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SYNOPSIS. Organisms living in coastal waters, and especially estuaries, have long been known to have behavioral or
physiological mechanisms that enable them to exist in water containing low amounts of oxygen. However, the respiratory
consumption of oxygen that generates hypoxia is also responsible for producing significant amounts of carbon dioxide. An
elevation of carbon dioxide pressure in water will cause a significant acidosis in most aquatic organisms. Thus, the
combination of low oxygen and elevated carbon dioxide that occurs in estuaries represents a significant environmental
challenge to organisms living in this habitat. Organisms may maintain oxygen uptake in declining oxygen conditions by using
a respiratory pigment and/or by making adjustments in the convective flow of water and blood past respiratory surfaces (ie.,
increase cardiac output and ventilation rate). Severe hypoxia may result in an organism switching partially or completely to
anaerobic biochemical pathways to sustain metabolic rate. There is also evidence to suggest that organisms lower their
metabolism during hypoxic stress. Elevated water CO, (hypercapnia) produces an acidosis in the tissues of organisms that
breathe it. This acidosis may be wholly or partially compensated (Le., mechanisms return pH to pre-exposure levels), or may be
uncompensated. Some studies have examined the effects on organisms of exposure simultaneously to hypoxia and hypercapnia.
This article reviews some of the specific adaptations and responses of organisms to low oxygen, to high carbon dioxide, and to
the cooccurrence of low oxygen and high carbon dioxide.

INTRODUCTION

A significant factor in limiting the distribution of macroorganisms in aquatic environments is the availability of oxygen. This
is true because nearly all animals require oxygen in the process of producing energy. Estuaries are particularly noted for the
development of low environmental oxygen levels (hypoxia), although they are not unique in this respect (Diaz and Rosenburg,
1995). Water-breathing animals that live in estuaries may experience extremes in oxygen availability (e.g., Renaud, 1985;
Atkinson et al., 1987; Rabalais et al., 1994). This appears to be a part of a cycle that is seasonal and tidal in the estuaries

associated with salt marshes along the southeastern United States (Cochran and Burnett, 1996).

An estuary is defined as a semi-enclosed body of water with freshwater input and tidal flushing by the ocean (Cameron and
Pritchard, 1963). Because of the water runoff from the land, estuaries are rich in nutrients and are typically considered highly
productive environments. Thus, as a fisheries resource, estuaries are important. However, because coastal areas sustain large
human populations, the impacts of human activity on estuarine ecosystems can be quite profound. Diaz and Rosenburg (1995),
in a review of the ecological effects of hypoxia, conclude that human activities have enhanced the occurrence of hypoxia and
anoxia in a number of important ecosystems around the world, including estuaries. These authors suggest that many

ecosystems are now severely stressed by hypoxia.

In this article I will review the effects of hypoxia and hypercapnia (high CO”sub 2”) on selected estuarine organisms. I will
focus on estuarine organisms because much work on organisms has centered on estuaries. However, the information presented
here is applicable to any organism encountering hypoxia and/or hypercapnia. There is a large literature on organismal
adaptations to hypoxia and I will not attempt to summarize that literature here. Rather, I will provide an overview of the
strategies different organisms have used to live in hypoxic environments. Much less has been done on adaptations to

hypercapnia and to combinations of hypoxia and hypercapnia.
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It is well-known that many organisms are able to resist and/or compensate for low levels of environmental oxygen (Mangum
and Van Winkle, 1973; Grieshaber et al., 1994; Mangum, 1997 this symposium). However, it is not well appreciated that
environmental hypoxia is nearly always accompanied by an elevation of water carbon dioxide (and thus a decrease in water
pH). The biological oxygen demand responsible for lowering oxygen levels produces carbon dioxide as the main product of
metabolism. The same processes occur in aerial environments. As it does in aerial environments, photosynthesis in water fixes
carbon dioxide, removing it from the water. However, gases are roughly 7,000 times less diffusible in water than air (Dejours,
1975). Because gases are not very mobile in water, bodies of water are rarely homogeneous with respect to dissolved oxygen or
carbon dioxide. In addition, the capacity of water to hold molecules of oxygen is significantly lower than that of air (53.8
(mu)mol Liter ' torr~sup -1 in air at 25degC as compared to 1.4 1,mol liter*sup -1” torr*sup -1” in sea water or 1.7 (mu)mol
liter “sup -1 torr~sup -1” in fresh water). Water is able to hold more carbon dioxide than oxygen because of the hydration

reactions of carbon dioxide that produce bicarbonate and carbonate ions.

Photosynthesis removes carbon dioxide from the water and produces oxygen. In estuaries the production of oxygen can lead to
oxygen pressures that are significantly higher than that of air (Atkinson et al., 1987). However, during the night photosynthesis
does not occur and respiratory consumption of oxygen and production of carbon dioxide results in water that is hypoxic and
hypercapnic. Furthermore, in some waters, such as the Chesapeake Bay, the bacterioplankton can account for 60 to 100% of the
planktonic oxygen consumption, especially in water rich in dissolved organics (Jonas, 1997). Even in shallow salt marshes,
water can become hypoxic as well as hypercapnic (Cochran and Burnett, 1996). Along the Southeastern coast of the United
States there are extensive salt marshes. In the coastal areas around Charleston, South Carolina approximately 80% of the area
between mean high water and mean low water consists of salt marshes covered primarily by Spartina alterniflora. In this
region the tidal amplitude is about 2 m. Water draining from the marsh on an ebbing tide is nearly always hypoxic and has a
low pH (see Cochran and Burnett, 1996). Although this phenomenon occurs on ebbing tides in the daylight and the dark, the
hypoxia and the low pH are more severe during the dark. These results suggest that significant oxygen consumption is

occurring in the salt marshes.

The correlation between the amount of oxygen in the water and the pH of water is very striking (Fig. 1 and see Christmas and
Jordan, 1987), although water pH is not affected directly by oxygen. The high correlation suggests and is consistent with a
functional link between the consumption of oxygen and the production of carbon dioxide, i.e., organisms consume oxygen,
reducing oxygen levels and produce carbon dioxide, lowering pH. Water pH can also be influenced by runoff of strong and weak
acids and bases into tidal creeks, but these mechanisms would not necessarily be tightly correlated with oxygen. Oxygen and
pH, in some instances, can change very rapidly and can be tightly correlated to tidal fluctuations (Holland et aL, 1996).

Salt marshes are important to the high productivity of these estuaries because they provide an environment where key species
come to feed. In addition, because the environmental conditions of the salt marsh are considered severe, this habitat may serve
as a sanctuary protecting the feeding organisms from predators that are less adapted to live in this area.

Scientists have documented many morphological, physiological, behavioral, and molecular adaptations that organisms
possess to deal with hypoxia and anoxia (see Grieshaber et al., 1994 for review). Some studies describe the effects of
environmental hypercapnia (Cameron, 1976, 1978; Heisler, 1982; Lindinger et al., 1984). However, the effects of hypoxia
combined with hypercapnia have largely been undescribed. This combination is important because the two gases have profound
and independent effects on the physiology of estuarine organisms.

HYPOXIA

There is an extensive literature on organismal responses to hypoxia. The first lines of defense are behavioral mechanisms that
can be used. Clearly, mobile organisms can move to a different location. Cochran and Burnett (1996) suggested that juvenile
spot, Leiostomus xanthurus, while tolerant of fairly hypoxic water (25% air saturation), avoid severely hypoxic water as has
been shown in other fishes (Dandy, 1970; Spoor, 1990) and penaeid shrimp (Renaud, 1986). Animals can take advantage of
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microhabitats that are richer in oxygen. The killifish, Fundulus heteroclitus, is morphologically adapted (Lewis, 1970), as are
other fishes (Gee et al., 1978), to take advantage of the abundance of oxygen at the surface of the water (Kramer and Mehegen,
1981). The grass shrimp, Palaemonetes pugio, is an important estuarine species that may solve the problem by escaping
periodically to air, literally jumping out of the water, where it can take advantage of a rich supply of oxygen (Welsh, 1975;
Cochran and Burnett, 1996).

If animals are confined to a hypoxic zone, however, they must either compensate for decreases in ambient oxygen to maintain
their metabolism, lower their demand for energy, or use alternative methods of producing energy that do not require oxygen.
Combinations of these three mechanisms are known to exist.

Maintaining aerobic metabolism during hypoxia

Many animals can maintain oxygen uptake in declining environmental oxygen by using a variety of respiratory adaptations
including increasing heart rate and increasing the ventilatory flow of water past the respiratory surfaces (e.g., McMahon and
Wilkens, 1983; Cameron, 1989). Organisms with respiratory pigments have additional mechanisms at their disposal to
optimize the uptake of oxygen. Respiratory pigments can be particularly effective at maximizing oxygen pressure gradients
between the ambient environment and the blood or hemolymph at the respiratory surfaces, thereby maximizing the flux of
oxygen. It has long been known that respiratory pigments in some organisms are inducible, i.e., the production of pigment is
stimulated by hypoxia (Mangum, 1997 this symposium). In addition, hypoxia stimulates structural changes in the hemocyanin
of blue crabs Callinectes sapidus resulting in a pigment with a higher oxygen affinity and, therefore, better suited to a hypoxic
environment (deFur et al., 1990).

Some estuarine animals are nearly perfect regulators of oxygen uptake (Cochran and Burnett, 1996), i.e., they can maintain
constant rates of oxygen uptake as the oxygen levels in the ambient medium decline. However, at some point, called the critical
oxygen pressure, the animal is no longer able to sustain oxygen uptake and uptake declines with oxygen pressure. At this point
the organism may switch to using anaerobic metabolism to sustain part of its energy needs. Cochran and Burnett (1996)
measured oxygen uptake as a function of environmental oxygen in three estuarine species that occupy the salt marsh.
Remarkable similarities were found among the three species in that all regulated oxygen uptake down to oxygen pressures of
between 34 and 42 torr (22 to 27% of air saturation). Each of the three species produced significant amounts of lactate, a
product of anaerobic metabolism, when ambient oxygen pressures fell below the critical pressure. While many organisms may
survive brief periods below critical oxygen pressures, their survival appears to be sensitive to the duration of exposure (Cochran
and Burnett, 1996).

Decreasing metabolism during hypoxia

Many estuarine organisms are well known for their ability to use anaerobic pathways to produce energy. However, the ability of
organisms to reduce their aerobic energy demand in response to environmental changes other than temperature has not been
studied extensively. Investigations of intertidal bivalves using direct calorimetry and the appearance of anaerobic endproducts
reveal that the overall metabolic rates of some bivalves decrease dramatically when exposed to air or nitrogen atmospheres
(Widdows et al., 1979; Shick et al., 1983; Widdows and Shick, 1985; Shick et al., 1986). Burnett and McMahon (1987) presented
evidence suggesting that the intertidal mud crab Eurytium albidigitum responds to air exposure by lowering its aerobic
metabolism. In these cases, air exposure is comparable to hypoxia in that unless an organism has specific morphological or
physiological adaptations for breathing air instead of water, it may not have access to the rich supply of oxygen in the aerial
environment. Thus, tissues may become hypoxic during air exposure. Widdows et al. (1989) have shown that oyster larvae can
respond to hypoxia by lowering metabolism. These authors also found that the feeding rates of oyster larvae are also depressed
during hypoxia. Metabolic responses to hypoxia have been reviewed recently by Grieshaber et al. (1994).

HYPERCAPNIA
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Elevated carbon dioxide pressures in the water (hypercapnia) produce an acidosis in the blood of organisms that is respiratory
in nature, i.e., the acidosis occurs due to elevated blood Pco2. As the Pco2 in water rises, the Pco”sub 2 in tissues of animals in
the water also rises. This leads to an elevation of both bicarbonate ions and hydrogen ions in the ambient water as well as in
the tissues. Hypercapnia has been studied in some estuarine organisms primarily as a means to learn how organisms respond
to acid-base disturbances (e.g., Cameron, 1978; Lindinger et al., 1984). Crustaceans and fishes compensate partially for a
CO”sub 2”-induced acidosis by elevating blood bicarbonate ion levels (Cameron, 1976, 1978; Heisler, 1982). These changes are
thought to be brought about by ionic exchanges between the blood and the ambient environment. Bivalve molluscs also
compensate partially for a hypercapnia-induced acidosis (Lindinger et al., 1984). Compensation in molluscs appears to be
brought about primarily by elevated hemolymph calcium ion and ammonium concentrations (Booth et al., 1984; Lindinger et
al., 1984; Dwyer and Burnett, 1996). Calcium ions are thought to be generated by dissolving the heavily calcified shell
(Crenshaw and Neff, 1969).

In all cases mentioned above compensation is not complete. In other words, hemolymph or blood pH is not completely restored
to the values present before the hypercapnic challenge. The degree of compensation depends upon the magnitude of the
challenge. The compensation that does occur takes several hours. The result is that estuarine organisms challenged with
elevated environmental Pco2 sustain an acidosis to varying degrees for the duration of the exposure. Some of the physiological
implications of tissue hypercapnia and the ensuing acidosis are discussed in the section below.

HYPOXIA AND HYPERCAPNIA

As emphasized above, environmental hypoxia and hypercapnia co-occur commonly in estuarine environments. The mechanisms
an organism uses to meet the challenge of low environmental oxygen must be used while it is also experiencing a rapid and
system-wide acidosis induced by elevated water Pco”sub 2”. The killifish, Fundulus heteroclitus, juvenile spot, Leiostomus
xanthurus, and the grass shrimp, Palaemonetes pugio, are strong regulators of oxygen uptake in declining ambient oxygen
(Cochran and Burnett, 1996). More severe hypoxia results in a decline in oxygen uptake and each of these organisms
accumulates lactic acid indicating that they are using anaerobic pathways to produce energy. The critical oxygen pressure
(Pc"t) in each of the three organisms is unaffected when declining oxygen occurs simultaneously with hypercapnia. In fact, P.
pugio possesses the respiratory pigment hemocyanin that increases its affinity for oxygen when Pco2 rises (Mangum and
Burnett, 1986). The increase in oxygen affinity is a specific effect of CO”sub 2”, independent of pH, and is clearly an adaptive

response.

The response of the blue crab Callinectes sapidus to hypoxia has been well-studied. deFur et al. (1990) held blue crabs in
hypoxic (but not hypercapnic) water for 7-25 days and observed a number of adaptive responses including an increase in
hemocyanin concentration and an increase in hemocyanin oxygen affinity brought about largely by structural changes within
the pigment. Peter deFur and I (deFur and Burnett, 1995) have investigated the influence of exposure to hypoxia and hypercapnia
simultaneously in the blue crab Callinectes sapidus. When crabs are held in aquariums at 25 (deg)C and 25 ppt salinity and
oxygen levels are allowed to drop due to the uptake of oxygen by the crabs, water Pco”sub 2" rises. This situation is similar to
that which occurs in the natural environment. In moderate hypoxia (58% air saturation) and hypercapnia (Pco”sub 2" = 2.6
torr) venous hemolymph Po2 remains unchanged (8 torr) while venous Pco”sub 2" rises (2.8 to 5 torr). However, hemolymph
pH stays the same (pH = 7.6). In more severe hypoxia (12% air saturation) and somewhat greater hypercapnia (Pc% = 3.7 torr),
venous hemolymph Pco”sub 2” decreases to very low levels (1.6 torr) while Pco”sub 2*) remains unchanged (5 torr) compared
to values at moderate hypoxia. Hemolymph pH rises significantly (pH = 7.76) as does total hemolymph CO”sub 2" (from 6.4 to
13.7 mmol liter-") and lactate concentration (from 1 to 2.1 mmol liter-'). The increase in pH is adaptive because it causes a
significant increase in hemocyanin oxygen affinity (Booth et al., 1982). Furthermore, the hemocyanin of C. sapidus has a specific
CO”sub 2" effect (Mangum and Burnett, 1986) and a lactate effect (Booth et al., 1982), both of which contribute to an increase
in oxygen affinity as CO”sub 2" and lactate increase. The mechanisms of the increase in hemolymph pH are unknown but the

large rise in hemolymph bicarbonate concentration (deFur and Burnett, 1995) suggests that compensation is, in the jargon of

4 0of 8 1/29/08 7:19 PM



American Zoologist: challenges of living in hypoxic and hypercapnic... http://findarticles.com/p/articles/mi_qa3746/is_199712/ai_n8779628/...

acid-base physiology, "metabolic" in nature. This may take the form of an elevation of hemolymph calcium ion concentrations
or changes in the concentrations of strong ions such as sodium and chloride in the hemolymph to increase the strong ion
difference. The slight increase in lactate during severe hypoxia/hypercapnia indicates that the blue crab is, in part, relying on
anaerobic metabolism.

My students and I have recently focused on the effects of hypoxia and hypercapnia on oyster physiology. Dwyer and Burnett
(1996) have reported that infections of the Easter oyster, Crassostrea virginica, with the protozoan parasite Perkinsus marinus
induce a significant hemolymph acidosis. Dwyer and Burnett (1996) have suggested that acidic conditions favor the growth of P.
marinus within the oyster and may also stimulate the spread of P. marinus. Boyd and Burnett (1995) have reported preliminary
evidence showing that reactive oxygen intermediate (ROI) production by oyster hemocytes is greatly reduced when hemocytes
are held under the Po”*sub 2" and Pco2 mimicking levels in the hemolymph of oysters held under environmental hypoxia and
hypercapnia. Reactive oxygen intermediates such as hydrogen peroxide (H”sub 2" 0" sub 2"), superoxide (O”sub 2”) and
hypochlorous acid (HOC1) are produced by oyster hemocytes to destroy invading foreign cells. These ROIs can damage
invading cells in a variety of ways, including DNA breakage, enzyme inhibition, degradation of membrane integrity, reaction
with unsaturated lipids and the yielding of toxic unsaturated fatty acid aldehydes and alkyl radicals (Adema et al., 1991).
Furthermore, ROI production appears to be highly sensitive to Pco”sub 2”. We do not yet know if the sensitivity is a specific
effect of increased CO2 or the resulting decline in pH. This result is important because ROI production is considered to be a
significant line of defense in the oyster against foreign substances (Anderson, 1996). Oysters breathing water that is low in
oxygen and high in carbon dioxide may, therefore, be especially vulnerable to infection by parasites such as P. marinus. While
oysters may be well-adapted physiologically to live in water in which they are stressed with hypoxia and hypercapnia, these
environmental variables stimulate parasitism and at the same time lower the defense mechanisms against parasites. The
co-occurrence of hypoxia and hypercapnia may have contributed to the decline in oyster populations where dissolved oxygen
concentrations are known to be low. Christmas and Jordan (1987) have documented a strong positive correlation between
dissolved oxygen and pH on six Choptank River oyster bars in Maryland. The correlation of oxygen and pH (discussed earlier)
in this case suggests that the water was also hypercapnic.

There is little information available to suggest how organisms respond to stresses associated with contaminants when they are
also challenged with hypercapnia and hypoxia. A particular contaminant may also influence an organism indirectly. For
example, an herbicide such as atrazine, which is a photosynthesis inhibitor commonly applied to crops as well as residential
lawns, inhibits the growth of nanophytoplankton in estuaries (Pennington, 1996). This could curtail the uptake of carbon
dioxide and production of oxygen in the water column, a condition leading to more severe hypoxia and hypercapnia. While low
levels of atrazine are not known to affect estuarine animals directly, atrazine could contribute indirectly to environmental

conditions that enhance stress.

It is clear from the above examples that a number of estuarine organisms have mechanisms to respond to hypoxia and
hypercapnia in the environment. However, we do not know how these organisms might respond to bouts of hypercapnic hypoxia
that are more extreme, are of longer duration, or that occur simultaneously with changes in temperature and salinity.
Investigators studying the effects of environmental contaminants on the biology of individual species should design
experiments to mimic conditions that the organisms experience in their natural habitats. These should include the occurrence
simultaneously of hypoxia and hypercapnia and the occurrence of parasites.
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