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Summary

Research on the effects of hypoxia on fish, shellfish and fisheries has generally focused on seasonal or
persistent low oxygen, and has generated a great deal of information on processes ranging from gene
expression to food web interactions. Expanding to smaller scales (especially short temporal
fluctuations) or to whole-system responses can be difficult, however, because of the range of
compensatory mechanisms and the presence of co-occurring stressors. Our research shows that even
short-term but repeated exposures can affect oyster growth, filtration rates and susceptibility to
pathogens, as well as fish growth and behavior. But compensation and acclimation that occur through
morphological, behavioral and physiological mechanisms can influence long-term consequences, and
co-occurring stressors can influence sensitivity to hypoxia. Looking across systems, we have found that
associated nutrient enrichment may modulate effects of hypoxia, but the spatial extent of hypoxia
influences trophic structure and the relationship between nutrient loads and fish biomass. We must
also begin to look further and consider the global ocean that includes both nutrient-driven and
naturally occurring hypoxic zones. Climate change is predicted to increase the severity and geographic
extent of hypoxia in both estuaries and the open ocean, with unknown consequences for populations,
fisheries and food security.

Introduction

Deoxygenation of coastal and oceanic waters is increasing in severity and extent as a result of
anthropogenic nutrient enrichment (Diaz and Rosenberg 2008) and global warming (Keeling et al. 2010,
Altieri and Gedan 2015). Our understanding of the consequences of exposure to hypoxic waters that
are stable seasonally or longer has increased greatly, with organismal and ecological responses ranging
from changes in gene expression, to shifts in distributions and predator-prey interactions, to
evolutionary adaptations to living in low oxygen concentrations. But when periods of low oxygen
exposure are brief but frequent, and when we consider entire systems in which only a portion
experiences low oxygen, our understanding and ability to predict outcomes is far less.

Shallow systems with restricted circulation and shallow areas of highly productive estuaries can
experience extremes in daily or tidally-driven cycles of dissolved oxygen and pCO: influenced by the
balance between photosynthesis and respiration. Brief acute exposures can be lethal, but even when
they are not, high frequency fluctuations in dissolved oxygen can be energetically costly and reduce
feeding and growth of juvenile estuarine fishes (Stierhoff et al., 2009). At larger spatial and temporal
scales, processes ranging from movement to evolutionary adaptations may either obscure or reduce
consequences of hypoxia. At all scales, co-occurring stressors, acclimation and compensatory
mechanisms can modulate hypoxia effects. In this talk, we present a brief overview of the effects of
hypoxia and co-occurring stressors on fish and shellfish and show results of two studies — one that
considers effects of brief (several hour) exposures to low oxygen and low pH, and one that uses cross-
system comparisons to explore system-wide effects.

Methods
We tested effects of several hour- to 3 month-long exposures to diel-cycling hypoxia alone and in
combination with diel-cycling acidification on feeding, growth and disease dynamics of eastern oysters
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(Crassostrea virginica), and on growth, respiratory responses, and tolerance to hypoxia in inland and
Atlantic silverside fishes (Menidia beryllina and M. menidia). All experiments utilized flow-through
systems with raw or minimally filtered water from the mesohaline Rhode River (Chesapeake Bay,
USA). Dissolved oxygen and pH were controlled either through gas proportioners (hypoxia-only
experiments) or a LabView-controlled system (Burrell et al., submitted) that could reproduce the full
range of dissolved oxygen and pH fluctuations seen in the field.

The HYPOFIN working group is using a cross-system comparison approach to examine effects of
hypoxia at the level of whole systems (e.g., whole estuaries or inland seas). We compiled data from
published EcoPath models, published and unpublished dissolved oxygen measurements, system-
specific and global model estimates of nitrogen loads, model predictions of atmospheric N deposition,
and other information on system characteristics. Our primary goal of this ongoing analysis is to
examine relationships among nitrogen loads, hypoxia and the biomass and composition of mobile
consumers (fish, decapods and cephalopods).

Results and Discussion

Exposure to diel-cycling hypoxia reduced growth and increased the prevalence and intensity of
Perkinsus infections in oysters (Breitburg et al., 2015; Keppel submitted), but oysters partially
compensated for low oxygen exposure by increasing filtration rates as dissolved oxygen increased to
near-saturation levels. In addition to this short-term compensatory response, we also found long-term
compensation that persisted for at least several months after oysters were returned to well-oxygenated
areas in the field. Responses to diel-cycling pH/pCO:2 varied with inter-annual variation in ambient
Qcalcite and included both decreased growth and increased filtration rates. Diel-cycling hypoxia also
reduced gamete production by 1 year old adult oysters. Our fish experiments demonstrated a similar
mix of negative effects on growth, compensatory responses (including increased gill size), and a
heightened sensitivity to hypoxia when pH was simultaneously lowered. At the scale of whole systems,
hypoxia reduced the efficiency of production of upper trophic level biomass and altered trophic
structure. However, nutrients were positively related to mobile consumer biomass in spite of hypoxic
waters within those systems.

The broad range of effects of hypoxia and the complication of considering acclimation of compensatory
processes, whether at the individual (e.g. growth) or system (e.g. nutrient stimulation) level,
complicates predictions of hypoxia effects. Nevertheless, incorporation of hypoxia into management
and planning can be critical. This is especially true as increasing global temperatures simultaneously
worsen deoxygenation and increase oxygen requirements of aquatic organisms.
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