three anchovy species, A. mitchilli the bay
anchovy, a coastal species; Engraulis mordax the northern anchovy from the
California current; Engraulis ringens, the Peru anchoveta, from the Humboldt
Current. Figure adapted from Vazquez and Houde (1989).

COMPARING HYPOXIA IMPACTS
ACROSS ECOSYSTEMS AND SPECIES

To assess effects of globally expanding, coastal low oxygen zones,
we need to determine if generic models and unifying metrics
can be developed to evaluate and predict how low DO imposes
temporal and spatial limitations on metabolic functioning of
zooplankton and their fish predators. An oxygen concentration
of 2 mg L™ ! has routinely been used to define the presence, areal
extent, volume, duration and inter-annual variability of hypoxia
within and across ecosystems. This concentration does not
consider the important role of temperature in defining oxygen
supply. Figure 2 demonstrates the large differences in ecosystems
with similar oxygen concentrations. We recommend that habitat
characterization be done using oxygen partial pressure to define
hypoxia and the approach outlined in Figure 2 adopted to
compare ecosystems.

Hypoxic stress must be considered in the context of oxygen
supply relative to oxygen demand. Oxygen supply, being
determined by rate of diffusion, will scale with temperature based
on FicKs Law (Verberk et al., 2011) and would be expected to
scale linearly with body/gill surface area, or approximately to the
2/3 power with body volume or mass. Estimates of oxygen supply
relative to demand can be derived from existing knowledge of
an organism’s P; (see Figure 4). Because Pyt is essentially the
external oxygen partial pressure at which supply equals demand,
the rate of oxygen supply at this threshold will equal that of
oxygen demand (i.e., the respiration rate). Values of Pc; have
been measured for copepods and fish of various body masses
and respiration rates have been related to both temperature
and body mass in numerous studies. Thus, ample data exist
to derive estimates of the rate of oxygen supply and demand
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for zooplankton (mainly copepods) and fishes across a range of
temperatures and body masses, allowing parameterization of the
expected scaling relationships. Deutsch et al. (2015) developed an
integrated “metabolic index” projected over the global ocean to
predict how the supply of and demand for DO will change in the
future with regard to all of the potential impacts of climate change
on DO. Their findings suggest large decreases in the metabolic
index over large swaths of the globe, meaning organisms in a
particular region are likely to exist in less favorable conditions in
the future. Although this research was directed to the open ocean,
it is probable that coastal and estuarine systems experiencing
seasonal hypoxia at increasing water temperatures are likely to
have similar prospects for the future.

Similar to the metabolic index of Deutsch et al., 2015, the
general, broadly applicable relationships of temperature and body
mass with oxygen supply and demand can be parameterized to
develop an Oxygen Stress Level (OSL, a dimensionless number),
either for individual taxa or for groups of organisms. This ratio of
oxygen supply to demand could be calculated for study regions as
a simple metric indicating the predicted occurrence and severity
of hypoxic stress. Oxygen stress levels can be defined as:

OSL = [ambient pO2 — Pje] / [Perit — Pletn]

For OSL > 1, supply exceeds demand and no oxygen stress,
sub-lethal or lethal effects would be predicted. Conversely, for
OSL < 1, oxygen demand exceeds supply and sub-lethal or
lethal effects of oxygen stress would be predicted. For OSL < 0

oxygen demand is below the basal respiration rate. Thus,
OSL =1 indicates DO conditions equal to the organism’s Pt
and for OSL = 0 it indicates DO conditions equivalent to the
organism’s Pje,.

As an example, we examined the spatial extent and
temporal variability of OSL based on high resolution profiles
of temperature, salinity and DO collected in July of each of
4 years along axial transects in Chesapeake Bay (Zhang et al,
2006). DO concentrations were converted to partial pressure
by first calculating the DO solubility for each temperature and
salinity value (Benson and Krause, 1984), and multiplying the
percent saturation by 21.198, the partial pressure of oxygen in
the air. P.yjt and Py, for Acartia tonsa (Elliott et al., 2013) were
calculated to determine OSL values for A. tonsa at each data point
(Figure 7). The along-channel patterns in OSL are similar among
years; however, 1996 was a wet year with high streamflow, which
led to very low OSL in the upper Chesapeake Bay. In contrast,
1999 was a dry year with low streamflow, and OSL values were
higher in the mid-bay and the lower-bay reaches than in any of
the other years.

We also examined whether the concentration of A. fonsa
varied with respect to OSL in this same system. Using data
from zooplankton samples collected in summer of 2010 and
2011 from depth stratified net tows and simultaneously collected
hydrographic data (Pierson et al, 2017), we determined the
relationship between stage-specific A. fonsa concentrations and
OSL using a regression tree analysis (Figure 8).
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FIGURE 7 | OSL index for the copepod A. tonsa in the main channel of the Chesapeake Bay for 4 years, calculated using high resolution hydrographic data
(temperature, salinity, and dissolved oxygen) collected with a Scanfish (Zhang et al., 2006). Calculations of P¢it and Pjetn, were made using equations from
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The A. tonsa data were sorted to include only data from
samples collected in the oxycline and below the oxycline, and
not in the surface, to avoid biases related to general patterns
of depth distribution. In general, A. tonsa concentrations were
lowest where OSL < 0 and highest where OSL > 1 (Figure 8).
Specifically, the regression tree analysis identified cut points
at OSL = —0.26 and OSL = 0.84 for all three stages. Mean
concentrations values of copepodites, females, and males at each
of the nodes ranged from 4.7 - 10.6 m~3 for OSL < —0.26, 333 -
770 m~3 for —0.26 < OSL < 0.84, and 1652 - 3467 m~3 for
OSL > 0.84. This suggests that the OSL metric may be a useful
tool to assess available and usable habitat.

In addition to this simple metric OSL, there are temperature-
specific and allometric relationships describing Peit and Pjeg,.
Because Pt and Py, are direct reflections of the balance
between oxygen supply and demand, these low oxygen thresholds
will scale with temperature and body size in the same manner as
OSL. Effects of temperature on these thresholds, through effects
on respiration, can be described using specific respiratory Qiq
values available from the literature (e.g., Rombough, 1988; Peck
et al., 2012; Elliott et al., 2013). For calibration, absolute values
of Pyit and Py, at various body masses can be taken or derived
from the available literature using methods similar to Elliott et al.
(2013). The methods of Killen et al. (2010) to derive P and
temperature-oxygen specific respiration rates may be appropriate
for pelagic planktivores which are likely to have similar energy
requirements and oxygen demands (Clarke and Johnston, 1999;
Killen et al., 2010). Results from published literature on fishes
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FIGURE 8 | Concentration (m~2) of Acartia tonsa in the Chesapeake Bay at
various values of OSL, determined from simultaneously collected vertically
stratified zooplankton samples and hydrographic data. Green squares show
data for copepodite stages, purple circles show data for adult females, and
blue diamonds show data for adult males. Lines show results from regression
tree analysis to examine the relationship between log10 transformed
concentration and OSL, with solid green lines for copepodites, dashed purple
lines for adult females, and dotted blue lines for adult males. Yellow shaded
area shows where Piein < pO2 < Pgrit, and pink shaded region shows where
POz < Petn. Regression trees were created in Matlab using the “fitrtree.m”
function, with a minimum leaf size of 8 and pruned to a level of 2.

such as herring, sardines, anchovies and smelt (e.g., Kiorboe
et al., 1987; Tanaka et al., 2006; Bernreuther et al., 2013) could be
critically evaluated and combined to define generic relationships.
Using the techniques employed by Elliott et al. (2013), one
could convert vital rate data collected at different oxygen and
temperature conditions to estimate the values of Pgjt and P,
and to determine OSL for fish taxa found in regions with hypoxic
conditions. Such calculations are important because the relative
impact of deoxygenation on an organism can be quantified
and scaled to make it applicable to a wide variety of modeling
efforts. de Mutsert et al. (2016) employed a similar approach to
scale fish feeding to oxygen concentration and showed species-
specific responses to hypoxia and to explicitly modeled drivers of
hypoxia. Parameterizations of organismal responses to hypoxia
for broader taxonomic (e.g., various zooplankton species) and
ontogenetic stages (e.g., larvae and juveniles) as well as expanded
parameterizations of the individual responses of organisms to
hypoxia (e.g., reproductive output, predator avoidance) will
further improve our predictive capabilities for ecosystem and
food-web models.

IMPACTS OF HYPOXIA ON
ZOOPLANKTON-FISH INTERACTIONS

Low DO bottom waters can influence the spatial overlap and
trophic coupling of pelagic zooplankton and fish populations. For
example, more hypoxia-tolerant zooplankton may use low DO
bottom waters as a refuge from fish predation (Appeltans et al.,
2003; Taylor and Rand, 2003; Webster et al., 2015; Figure 9).
In contrast, zooplankton avoidance of hypoxic bottom waters
can result in prey aggregations at oxyclines where fish and
invertebrate predators may aggregate (Qureshi and Rabalais,
2001; Taylor and Rand, 2003; Roman et al, 2012). As fish
and zooplankton differentially distribute across oxygen gradients
within the water column based on their DO tolerances, there will
likely be a disruption in the food web as encounter rates among
predators and prey will change (e.g., Vanderploeg et al., 2009;
Pothoven et al., 2012).

In coastal ecosystems with shears and differential flow between
surface and deep layers, avoidance of low oxygen bottom
waters can influence spatial dynamics of zooplankton and fish
populations by altering emigration and immigration patterns,
and residence times. As more information becomes available
on the oxygen demand of dominant estuarine and coastal
zooplankton and fish at different temperatures, we will be able
to better assess if low oxygen bottom waters influence their
trophic interactions.

Several lines of evidence suggest that hypoxic bottom waters
do effect pelagic food-web interactions in coastal waters. Glaspie
et al. (2018) found the diet of a pelagic fish, the Atlantic bumper
(Chloroscombrus chrysurus), to differ significantly between
hypoxic and non-hypoxic waters. The vertical distribution of
DO within the water column affects spatial overlap between
zooplankton and their fish and gelatinous zooplankton predators
(e.g., Keister et al., 2000; Breitburg et al., 2003). Predators may
make short excursions into hypoxic water to take advantage

Frontiers in Marine Science | www.frontiersin.org

March 2019 | Volume 6 | Article 139


https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Roman et al.

Hypoxia Stress and Temperature Impacts

FIGURE 9 | Conceptual diagram of food web changes that may occur over diel cycles between normoxic conditions (left), sub-lethal deoxygenation conditions
(middle), and lethal conditions (right). The size of the symbol for O, and the color indicates the relative amount of dissolved oxygen under each condition (with light
blue indicating high oxygen concentration and purple indicating lower oxygen concentration). With decreasing oxygen concentration comes reduced habitat,
truncated magnitude of copepod vertical migration (shown by length of arrows), increased gelatinous zooplankton abundance, and decreased forage fish
abundance. Symbols Courtesy of the Integration and Application Network, University of Maryland Center for Environmental Science (ian.umces.edu/symbols/).

of aggregated prey (Taylor et al., 2007) and predation rates of
fish and gelatinous zooplankton feeding on mesozooplankton
are affected by DO concentrations (Breitburg et al, 1997;
Decker et al., 2004).

Hypoxic conditions that affect spatial ecology and population
dynamics can drive taxonomic and size shifts in the zooplankton
community which will affect foraging, consumption and growth
of fish species. Smaller zooplankton may be favored in low-
oxygen conditions because their higher surface/volume ratio.
If hypoxic conditions result in a community shift to smaller
zooplankton, there may be negative consequences for fish that
then must feed on smaller prey items. It is this type of shift
in the Peru Current that is believed to control hypoxia-related
species shifts that favor sardine over anchoveta (Bertrand et al,,
2011). Similar food web consequences from shifts in zooplankton
species could occur if there was a succession to favor copepods
that carry their eggs in systems with hypoxic bottom waters
(Uye, 1994). Furthermore, low oxygen waters may favor jellyfish
over planktivorous fish (Figure 9) because of the higher oxygen
requirements of fish. Shifts in the zooplankton food available to
fish and greater competition by jellyfish can work together to alter
pelagic food webs in estuarine and coastal waters experiencing
seasonal bottom-water hypoxia.

An important issue related to bottom water hypoxia in
estuarine and coastal waters is determining whether zooplankton
use the low-DO areas as a critical habitat to avoid predation
or must avoid it and remain in the upper water column where
they may be subject to greater predation (Figure 9). In theory,
zooplankton could reside in hypoxic bottom waters if the oxygen
supply is greater than its critical oxygen demand (i.e., Perit,

OSL > 1) but not if the oxygen availability is well below Pt or
the lethal oxygen partial pressure (i.e., Pi,, OSL < 0). In both
the Gulf of Mexico and Chesapeake Bay, the size distribution
of zooplankton as measured with an Optical Plankton Counter
(OPC) was shifted to smaller individuals in surface normoxic
waters compared to bottom hypoxic waters where there was
larger zooplankton (Kimmel et al., 2009). Kimmel et al. (2009)
interpreted these patterns to be a consequence of larger copepods
having been removed from surface waters by visual predators
(fish) which did not forage in the hypoxic bottom waters.
Analysis of depth-stratified zooplankton collections in the Gulf of
Mexico confirmed OPC results, with larger copepod species more
prevalent in low-oxygen bottom waters and smaller copepod
species assemblages more prevalent in the oxygenated surface
waters where selective predation by fish would likely reduce
the abundance of larger copepod species (Elliott et al., 2012).
A recent illustration of oxygen tolerances and predator-prey
interactions is provided by Sato et al. (2016) for Hood Canal,
a fjord in the Northwest U.S. The authors hypothesized that
moderate 2-4 mg L~! DO bottom waters would be avoided by
fish but not zooplankton, providing a separation of predators and
prey. However, field sampling did not support this hypothesis
because daytime peak distributions of zooplankton (copepods
and euphausiids) and fish (herring and hake) co-occurred in the
low-DO bottom waters. The authors suggested that the cold (9°C)
waters reduced fish metabolism such that the available oxygen
was greater than their Pt

The spatial relationships of relative stress (OSL < 1) between
zooplankton and planktivorous fish can provide insight into
potential effects on predator-prey interactions. Determining and
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comparing the P; and Pjeq, for each will be important because
the relative behaviors that control prey and predator interactions
are likely to be responsive to Py and Pjy,. Habitats that have
high potential stress for fishes but not for zooplankton may
provide a refuge for the zooplankton. In contrast, habitats where
DO is above the P for jellyfish but is below the Pt for
zooplankton may increase predation rates on zooplankton as
escape response is reduced in low DO (Decker et al., 2004).
If Puit and Py, differ substantially for copepods and their
predators, this result can explain how predator-prey interactions
are regulated by combined effects of DO and temperature and
provide a means to map potential areas of relative predation risk.

CONCLUSION AND
RECOMMENDATIONS

The scientific literature does not clearly explain or define
how hypoxia affects pelagic zooplankton and planktivorous
fishes and their occurrences in hypoxic waters, nor have the
interactive effects of temperature and hypoxia been addressed
in the context of multiple stressors on organisms in coastal
ecosystems. To assess effects of the globally expanding coastal
low-oxygen zones, often termed “dead zones,” generic approaches
and unifying metrics that include ambient water temperatures
are needed to assess and predict when and how oxygen limits
occurrence and metabolic functioning of zooplankton and
their fish predators. Considering oxygen and temperature as
a combined and interactive driver in coastal ecosystems will
provide a unifying approach for ecosystem comparisons. The
Perit> Pleth and OSL characterization of habitat provides a direct
measure of habitat quality (or stress level) that should have
broad appeal and direct applications in water quality monitoring
and fisheries management. These metrics should be applicable
to pelagic ecosystems in general, and once developed they can
provide a quantitative and meaningful measure to define tipping
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