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Areas of hypoxia are found in coastal areas worldwide, and have become 

increasingly widespread.  These areas vary in their duration and dissolved oxygen 

concentration from occasional diurnal hypoxia, as found in Corpus Christi Bay, Texas, 

seasonal hypoxia as in the northern Gulf of Mexico, to continuous hypoxia as found in 

oceanic oxygen minimum zones.   The effects of exposure to low dissolved oxygen (DO) 

depend on the duration of exposure, the DO concentration and an organism’s tolerance to 

hypoxic conditions.  Most studies have focused on lethal effects of hypoxia by comparing 

the abundance of benthic organisms and the species composition of benthic communities 

between hypoxic and normoxic areas.  Sub-lethal effects of such as changes in 

reproduction may occur at less severe hypoxic conditions (by definition), but may still 

have effects at the population level.  The goal of this study is to examine the sub-lethal 

reproductive effects of low DO on harpacticoid copepods.  The life-history traits and 

reproductive biology of meiobenthic harpacticoid copepods make this group of organisms 

useful as test organisms to measure the sub-lethal effects of hypoxia on reproduction.  It 
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is hypothesized that changes in reproductive traits may be observed at DO concentrations 

higher than those that cause lethal effects because of the high energetic cost of female 

harpacticoid reproduction which may result in reduced fitness.   

Laboratory studies were conducted to examine the effects of low DO 

concentrations on survival, egg production, and the number and size of eggs.  

Harpacticoid population abundance, biomass and the abundance of ovigerous females 

were measured from field samples collected across sites that varied in their degree and 

duration of exposure to low DO.  To contrast the effects of hypoxia in environments with 

different hypoxic exposures, field studies were carried out in the northwestern Gulf of 

Mexico in an area with near constant summer hypoxia, and in southeast corner of Corpus 

Christi Bay, Texas which experiences intermittent hypoxia often for less than one hour in 

the early morning hours during summer. 

At both field sites total copepod abundance, biomass and the abundance of 

ovigerous females were reduced at the most hypoxic site type compared the reference 

sites.  In Corpus Christi Bay, total and ovigerous female abundance varied with exposure 

to hypoxia, but the relative declines in abundance and biomass were less dramatic than in 

the northern Gulf of Mexico.  In the northern Gulf of Mexico, the percentage of 

ovigerous females within the total harpacticoids collected was reduced (p<0.001) to 3% 

at the Intermediate and 1% at the Hypoxic sites during the summers, but in the fall of 

2007 at all transects had similar percentages (p = 0.81) of ovigerous females which 

ranged from 13 to 16%.  Reference sites had a higher number of families with ovigerous 

females, and the relative abundances of those families were more evenly distributed at 

Reference sites compared to Hypoxic and Intermediate transects.  Patterns of ovigerous 

female abundance with respect to DO concentration were similar across numerous 

harpacticoid families found at the study sites.     
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Harpacticoid copepods in laboratory studies tolerated near anoxic DO conditions 

for longer than 120 hours.  Average survival rates of the harpacticoids Schizopera 

knabeni and Nitokra affinis during periods of low DO with elevated ammonium 

concentrations were less than 50%, while survival rates for the other treatments were near 

100%.  The formation of an egg mass was reduced in the near anoxia treatment, but egg 

clutches did not form at all in the treatment that combined near anoxia and 10 M 

ammonium.   

The DO concentration and presence of ammonium were important factors to the 

severity of population decline that were illustrated by population estimate calculations.  

Population estimates based on laboratory measurements of Nitokra affinis resulted in 

calculations of reduced survival and reproductive rates related to hypoxic exposure 

greatly decrease the potential population of the group, which may affect the copepod 

population’s ability to recover from hypoxic events. 

The effects of hypoxia on harpacticoid copepods are the result of the length of 

exposure, the concentration of low dissolved oxygen and exposure to other chemical 

fluxes that increase during periods of hypoxia.  The measurement of reproductive 

indicators, such as the presence of an egg mass and the proportion of ovigerous females 

in a population, could be used to indicate the adverse environmental effects of low 

dissolved oxygen exposure.  The studies from this dissertation are the first to document 

reproductive effects of low dissolved oxygen on harpacticoid populations in the field.  

Laboratory studies within this dissertation indicate the interaction between ammonium 

and hypoxia on survival and reproduction in harpacticoids.  Future studies are needed to 

further determine the effects of hypoxia on the whole-life cycle of harpacticoid copepods. 
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Chapter 1:  An Introduction to the Sub-lethal Effects of Hypoxia and 
the Use of Harpacticoid Copepods as Indicators 

ABSTRACT 

Indicator species are often used as proxies for environmental health.  Benthic 

fauna are especially useful indicators of environmental condition because they integrate 

the effects of their environment over time.  In particular, crustaceans are sensitive to 

environmental changes such as pollutants and low dissolved oxygen.  Sensitivities to 

these factors may be measured by altered survival rates or changes in reproductive 

indicators that differ between impacted and control sites.  Meiobenthic harpacticoid 

copepods are a good group to use as indicator organisms to measure the effects of 

environmental conditions on reproduction because of their life history traits.  

Harpacticoid copepods occur at high abundances in many aquatic environments, and 

females brood their eggs, exposing the offspring to local environmental conditions.  

Further, harpacticoid copepods have been observed to have both lethal and sub-lethal 

responses to low dissolved oxygen concentrations.     

The effects of hypoxia are well documented on large motile organisms, but few 

studies have examined the effect of low dissolved oxygen on reproduction in benthic 

copepods.  The response of the harpacticoid copepod community to an environmental 

disturbance such as hypoxia is governed by the size of the affected area and dissolved 

oxygen concentration of the hypoxic event.  Hypoxia was studied in two systems that 

differ greatly in their patterns of hypoxia because the duration and intensity of hypoxic 

events vary widely between the systems.  The northern Gulf of Mexico is the second 

largest hypoxic area in the world, where dissolved oxygen levels may be nearly anoxic 

for a few months each summer.  Corpus Christi Bay in Texas, USA is a shallow bay 
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which experiences diurnal hypoxic events on several days each summer.  Comparing the 

effects of hypoxia on harpacticoid communities between these systems will describe a 

range of responses to different hypoxic conditions.  Additional data from laboratory 

exposure experiments will give a broader illustration of the effects of low dissolved 

oxygen on reproduction in harpacticoid copepods.  Alterations in harpacticoid copepod 

populations corresponding to exposure to low dissolved oxygen concentrations may 

indicate environmental change to benthic communities where hypoxia occurs. 
 

HYPOXIC ENVIRONMENTS 

Hypoxic environments occur in marine and freshwater systems throughout the 

world, though the condition is observed more frequently in coastal areas. In this study 

hypoxia is by defined as the condition where concentration of dissolved oxygen (DO) in 

water is less than 2 mg L-1 (equal to 1.4 ml L-1).  The total worldwide extent of marine 

hypoxic systems covers an area up to 245,000 km2 (Diaz and Rosenberg 2008). Surveys 

of DO measurements estimated about 6% of the estuaries surrounding the United States 

side of the Gulf of Mexico experience hypoxic conditions (Engle et al. 1999).  The extent 

of hypoxic systems is predicted to increase with global climate change and human 

alterations to the coastal environment (Rabalais et al. 2010).  The range of systems where 

hypoxia has been observed varies from small, shallow bays such as Corpus Christi Bay to 

large, oceanic oxygen-minimum zones.  Oxygen-minimum zones are permanent areas of 

hypoxia that occur at mid-ocean depths offshore from highly productive coastal zones.  

Compared to most coastal hypoxic zones, oxygen minimum zones are stable in their 

location and DO concentration (Childress and Seibel 1998; Morrison et al. 1999)  

Generally, the duration of hypoxic events in a system is positively related to the size of 

the system (Rabalais et al. 2010).    
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The second largest area of seasonal hypoxia in the world, after the Black Sea, is 

the northern Gulf of Mexico, where hypoxia was first observed in the 1970s.  Models 

indicate that large zones of hypoxia began to appear in the 1970s (Justic et al. 2007).  

Mapping the summer hypoxic zone began in 1985.  Since then, the hypoxic zone in the 

northwest region of the Gulf of Mexico has grown in size (Rabalais et al. 1991; Rabalais 

et al. 2007).  The area of the hypoxic zone varies greatly between years, and averages 

about 13,500 km2, but may be as large as 22,000 km2 (Rabalais and Turner 2001; Turner 

et al. 2005; Justic et al. 2007; Rabalais et al. 2010).   

In the northern Gulf of Mexico, the size of the hypoxic water mass and the 

intensity of the DO depletion are governed by water temperature, freshwater inflow and 

nutrients.  High spring flows from the Mississippi and Atchafalaya Rivers increase water 

column stratification and isolate the bottom layer of water (Turner et al. 2001).  The 

incoming freshwater from these two rivers forms a buoyant fresher layer above the 

denser ocean water.  The resulting water column stratification in these two plumes sets up 

conditions for summertime DO depletion that generate the northern Gulf of Mexico 

hypoxic zone (Hetland and DiMarco 2007).   

Freshwater inputs increase the delivery of nutrients, mostly nitrogen and 

phosphorus, to surface waters.  Increased inputs of nitrogen and phosphorus correspond 

with peaks in primary production (Justic et al. 1993; Lohrenz et al. 1997).  There is a two 

to three month delay between maximum river flow and nitrate loading prior to the 

observation of hypoxia in bottom waters (Justic et al. 1993; Rabalais and Turner 2001; 

Turner et al. 2005).  The mechanisms driving DO depletion vary spatially within the 

northern Gulf of Mexico hypoxic zone.  East of Terrebone Bay, water column respiration 

is mostly responsible for DO depletion, while west of Terrebone Bay, benthic respiration 

reduces DO concentrations (Hetland and DiMarco 2007). 
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When the biomass from nutrient-stimulated spring phytoplankton bloom settles 

out of the surface layer and onto the sediment, the bottom-water and settled 

phytoplankton are decomposed by oxygen-respiring bacteria.  Sediment oxygen 

consumption uses up the available DO, creating hypoxic conditions in the isolated bottom 

water mass (Rowe 2001; Rowe et al. 2002; Sell and Morse 2006).  Both respiration in the 

water column and in the sediments consume DO which increases oxygen depletion 

(Morse and Rowe 1999l Rowe 2001; Sell and Morse 2006).  The rate of respiration in the 

sediments is inversely correlated with DO concentrations and positively correlated with 

temperature (Rowe 2001).  Higher metabolic demands of benthic fauna and bacteria in 

the warmer summer months, when metabolic rates are higher, contribute to increased DO 

consumption compared to winter months.   

Additional DO depletion may occur by both the conversion of ammonium to 

nitrate or the oxidation of sulfide to sulfate (Morse and Rowe 1999).  In the Gulf of 

Mexico, there is a net flux of ammonium in the sediments that are overlain with hypoxic 

waters in the summer.  Ammonium accumulation rates are higher in the summer, < 10 to 

150 nM h-1, but rates were negative to 20 nM h-1 in the winter (Gardner et al. 1994). 

However, DO concentrations in the Gulf of Mexico are not observed to be 

completely anoxic.  Light levels may limit the benthic primary production, but Grippo et 

al. (2010) measured light levels at sites within the hypoxic plume in the northern Gulf of 

Mexico to be sufficient to support some benthic primary production.  This may be due to 

oxygen produced by photosynthesis from microphytobenthos.  Benthic photosynthesis 

may result from sinking phytoplankton, but also from benthic microalgae.  Benthic 

microalgae were found in muddy sites within the hypoxic plume and identified by the 

presence of fucoxanthin pigments and visual identification indicates that photosynthesis 

occurs in the muddy sediments (Grippo et al. 2010). 
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Stratification resulting from differences in density between these water masses 

prevents mixing between the layers of water unless there is a physical force, such as 

wind, to mix them together (Rabalais and Turner 2001). Seasonal hypoxia in the northern 

Gulf of Mexico typically begins in May and lasts until the fall when stratification is 

broken down by cold fronts (Rabalais and Turner 2001; Turner et al. 2005; Rabalais et al. 

2007).  Summer storms may also mix the water column, but if there are not many storms 

in succession, hypoxia may re-establish within days (Rabalais and Turner 2001).    The 

size of the zone is related to the amount of spring flow in the Mississippi River and the 

nitrogen load that this flow carries.  Drought years, with low flow, typically result in 

smaller hypoxic zones, and wet years with high river flow and high nutrient loading 

correspond with larger hypoxic areas (Rabalais and Turner 2001; Turner et al. 2005). 

Seasonal hypoxia occurs in many bays and estuaries, including Chesapeake Bay 

and Corpus Christi Bay, in south Texas (Officer et al. 1984; Hagy et al. 2004; Applebaum 

et al. 2005; Diaz and Rosenberg 2008).  Decreases in average DO concentrations in 

Corpus Christi Bay have been documented over the last 20 years, since hypoxia was first 

observed in 1988 (Montagna and Kalke 1992; Applebaum et al. 2005).  Hypoxic events 

occur in the late night and morning hours.  Most events last for about one hour, and the 

maximum duration of an event is 61.5 hours (Morehead et al. 2002; Applebaum et al. 

2005; Montagna and Ritter 2006).  The area that experiences hypoxia in Corpus Christi 

Bay is concentrated in the southeast corner.  Unlike the Gulf of Mexico, where the 

hypoxic area is thousands of kilometers in area, areas of hypoxia in Corpus Christi Bay 

are on the scale of tens of kilometers (Applebaum et al. 2005).  These localized areas of 

hypoxia are surrounded by areas of lower, but not hypoxic, DO concentration.  

Stratification in the water column is caused by a layer of hypersaline bottom water.  

Under certain wind and tidal conditions, a gravity current of hypersaline water less than 
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0.5 meters thick flows into Corpus Christi Bay from Oso Bay (Hodges and Furnas 2006; 

Hodges et al. submitted).  The same mechanism may pull water from Laguna Madre into 

Corpus Christi Bay (Ritter and Montagna 1999).  This hypothesis was tested and hypoxia 

in Corpus Christi Bay was closely associated with hypersaline flows from Laguna Madre 

(which are also known as gravity currents).  These gravity currents emerge from the 

shallow bays adjacent to Corpus Christi Bay and cause hypoxia in areas directly 

downstream; and that wind speed and direction influence the release of hypersaline flows 

from Laguna Madre (To 2009).  Stratification of the water column and high rates of 

sediment oxygen consumption by the benthos combine to create diurnal hypoxia in the 

bottom hypersaline layer. 
 

EFFECTS OF HYPOXIA 
 

Lethal Effects 

All aerobic organisms require oxygen for respiration and metabolism.  Thus, 

exposure to hypoxia may be lethal to organisms, as demonstrated by fish kills and other 

mass-mortality events (Breitburg 1992; Diaz and Rosenberg 1995; Rabalais et al. 2001; 

Rabalais et al. 2010). Field studies on the lethal effects of hypoxia on sessile marine 

benthic communities measure the absence of organisms or species during periods of 

hypoxia.  Such studies have found a positive relationship between DO concentration and 

benthic abundance and diversity (Murrell and Fleeger 1989; Diaz and Rosenberg 1995; 

Ritter and Montagna 1999; Seitz et al. 2009).   

Laboratory experiments measure lethal concentrations of a toxic chemical by the 

concentration it takes for a percentage of the organisms (usually 50%) to die within a 
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time period (often four days).  The mean lethal concentration that causes 50% mortality is 

known as the LC50 value, which varies between species and the life stage of an 

organism.  For example, LC50 values for larval and juvenile grass shrimp, Paleomontes 

pugio, are 0.7 and 1.6 mg O2 L-1, respectively.  Generally, fish and crustaceans are more 

tolerant to low DO in their juvenile stages compared to their larval stages (Miller et al. 

2002).  Compared to other aquatic taxa, fish and crustaceans are the two groups least 

tolerant to low DO conditions.  Lethal and sub-lethal effects occurred at higher DO 

concentrations in these two groups (Vaquer-Sunyer and Duarte 2008).  Twenty-four hour 

survival rates of calanoid copepods, Acartia tonsa, Labidocera aestiva and Centropages 

hamatus, dropped significantly at DO concentrations less than 1.0 mg L-1 (Stadler and 

Marcus 1997).  Increased mortality rates associated with hypoxia may also affect the 

transfer of resources to higher trophic levels, such as from the benthos to fish and crab 

predators.  Hypoxic events in the Neuse River shifted the trophic structure to increase the 

trophic transfer to microbial loops and away from larger consumers (Baird et al. 2004).  

In addition to increased mortality of the benthos related to exposure to low DO, food web 

effects may further alter changes in predation during hypoxic events.   

Indirect lethal effects are possible when hypoxia makes benthic organisms more 

susceptible to predation or death.  For example, macrobenthic organisms may move 

closer to the sediment-water interface or lie on the surface sediment during hypoxic 

events (Tyson and Pearson 1991; Phil et al. 1992; Rabalais et al. 2001; Segasti et al. 

2001). These changes in the position of macrobenthic organisms to be closer to the 

sediment surface at low DO concentrations make the organisms more susceptible to 

predation.  This is especially true for predation from some nekton predators which may 

swim above the hypoxic water mass but are tolerant enough of low DO to make trips into 

the low DO zone to feed (Segasti et al. 2001).   
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However, hypoxia does not always result in increased predation rates to the 

macrobenthos.  Previous studies found mixed effects on how hypoxia affects predation 

rates.  In studies where the duration of hypoxic events was less than 6 hours, there was no 

effect of hypoxia on predation or predation rates were lower in the hypoxic treatment 

(Seitz et al. 2003; Montagna and Ritter 2006).  Diurnal hypoxia did not increase the 

predation rate on macrobenthos (Montagna and Ritter 2006).  The concentration of DO 

and the predator tolerance to low DO determine the predation response when DO 

concentrations are low.  For example, when DO concentrations were less than 1.5 ml L-1, 

predation on the polychaete Glycera amiercana by the blue crab Calliectes sapidus or the 

spot, Leiostomus xanthurus, declined (Nestlerode and Diaz 1998). Similarly, predation 

rates on the burrowing clam, Macoma balthica, by the blue crab, C. sapidus, were lower 

in hypoxic treatments than controls possibly due to the poor tolerance of C. sapidus to 

hypoxia (Seitz et al. 2003).  Fish in the northern Gulf of Mexico do not enter the hypoxic 

zone to consume benthic organisms (Rabalais et al. 2001).   

Behavioral responses may cause organisms to avoid exposure to low DO, but 

behavioral responses may be altered by an organism’s reproductive state.  Adult male 

gobies, Gobisoma bosc, exposed to hypoxia stayed with their nest and egg clutches even 

though the survival rate with clutches exposed to hypoxia is low.  Non-reproducing adults 

and juveniles swam to normoxic areas when the DO declined, but adult males guarded 

their nest until DO levels were just 0.1 to 0.2 mg L-1 above the lethal limit (Breitburg 

1992).  The tendency for adult male G. bosc to stay with their nest makes them more 

susceptible to predation.   
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Sub-lethal Effects 

Sub-lethal effects of hypoxia on marine organisms cover a range of behavioral, 

developmental and reproductive changes as well as altered physiological state.  These 

effects occur across a range of taxa, from arthropods to fish.  Responses to hypoxia are 

further influenced by the nature of the hypoxic environment.  The combinations of these 

variables produce a range of effects observed in both laboratory and field studies.   

The major sub-lethal behavioral response to low DO is avoidance of hypoxic 

water masses.  Nekton may swim away to avoid hypoxia.  Fish and shrimp concentrate 

along the edges of the hypoxic zone in the Gulf of Mexico (Craig et al. 2004; Zhang et al. 

2009).  In zones of intense DO depletion, Callinectes sp. crabs were seen swimming on 

the water surface (Rabalais et al. 2001).  In Chesapeake Bay, fish may change their 

position in the water column to swim above the hypoxic bottom water mass (Breitburg 

2002). However, not all species are able to detect and alter their position in the water 

column to avoid hypoxia.  Calanoid copepods, A. tonsa, L. aestiva and C. hamatus, did 

not avoid hypoxic bottom water concentrations of 0.5 or 1.0 mgL-1 in stratified water 

columns (Stadler and Marcus 1997).  During summertime hypoxia in the northern Gulf of 

Mexico, the abundance of zooplankton was not related to depth, though it is not known if 

the plankton were using the hypoxic mass as a refuge from predation by predators that 

are not as tolerant to low DO conditions.  By compressing the available habitat, hypoxia 

may increase the encounter rates of plankton with their predators, therefore increasing the 

predation rate at the edges of hypoxic zones (Pierson et al. 2009).     

In addition altering species ranges, hypoxia may also affect growth and physical 

condition.  Reduced growth rates were observed in brown shrimp, Farfanpenaeus aztecus 

after exposure to hypoxia (Craig and Crowder 2005).  Growth rates of the mussel Mytilus 
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edulis, were reduced in mussels exposed to hypoxia.  Filtering functionality in these 

mussels was also reduced by 75% during hypoxic events (Altieri and Witman 2006).   

The metabolic demand of a female organism varies based on reproductive state.  

In contrast, male reproduction is often less energetically inexpensive.  Metabolic demand 

may be increased by exposure to hypoxia. Gravid grass shrimp (Palaemonetes pugio) had 

a higher rate of change in cardiac output, a proxy for energetic demand, between 

normoxic and anoxic conditions compared to non-ovigerous females or males 

(Guadagnoli et al. 2005).  Increased metabolic demands of egg-bearing females could 

potentially make them more sensitive to alterations in their habitat.  Though in normoxic 

conditions increased food availability is positively related to egg production, an abundant 

supply of food does not offset the increased metabolic demand of an organism under the 

effects of hypoxia (Webb and Marcotte 1984; Sedlacek and Marcus 2005). Many hypoxic 

habitats are found in bottom waters below a highly productive mixed layer. Egg 

production declined in the calanoid copepod A. tonsa exposed to hypoxia despite a high 

concentration of available food (Sedlacek and Marcus 2005). Higher metabolic demands 

of hypoxia may affect rates of reproduction in adult organisms even when environmental 

conditions would not otherwise inhibit reproduction.   

Hypoxia corresponds with decreased reproduction in many aquatic species (Diaz 

and Rosenberg 1995).  The formation and quantity of gametes, eggs may be serve as 

indicators to measure the effects of hypoxia. Changes in growth and reproduction have 

been observed in Atlantic croaker and brown shrimp exposed to hypoxia (Craig and 

Crowder 2005; Thomas et al. 2006).  Atlantic croaker, Micropogonias undulatus, kept in 

38% and 24% oxygen saturation treatments, had reduced amounts of estradiol, a 

reproductive hormone.  Further, field studies found that croaker females from hypoxic 

areas had depressed levels of vitellogenin, a protein needed for egg production, compared 
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to normoxic control sites (Thomas et al. 2006).  Generally, the average number of eggs 

produced per female was reduced in the copepod A. tonsa at DO concentrations of 0.7 

and most 1.5 ml/L DO concentrations (Richmond et al. 2006).  Reproduction was also 

stopped in Melita longidactyla amphipods exposed to low DO (3.5 mg L-1) for a month 

(Wu and Or 2005). 

A species’ response to hypoxia depends on both on the concentration of low DO 

and the duration of exposure. The calanoid copepod, A. tonsa, exposed to DO 

concentrations of 0.7 and 1.5 ml/L had reduced egg production in both treatments, but 

only reduced survival in the 0.7 ml/L treatment relative to the DO-saturated control 

(Marcus et al. 2004).  Egg production in A. tonsa exposed to a DO concentration of 0.7 

ml L-1 dropped to near zero beginning around day 14 (Marcus et al. 2004).  Multiple 

aspects of reproduction may be affected by hypoxia.  DO concentrations were inversely 

related to the number of female amphipods, Monoporeia affinis, carrying a dead brood of 

eggs (Wiklund and Sundelin 2001; Wiklund and Sundelin 2004).  No mating pairs or 

eggs were observed in amphipods, Melita longidactyla, in 3.5 mg L-1 of DO for 1 month.  

However, organisms may recover from hypoxic exposure.  When M. longidactyla, was 

exposed to low DO for a week and then allowed to recover for a week, it had 

bioenergetics similar to normoxic controls (Wu and Or 2005). 

The development of offspring from adults and eggs exposed to hypoxia is another 

measureable sub-lethal effect. A. tonsa copepods exposed to hypoxia developed into 

smaller adults than those raised in normoxic conditions (Richmond et al. 2006).  The 

smaller adults produced fewer eggs, and the number of eggs per copepod were further 

reduced when exposed to hypoxia. (Richmond et al. 2006).  The age at which eggs are 

exposed to low DO will affect their hatching success.  More developed A. tonsa eggs had 

a higher hatching success when exposed to hypoxia than recently spawned eggs (Lutz et 
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al. 1994).  Exposure to hypoxia may delay hatching as eggs exposed to hypoxia hatched 

after being returned to normoxic conditions (Lutz et al. 1994).  However, hypoxia alone 

was not enough to induce diapause in A. tonsa eggs.  Eggs were induced into diapause 

only under a combination of anoxic conditions with temperatures less than 5ºC and 

salinities of 10 to 20 psu (Holmstrup et al. 2006).   

Sub-lethal reproductive effects may cause reductions in population growth.  

Based on survival and egg production data under hypoxic and normoxic conditions, 

Leslie matrix models predict slower growth rates of A. tonsa populations exposed to 

hypoxia.  The effect of DO concentration resulted in significant differences in growth 

rates between each DO treatment (Marcus et al. 2004).  

 

BENTHOS AS INDICATOR ORGANISMS 

Sessile benthic organisms are used to study the effects of low DO because they 

are unable to escape areas of hypoxia.  As the concentration of DO decreases, the 

diversity and abundance of benthic fauna also decrease (Diaz and Rosenberg 1995).  

Multiple studies have described changes in the composition of benthic communities when 

exposed to DO concentrations below 2 mg L-1 (Murrell and Fleeger 1989; Dauer et al. 

1992; Diaz and Rosenberg 1995).  In Corpus Christi Bay, effects of low DO on benthic 

macrofaunal abundance and species diversity were measured at DO concentrations less 

than 3 mg L-1 (Ritter and Montagna 1999).  Changes in community composition were 

associated with hypoxia include reductions in the number of species, but also shifts in 

which species dominate the community. For example, in Chesapeake Bay, which 

experiences seasonal hypoxia in some locations, the macrobenthic community 

composition was dominated by “opportunistic species,” such as spinoid polychaetes, at 

the stations that experienced hypoxia.  Normoxic stations in the bay had a higher 
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diversity and a larger proportion of longer-lived bivalves and maldanid polychaetes.  

These “equilibrium species” are usually larger and live deeper in the sediment than the 

“opportunistic species” (Dauer et al. 1992).  Changes in the ratios of taxa have indicated 

environmental condition.  The ratio of nematodes to harpacticoid copepods is used to 

distinguish between sites affected by pollutants (Raffelli and Mason 1981).  Therefore, 

changes in the benthic community may reflect the effects of environmental changes in a 

localized area.   

 

MEIOBENTHOS AS BIOINDICATORS OF SUB-LETHAL EFFECTS 

Meiobenthic organisms, which pass through a 0.500 mm mesh, but are retained 

by a 0.045 mm mesh sieve, may serve as bioindicators (Moore and Bett 1989).  Of the 

common meiofauna taxa, crustaceans, such as benthic harpacticoid copepods (Crustacea, 

Copepoda, Harpacticoida), are the most sensitive to low DO (Coull 1969; Tietjen 1969; 

Murrell and Fleeger 1989; Wetzel et al. 2001; Metcalfe 2005).  These small crustaceans, 

are 0.2 to 2.5 mm in length, live in the top few centimeters of sediments in most aquatic 

environments (Hicks and Coull 1983; Fleeger et al. 1996; Giere 2009).  Harpacticoids are 

the second most common meiobenthic group in both the northern Gulf of Mexico and 

Corpus Christi Bay, where they are 6 to 14% of the meiofauna abundance (Murrell and 

Fleeger 1989; Burgess et al. 2005).  Adult harpacticoids disperse within a bay over small 

distances, via suspended transport (Chandler and Fleeger 1983).  Harpacticoids brood 

their eggs and do not have a planktonic larval stage for dispersal (Hicks and Coull 1983).  

Generation times of some harpacticoids may range from 10 to 18 days to as long as one 

year (Hicks and Coull 1983; Giere 2009).  The life-history traits of benthic harpacticoid 

copepods make them good indicators to measure the effects of pollutants or other 

environmental variables on reproduction.   
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Changes in reproductive traits may be described by measuring egg size, number 

of eggs in a clutch, and the hatching success of those eggs.  The timing of reproduction 

varies by species, and this timing may be altered by temperature, salinity, food 

availability, and population density (Hicks and Coull 1983).  Differences in the timing of 

reproduction may occur between families and even between species within a genus.  In 

the Gulf of Mexico, harpacticoid abundance is highest in the spring (Murrell and Fleeger 

1989).  Off the coast of California, reproduction in one species, Cletodes macura, did not 

vary spatially or temporally with respect to sediment characteristics.  However, clutch 

volume and egg size in Cletodes tuberculatus, were positively related with sediment 

organic carbon content (Webb and Montagna 1993).   

In previous studies, reproductive traits of harpacticoid copepods were used to 

study the effects of pollution, including hydrocarbons and metals (Moore and Bett 1989; 

Lanzotti 1995; Berjarano et al. 2006; Turesson et al. 2007; Rubal et al. 2009).  

Concentrations of greater than 1800 g L-1 of the fungicide tebuconazole in the sediments 

corresponded to reduced numbers of offspring due to increased naupliar mortality in the 

harpacticoid Attheyella crassa.  The surviving nauplii were smaller than those in control 

treatments with no chemicals added (Turesson et al. 2007).  A positive relationship 

occurred between the abundance of ovigerous female harpacticoids and their proximity to 

hydrocarbon platforms (Lanzotti 1995).  Though there were more ovigerous females were 

closer to the hydrocarbon platforms, those closest to the platform had smaller eggs.  

However, the number of copepodites (stages I to V) did not increase with proximity to 

the platforms.  It was inferred that the increase in egg number was negated by decreased 

survival of juveniles (Lanzotti 1995).   

Laboratory studies on reproductive effects of pollutants on copepods found 

species effects varied by species.  Both Nitocra lacustris and Schizopera knabeni had 
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lower hatch rates at elevated (> 45 g g-1 dry weight) concentrations of phenanthrene 

compared to controls where no polycyclic aromatic hydrocarbons were added, but egg 

hatching was also delayed in N. lacustris (Lofuto and Fleeger 1997).  Stressed females 

may drop their egg clutches (Chen et al. 2006). Hydrocarbons affected development 

duration in the harpacticoid, Amphiascus tenuiremis; developmental stages were longer in 

duration for both nauplii and copepodites in treatments with a higher hydrocarbon 

fraction compared to controls.  Additionally, an increasing hydrocarbon fraction 

correlated with higher rates of unsuccessful egg fertilization.  Leslie matrix models based 

on those data show declining population projections over three generations because of the 

delays in development and decreased rates of fertilization (Bejarano et al. 2006).   

Past studies have found sub-lethal behavioral and reproductive effects on 

harpacticoid copepods exposed to hypoxia (Vernberg and Coull 1975; McAllen and 

Brennan 2009).  When exposed to near anoxic nitrogen-saturated water, multiple species 

of harpacticoids stopped moving and eventually died (Vernberg and Coull 1975).  Hicks 

and Coull (1983) list only two harpacticoid species, Apodopsyllus africanus and 

Paraleptastacus epinulatus, that are tolerant to low DO concentrations. However, high 

survival rates ocurred in other species exposed to hypoxia.  Field studies observed 

survival rates in low DO of the harpacticoid, Cletocamptus confluens, varied by gender 

and reproductive condition (Vopel et al. 1998).  Survival rates were based on the position 

of the copepods within a core, matched with oxygen and sulfide measurements from a 

vertical profile in sediment cores from the same site.  The survival rate for non-ovigerous 

females was greater than 96%, but rates were lower for males and ovigerous females.  

Exposure to either anoxia or sulphidic anoxia for 96 hours did not affect copepodite 

development times, but hatching was delayed when eggs were exposed to low DO (Vopel 

et al. 1998). The hatching success of ovigerous Tigriopus brevicornis was reduced when 
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exposed to DO concentrations of 0.7 and 1.0 ml L-1 for 3 hours.  The nauplii from 

females exposed to hypoxia took longer to develop than those of ovigerous females 

maintained in normoxia (McAllen and Brennan 2009).  

 

SUMMARY  

The goal of this dissertation is to use field and laboratory observations to describe 

the effects of low DO on reproduction in harpacticoid copepods.  The null hypothesis of 

this dissertation is that harpacticoid copepod abundance and reproduction is not affected 

by exposure to low dissolved oxygen.  Studies will examine the effects of both DO 

concentration and duration on harpacticoid survival and reproduction.  Harpacticoid 

copepods are used as indicator organisms because of their life-history traits and known 

sensitivity to low DO.  Laboratory tests are conducted to measure reproduction at 

different levels of DO in combination with ammonium, which is present in elevated 

levels at times of low DO.  The results from laboratory experiments help elucidate the 

effects of hypoxia on reproduction.  Field studies are conducted to compare the effects of 

different oxygen regimes (continuous vs. nighttime hypoxia) on the total abundance of 

harpacticoids and the abundance of ovigerous females.  Identification of ovigerous 

females to the family level examines differences between families in their tolerance to 

hypoxia.  The results from these studies may be used to determine how exposure to low 

DO may alter the harpacticoid copepod community.  
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Chapter 2:  Exposure to Low Dissolved Oxygen and Ammonium Affects 
Survival and Reproduction in Harpacticoid Copepods  

  

ABSTRACT 

Exposure to low dissolved oxygen (DO) concentrations has both sub-lethal and 

lethal effects on benthic marine species.  Laboratory observations in this study quantified 

high survival rates for two species of harpacticoid copepods; Amphiascoides atopus and 

Schizopera knabeni, exposed to low DO for up to 120 hours.  During hypoxic events, 

ammonium concentrations are often elevated in the bottom water in nature.  The effects 

of both increased ammonium concentrations and low DO were investigated through 

laboratory experiments that exposed copepods to these treatments both separately and in 

combination.  Survival, egg formation, the number of eggs and egg size in two species of 

harpacticoid copepods,  S. knabeni and Nitokra affinis were measured.  Exposure to near 

anoxia alone resulted in a 58 to 67% reduction in the mean percentage of females bearing 

egg clutches.  Egg production stopped completely in both N. affinis and S. knabeni when 

exposed to 10 M ammonium and near anoxia.  Mortality was generally low when 

copepods were exposed to either elevated ammonium or low DO conditions separately.  

Mortality rates for both N. affinis and S. knabeni were significantly higher when 

copepods were exposed to both elevated ammonium and low DO concentrations.  The 

results of this study indicate some species of harpacticoid copepods survive better than 

previously reported during exposure to low DO, and that the effects of low DO on the 

meiobenthos are better understood when taking into account the biogeochemical changes 

that occur during periods of low DO.   
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INTRODUCTION 

Zones of low dissolved oxygen (DO) occur in aquatic habitats worldwide, and if 

reports of hypoxic zones follow the current trends, the number of hypoxic areas 

worldwide will increase (Diaz and Rosenberg 2008; Vaquer-Sunyer and Duarte 2008).  

The effects of areas of hypoxia, DO less than 2 mg L-1, are associated with changes in 

ecosystems that affect organisms from fish to microbes (Diaz and Rosenberg 1995; Craig 

and Crowder 2005; McCarthy et al. 2008; Vaquer-Sunyer and Duarte 2008).  These 

effects of hypoxia may be lethal or sub-lethal.  Such effects include reductions in the 

abundance and diversity of benthic fauna during periods of hypoxia (Murrell and Fleeger 

1989; Ritter and Montagna 1999).  

Sub-lethal effects of hypoxia typically occur at higher DO concentrations than 

lethal effects (Vaquer-Sunyer and Duarte 2008).  Effects may be measured as changes to 

an organism's growth, reproduction or physiological condition.  Traits of certain species 

make them useful as indicators of environmental condition.  For example, short-lived 

organisms lower in the food web are more vulnerable to stress than those at higher 

trophic levels (Raffaelli 2004).  Crustaceans, such as harpacticoid copepods, are often 

used as indicator species because they are sensitive to adverse environmental conditions 

such as pollution (Coull and Chandler 1992).  After fish, crustaceans were the second 

most sensitive group of the taxa measured to the effects of hypoxia (Vaquer-Sunyer and 

Duarte 2008).   

This study used meiobenthic harpacticoid copepods to study the effects of 

hypoxia.  These tiny crustaceans, which pass through a 500 m mesh sieve, but are 

retained on a mesh size of 45 m in length, were chosen for this study because they have 

life history traits that make them good indicators of environmental effects. Harpacticoid 

females brood their eggs, and changes in egg production are influenced by environmental 
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conditions (Hicks and Coull 1983; Huys et al. 1996). The lack of egg production was 

used as an indicator of sub-lethal effects of hypoxia.  Laboratory studies have examined 

the effects of salinity, temperature and chemical pollutants on reproduction in 

harpacticoids (Gee 1985; Lofuto 1997; McAllen and Brennan 2009). 

Previous studies on harpacticoid copepods, have described lethal and sub-lethal 

effects when the copepods were exposed to hypoxic conditions.  Exposure to low DO 

conditions resulted first in the absence of movement and then mortality with prolonged 

exposure to anoxic conditions (Coull and Vernberg 1975).  Egg clutch formation and 

development were delayed when the harpacticoid, Tigriopus brevicornis, was exposed to 

DO concentrations of 1.0 mg L-1 for 3 hours (McAllen and Brennan 2009). The strength 

of these lab studies is the ability to isolate the effect of one factor on an organism.   

In the field the effects of a change in one environmental variable are rarely 

isolated and affect multiple species.  During hypoxic events changes in sediment 

chemistry are often observed.  These alterations include elevated fluxes and bottom water 

concentrations of ammonium, hydrogen sulfide and nitrous oxide (Toon and Dagg 1992; 

McCarthy et al. 2008; Walker et al. 2010).  Field observations during periods of hypoxia 

find a correlation between hypoxic events and increased ammonium concentration in the 

bottom hypoxic water mass.  In Corpus Christi Bay, ammonium fluxes at the sediment 

water interface were significantly higher during periods of hypoxia compared to the rates 

when hypoxia was not present (McCarthy et al. 2008).  Similar observations were found 

in the Gulf of Mexico (Toon and Dagg 1992).   

High ammonium concentrations have been demonstrated to affect growth in fish 

and crustaceans adversely (Wajsbrot et al. 1990; Buttino 1994; Remen et al. 2005; Kater 

et al. 2006).  Lethal responses to ammonium in crustaceans occurred more quickly at 

higher pH values, though most lethal values were 10 times higher than those administered 
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in this study (Kater et al. 2006).  Calanoid copepods, Acartia clausi, exposed to 0.12 mg 

L-1 ammonia had reduced egg hatching success (Buttino 1994).      

The DO concentration has been demonstrated to affect the toxicity of ammonia on 

the prawn Penaeus semisulculatus.  The toxicity of ammonia was two-times as strong at 

27% DO saturation than at 55% DO saturation, and the time to realize a lethal effect of 

ammonia was shorter at 27% DO saturation (Wajsbrot et al. 1990).  Similarly, a 

synergistic effect of hypoxia with ammonia on survival was found in the shrimp 

Litopenaeus stylirostris (Mugnier et al. 2008). 

It is not known how elevated ammonium concentrations combined with exposure 

to hypoxia might affect harpacticoid copepods.  This study tests the effects of hypoxia 

and elevated ammonium concentrations on harpacticoid copepod survival and 

reproduction.  Experiments measured survival, egg clutch production, egg biomass and 

the number of eggs in the egg clutches.  Because species vary in their tolerance to 

environmental conditions, survival experiments were conducted on two species of 

harpacticoids:  Amphiascoides atopus and Schizopera knabeni.  The effects of both low 

oxygen and ammonium on egg production were determined using mate guarding pairs of 

two species:  S. knabeni and Nitokra affinis.  

 

METHODS 

 

Copepod Species 

Each species of harpacticoid copepod studied was obtained from a different 

source.  Schizopera knabeni were obtained from cultures maintained by Jim Biedenbach 

at Texas A&M University Corpus Christi.  Originally collected from a marsh in southern 
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Louisiana, S. knabeni has been maintained in culture for more than 10 years.  S. knabeni 

are also found in estuaries on the Mexican coast of the Gulf of Mexico (Gomez and 

Vargas-Arriaga 2008).  Amphiascoides atopus were from cultures in John Fleeger’s 

laboratory at Louisiana State University.  A. atopus was originally collected from a fish 

aquaculture system, and have been used to study mass culturing of harpacticoids (Lofuto 

and Fleeger 1995; Sun and Fleeger 1995).  Both S. knabeni and A. atopus belong to the 

family Miraciidae (Wells 2007).  The cultured Nitokra affinis (family Ameiridae) used in 

the present study were collected from the sea water system at the University of Texas 

Marine Science Institute's Animal Rehabilitation Keep. Nitokra affinis (also spelled 

Nitocra affinis) are found in coastal environments worldwide and may tolerate salinities 

of 10 to 35 psu (Lang 1965; Matias-Peralta et al. 2005).  A similar species, Nitocra 

lacustris has a long history as a test organism in toxicity studies (Kusk and Wollenberger 

2007).  Both N. affinis and S. knabeni exhibited mate guarding, or precocious coupling, 

behavior.  This behavior occurs when an adult male copepods grasps an immature female 

to “guard” the female from future mating (Hicks and Coull 1983).   

These three species were chosen for experiments because they could be cultured 

without a substrate, and could be maintained at similar salinities and on similar diets.  

Harpacticoid copepods were kept in 30 psu filtered seawater on a 12:12 hour light/dark 

cycle.  During “daylight” the intensity of the light was 4.29 mol second-1 m-2 as 

measured with a Li-Cor Biosicences LI-250A light meter equipped with a LI-190 

quantum sensor.  S. knabeni were maintained in an incubator (Precision 818 

Microprocessor controlled low temperature illuminated incubator) at 20ºC, and N. affinis 

and A. atopus were kept at 24 ºC.  Copepods were fed a mixture of cultured 

phytoplankton species:  Nannochloris occulata, Pavlova lutheri and Isochysis galabara 

mixed at a ratio of 1:1:2, and fed twice a week.  Each phytoplankton species was cultured 
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in either 500 mL or 2 L polycarbonate flasks in 30 psu F/2 media without silica (Gulliard 

et al. 1975).  The water in the copepod cultures was changed every 10 days.  Copepods 

were retained on a 63 m mesh sieve and then rinsed into the new container.  

 

Exposure System Design 

Experiments were conducted using a modified larval fish respiration system 

(Watson 2008).  The system was modified to circulate water through a gas saturation 

chamber at a rate of 0.24 mL per second (Figure 2.1).  In the gas saturation chamber, air 

or a gas mixture was constantly bubbled into the chamber.  Control treatments had air 

bubbled through the water using an aquarium pump with the rate of bubbling regulated 

by a roll clamp.  Gas for the experimental treatments was from compressed gas tanks 

(Airgas) and was either 100 percent nitrogen or a mixed gas of 93.1% nitrogen and 6.9% 

oxygen.  The nitrogen gas was used to purge the oxygen from the water and to maintain 

near anoxic conditions.  The mixed gas had a ratio of nitrogen to oxygen calculated to 

hold the dissolved oxygen at 2 mg L-1 when the seawater was saturated (Colt 1984).  The 

gas saturated water from this chamber was pumped via a peristaltic pump (Masterflex 

L/S cartridge pump model 7519-15) through the experimental chamber with the 

copepods.   

After water flowed through the respiration chamber (described below), it passed 

through a DO sensor, a Presens Pst3 oxygen optode attached to a Presens Microx TX2-

AOT oxygen meter.  Every 15 minutes the temperature and DO values were recorded by 

a computer running Oxyview version 4.16 software.  Temperature measurements were 

collected using a Presens PT100 temperature probe.  At the start and end of each 

experiment, pH was recorded using a WTW pH 315i pH probe.  The probe was calibrated 

with a pH 7 stock solution prior to each set of measurements and calibrated with a two 
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point calibration every third time using solutions with pH 4 and 7.  Copepods were 

maintained at room temperature on the same 12:12 light dark cycle as they were exposed 

to in culture.    

 

Survival Experiments 

Prior to using the system for experiments on harpacticoid copepods, the system 

was tested with Artemia spp. nauplii, since high DO is associated with a higher survival 

rate of Artemia nauplii (Abatzopoulos 2002).  Twenty Artemia nauplii less than 48 hours 

old were added per respiration chamber.  The two treatments were nitrogen saturation 

(near anoxia) and air saturation (DO concentration near 7 mg L-1).  Four replicate trials 

were run at time periods of 12, 24 and 48 hours, and the number of surviving nauplii in 

each treatment were measured at the end of the time.   

For harpacticoid survival experiments 20 ovigerous females of either A. atopus or 

S. knabeni were placed in respiration chambers in the flow-through system.  The 

chambers had a volume of 10.6 mL and were constructed with a piece of 8 cm long and 

1.3 cm (inner diameter) tygon tubing.  The water in the chamber was full exchanged 

every 44 seconds.  The ends were sealed with 41 m Nitex mesh that was held in place 

with a quick disconnect.  Copepods were extracted from cultures, and were allowed to 

acclimate to the chamber for 30 minutes prior to the start of the experiment.  

Two treatments, nitrogen saturation and air saturation were used.  Experiments 

were run for 24, 48, 72, 96 or 120 hours.  At the end of the experiment, the copepods 

were rinsed onto a filter with 41 m mesh.  The number of live and dead copepods, and 

the number of ovigerous females at the end of the experiment were recorded. 
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Dissolved Oxygen and Ammonium Interaction Experiment 

Chambers were placed in the flow-through system to expose animals to a 

prescribed concentration of DO:  air saturation, 2 mg L-1 or nitrogen saturation.  The 

chambers were similar in construction to the ones used for survival experiments, but were 

only 4 cm long.  Each 5.3 mL chamber contained one mate guarding pair of copepods.  

Copepod species, S. knabeni and N. affinis, were chosen for reproductive experiments 

because they both exhibit mate guarding behavior which allowed the isolation of 

reproductive pairs.  Once inside the chamber, the pair of copepods was allowed to 

acclimate to the chamber for 30 minutes prior to the start of the experiment.   

The three levels of dissolved oxygen (oxygen saturation, 2 mg L-1 and nitrogen 

saturation) were crossed with 2 levels of ammonium concentrations (0 M and 10 M).  

The ammonium concentrations were created by diluting a more concentrated ammonium 

solution in the saturation chamber.  The base ammonium solution had a concentration of 

10 millimolar.  It was prepared using ammonium chloride dissolved into seawater purged 

with nitrogen in a 100 mL container.  Then 1 mL of the base solution was added to the 

gas saturation chamber at the start of the experiment to create at 10 M concentration in 

the particular flow through loop.  The 10 M (0.18 mg L-1) concentration was based on 

values observed in both the Gulf of Mexico and Corpus Christi bay during periods of 

hypoxia (Toon and Dagg 1992; McCarthy et al. 2008). A. atopus were not used in this 

series of experiments because they did not exhibit mate guarding behavior as frequently 

as S. knabeni and N. affinis.  Copepods were exposed to either experimental or control 

conditions for either 48 or 96 hours and then sampled as described above. 
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Egg Biomass Analysis 

The size of an individual egg in each egg mass was measured to estimate egg 

biomass.  At the end of the experiment copepods were fixed in 5% formalin.  Copepods 

were preserved in 70% ethanol and then transferred to glycerol on ring slides for 

photography.  All copepods were photographed ventral side up at 40x using a 

Photometrics Coolsnap cf camera attached to an Olympus BX60 microscope.  Images 

were captured using MetaVue 5.0 software.  Image analysis was done with SigmaScan 

5.0 according to the biomass estimation method described in Baguley et al. (2004).  The 

method uses the measurement of an organism’s two-dimensional area and diameter to 

estimate biomass.  The advantage to using this technique is that organisms are not 

destroyed during the measurement of biomass.  Also, small masses, such as copepod 

eggs, cannot be precisely measured with common techniques used for larger macrofauna, 

but may be measured with image analysis.  One egg per ovigerous female copepod was 

measured, and the number of replicates varies based on the number of ovigerous females 

per treatment at the end of the experiment. 

 

Statistical Analysis 

A two-way analysis of variance (ANOVA) was run using SAS version 9.1.3 

software to determine the effects of DO and exposure time and the interaction of DO and 

time of exposure on survival of the groups of ovigerous copepods.  Effects of the DO and 

NH4 treatments on mate guarding pairs were also analyzed using a two-way ANOVA.  A 

separate ANOVA was performed for each of the following variables:  survival, presence 

of an egg mass, individual egg size and the number of eggs per egg clutch. Biomass 

measurements were log transformed, and each species was analyzed separately.  
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RESULTS 

The survival of Artemia nauplii in the nitrogen saturation treatment decreased at 

each time point compared to the survival of Artemia in the air saturation treatment (Table 

2.1; Figure 2.2).  Survival rates were highly variable after 12 hours in the nitrogen 

saturation treatment, and ranged from 95% to 0%.  Survival was affected by DO 

concentration and duration of exposure (p < 0.001 and p = 0.0035 respectively), but not 

by the interaction between those factors (p = 0.2321).  No Artemia nauplii in the nitrogen 

saturation treatment survived more than 48 hours. 

Survival at low DO was within 100% for ovigerous female harpacticoid copepods 

in both the air saturation and nitrogen saturation treatments (Table 2.2; Figure 2.3).  

There was not an effect of duration (p = 0.153) or DO (p = 0.600) for A. atopus, and the 

interaction between the terms was also non-significant (p = 0.117).  There were no 

significant differences in survival by DO concentration for S. knabeni (p = 0.37). 

Hypoxia alone did not affect survival of the mate guarding pairs of either S. 

knabeni or N. affinis for at least the first 96 hours (Table 2.3; Figure 2.4).  Survival was 

more variable in N. affinis mate guarding pairs, than for S. knabeni, but differences 

between species were minimal because survival rates remained near 100% throughout the 

study period except in the treatment of nitrogen saturation and 10 M ammonium.  The 

Average survival rate was near 100% when copepods were exposed to either elevated 

ammonia or nitrogen saturation.  However, average survival was slightly lower in N. 

affinis in the elevated ammonium treatments at all DO levels (p = 0.0053).  96-hour 

survival rates for both species were 40.0% for S. knabeni and 41.7% for N. affinis when 

exposed to the combination of 10 M ammonium and nitrogen saturation.  The effect of 

DO was significant for both species at p= 0.0034 and 0.0006 for N. affinis and S. knabeni, 
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respectively.  The interaction of DO and ammonium was not significant for either 

species, and was 0.196 for N. affinis and 0.125 for S. knabeni. 

When low DO conditions were combined with elevated ammonia concentrations, 

survival and egg production were reduced in both species (Figure 2.5).  No eggs were 

produced when N. affinis and S. knabeni were exposed to the combination of 10 M 

ammonium and DO concentrations less than 0.5 mg L-1.  For N. affinis the effect of DO 

concentration was significant to the formation of an egg mass (p = 0.0023), but the 

addition of ammonium (p = 0.29) and the interaction between DO and ammonium (p = 

0.65) were not significant.  None of the terms (DO p = 0.08, ammonium p = 0.12 and the 

interaction of the two p = 0.12) were significant for the production of an egg mass in S. 

knabeni.   

Other measures of reproduction, the quality and number of eggs were not 

significantly different among treatments.  Neither DO nor ammonium or the interaction 

between the terms had a significant effect on the number of eggs per egg mass (p = 0.29, 

p =0.65 and p = 0.33 for N. affinis and p = 0.70, 0.07, and 0.14 for S. knabeni, 

respectively) (Figure 2.6).  Similarly, there were no effects of DO (p = 0.52 and p = 0.23 

for N. affinis and S. knabeni, respectively) or ammonium (p = 0.45 and p = 0.79) on the 

biomass of individual eggs (Figure 2.7).  The interaction terms for egg biomass were also 

not significant, N. affinis p = 0.47, S. knabeni p = 0.62.  In most cases, N. affinis 

ovigerous females produced more eggs per egg clutch than S. knabeni with an average of 

19.5 to 13.7 eggs per clutch across all treatments where eggs were produced (Figure 2.6). 

 

DISCUSSION 

Exposure to hypoxia is associated with both mortality and sub-lethal effects in 

marine organisms.  The amount of change in growth, reproduction and physiological 
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condition vary with exposure and species.  Large nekton may avoid exposure to hypoxia 

by moving toward the edges of hypoxic zones (Wannamaker and Rice 2000; Craig and 

Crowder 2005).   

However, smaller or less mobile animals may be unable to escape hypoxic areas. 

In order to survive hypoxia, benthic organisms may alter their behavior or physiology 

(Guadagnoli et al. 2005; Vaquer-Sunyer and Duarte 2008).  For example, ovigerous 

female grass shrimp, Palaemonetes pugio, had a higher change in cardiac output between 

normoxic and hypoxic conditions than did non-ovigerous females (Guadagnoli et al. 

2005).  Not all species are equally tolerant of low DO conditions Vaquer-Sunyer and 

Duarte 2008).  In some cases, the ratios of more tolerant species (nematodes) to less 

tolerant species (harpacticoid copepods) have been used as an indicator of environmental 

quality (Raffaelli and Mason 1981). 

Harpacticoid copepods were reported to be intolerant to hypoxic conditions for 

prolonged periods of time (Vernberg and Coull 1975; Hicks and Coull 1983).  Survival of 

all harpacticoid copepod species tested in this study was higher than expected.  Ovigerous 

females of all species had high survival rates up to or past 96 hours.  A. atopus survived 

well after 120 hours of exposure to nitrogen saturated water (Figure 2.3).  Both S. 

knabeni and N. affinis had high rates of survival in all but the 10 NH4 and nitrogen 

saturation treatment (Figure 2.4).  The high rate of survival is surprising given that most 

harpacticoid copepods were thought to die when exposed to low DO for several hours 

(Vernberg and Coull 1975).   

High survival rates in this study may be the result of choosing species that tolerate 

a wide range of environmental conditions.   All species used in this study are marsh or 

estuarine species.  Past studies have found that beach dwelling copepods are more 

sensitive to low DO conditions than species which live in muddy substrate environments 
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(Vernberg and Coull 1975).  S. knabeni is a marsh copepod that has been in continuous 

culture for over 10 years (Lofuto 1997).  Although the genus occurs on cobble beaches in 

many parts of the world, A. atopus is a fast growing and easy to culture copepod that was 

described from collections from an aquaculture facility.  A. atopus was identified as a 

good candidate for culturing as a food source for fish aquaculture because it will 

reproduce under a range of temperatures and salinities (Sun and Fleeger 1995).  Both A. 

atopus and S. knabeni have been maintained in culture for more than 10 years (Lofuto 

and Fleeger 1995; Lofuto et al. 1997).  It is possible that over time tolerance to low DO 

has been selected for in the cultured populations.  N. affinis is found in estuaries 

worldwide, and was isolated from a seawater system, and is known to occur in South 

Texas during the summer (Lang 1965; Matias-Peralta et al. 2005).  The tolerance of these 

species to low DO conditions had not been examined prior to this study.   

Copepods in this study were observed to lie ventral side up when exposed to low 

DO conditions (personal observation).  Other species also exhibited similar behavior 

when exposed to near anoxic conditions (Vernberg and Coull 1975).  This behavior could 

reduce the organisms’ rate of oxygen consumption.  Harpacticoid oxygen consumption 

differs by the activity level a species’ lifestyle requires.  Actively swimming epibenthic 

species consumed oxygen at a higher rate than slow moving interstitial species (Gee 

1985). Though the mate guarding pairs used in this study had already located a potential 

mate, it is possible that the lack of movement, if sustained over the duration of the 

experiment, could have prevented successful mating.   

Mortality due to hypoxia occurs at DO concentrations lower than those causing 

sub-lethal effects.  For example, egg production was reduced at DO concentrations of 1.5 

ml/L in the calanoid copepod, Acartia tonsa.  Survival was only significantly lower than 

that in air saturated controls when A. tonsa were exposed to DO concentrations of 0.7 
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ml/L (Marcus et al. 2004).  The high survival of ovigerous females in the present study 

was surprising given the results in previous studies in which inactivity of harpacticoids 

was observed within 1 to 19 hours of exposure to nitrogen saturated near-anoxic waters 

(Vernberg and Coull 1975) (Figure 2.3).  In experiments with mate guarding pairs, 

survival was high at DO concentrations of 2 mg L-1, but decreased in the near anoxic 

treatments (Figure 2.4). 

Reproduction in harpacticoids may also vary based on other environmental factors 

such as temperature, salinity, light and food availability (Webb and Marcotte 1984; 

Matias-Peralta 2005; McAllen and Brennan 2009).  Tisbe cucumariae in high food 

availability treatments on average produced more eggs than those in low food treatments 

(Webb and Marcotte 1984).  Shorter photoperiods and salinities of 30 to 35 ppt 

maximized egg production in Nitocra affinis f. californica (Matias-Peralta et al. 2005).   

Like marsh copepods, the rockpool copepod, T. brevicornis lives in an environment in 

which salinity fluctuates over a wide range.  However, the development of an egg mass 

did not occur at salinities of 70 psu.  Egg mass formation and development were also 

reduced or halted at 5 psu.  High temperatures accelerated egg mass formation and 

development to copepodid stage 1 (McAllen and Brennan 2009).  

Hypoxic and near anoxia have effects on reproduction that vary by species, the 

intensity of the DO depletion and the length of exposure.  The effects of reproduction 

may be observed multiple ways, including the number and quantity of eggs.  Exposure to 

hypoxia was associated with increased rates of females dropping their egg masses in the 

calanoid Pseudodiaptomus annandalei (Chen et al. 2006).  Egg masses formed under 

hypoxic conditions in the amphipod Monoporeia affinis, were more likely to be dead than 

eggs on females in DO concentrations greater than 3 mg L-1 (Wiklund and Sundelin 2001; 

Wiklund and Sundelin 2004).  However, the rate of ‘malformed embryos’ was not related 
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to exposure to low DO or temperature (Wiklund and Sundelin 2004).  In the harpacticoid 

T. brevicornis, exposure to 1.0 mg L-1 DO for 3 hours caused delays in the formation of 

egg masses and increases in the development time of those eggs.  Reproduction did not 

stop even in anoxia, but it was delayed (McAllen and Brennan 2009).  Similarly, in this 

study egg masses were produced from mate guarding pairs of both species exposed to 

nitrogen-saturated water for 96 hours. Slight differences were found in a species’ 

reproductive response.  N. affinis survival rates under near anoxic conditions were lower 

than those for S. knabeni.  There was a non-significant (p = 0.07), but visually noticeable 

effect of ammonium on egg size in S. knabeni that was not present in N. affinis (p = 

0.65). Exposure to only low DO resulted in changes in the number of females bearing egg 

clutches, but not in the number of eggs per clutch or the volume of individual eggs.  

Because harpacticoid copepods may bear multiple clutches of eggs from one mating, it is 

unknown if effects of hypoxia on egg quality would be observed in subsequent egg 

masses.      

Exposure to hypoxia is also associated with delays in hatching and time for 

development of nauplii to the copepodid stage. T. brevicornis exposed to hypoxia prior to 

the formation of egg mass had no nauplii that survived to copepodid stage 1 (McAllen 

and Brennan 2009).  Development was slower and adults were smaller in A. tonsa grown 

at DO concentrations of 1.0 and 0.7 ml L-1.  These smaller adults in the summertime 

experiments produced 10% to 77% the number of eggs that the copepods in the normoxic 

conditions produced.  The combination of higher summertime temperatures during 

exposure to hypoxia further reduced egg production (Richmond et al. 2006).  This 

suggests that the timing of a hypoxic event may also be important to how severely 

hypoxia affects a population.   
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The study of lethal effects is important to the copepods tested, but effects on 

reproduction affect fitness and future populations.  The results from the experiments 

found reductions in the number of reproductively successful adults (Figure 2.5).  

Reductions, or even more dramatically, the halting of reproduction reduces the fitness of 

both the current generation, and if the adverse effects continue for multiple generations, 

populations could be lower.  Additionally, species may not all respond to low DO 

conditions in exactly the same way.  For example, no egg clutches were found in the 

combination nitrogen saturation and 10 M ammonium treatment for both S. knabeni and 

N. affinis.  However, the average number of egg clutches after 96 hours of exposure to 

nitrogen saturation is 22% and 27%.  For the 2 mg/L treatment the rates are 50% and 

75% for  S. knabeni and N. affinis, respectively.  If these rates of successful reproduction 

per mate guarding pair were multipled over multiple generations, shifts in the relative 

abundance of copepod species within the population would occur.   

In addition to DO, other environmental factors such as temperature, salinity and 

chemicals have sub-lethal effects on copepods (McAllen and Brennan 2009).  Though 

many studies focus on the effects of hypoxia alone, a few studies have examined the 

effects of exposure to other factors during hypoxic conditions.  A study on brown shrimp, 

Farfanpenaeus aztecus, exposed to hypoxia and naphthalene, a polycyclic aromatic 

hydrocarbon associated with oil and gas production, found that the shrimps’ ability to 

oxyregulate was decreased more by the combination of both the chemical and hypoxia 

than by hypoxia alone (Zou and Steuben 2006).  Organisms may become inactive more 

quickly during hypoxia at higher temperatures than at lower temperatures.  The range of 

temperature and salinity tolerated by the ciliate Tracheloraphis sp. is smaller under 

anoxic conditions than under aerobic conditions (Vernberg and Coull 1975).  The narrow 
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range of tolerance to temperature and salinity conditions due to hypoxia may be further 

exacerbated by changes in sediment chemistry that occur during hypoxic events. 

The reproductive effects of ammonium and low DO are additive.  The lack of 

significant interaction terms for survival and reproductive measures indicates that the 

toxic effects of each of the treatments affect the measured variable separately.  Between 

DO and ammonium, the p values for DO were more often significant than those for 

ammonium.  Ammonium was only significant for survival, but low DO was found to 

affect the presence of an egg mass as well as survival.   

Chemical fluxes from the sediments have been observed to change during periods 

of hypoxia (Toon and Dagg 1992; McCarthy et al. 2008).  In particular, ammonia fluxes 

and concentrations in the bottom water increase during hypoxia.  In Corpus Christi Bay, 

Texas, ammonium fluxes during hypoxic conditions may be more than 10 times those 

measured during normoxia (McCarthy et al. 2008).  Fluxes of ammonium from the 

sediments may be the result of dissimilatory nitrate reduction to ammonium, a process 

which results in the production of ammonium from nitrate.  This process has been 

observed in Texas bays, including Corpus Christi Bay (An and Gardner 2002; McCarthy 

et al. 2008).  An effect of ammonium may be expected at low DO concentrations, but not 

at high DO concentrations.  Under oxygenated conditions ammonia would be converted 

to NOx (nitrate or nitrite).  Reducing conditions favor the production of ammonium over 

denitrification processes (Kaspar 1983).  Therefore, no difference between ammonia and 

non-ammonia treatments would be expected in treatments that were air saturated.    

Increased sulfide concentrations may also occur in hypoxic bottom waters.  

However, models of sulphide concentration predict low sulphide concentrations in the 

upper 2 cm of the muddy sediment in the Gulf of Mexico, where most harpacticoids are 

found, and so sulphide was not included in this study (Morse and Eldridge 2007).  
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However, the experiments on effects of sulphide on reproduction in harpacticoids would 

be a natural extension to the laboratory experiments in this chapter.   

The effects of the addition of other chemical fluxes that are present or elevated 

during periods of hypoxia are only speculative.  Field studies have observed increased 

concentrations of sulfate when hypoxia was present.  Short-term experiments using the 

harpacticoid Cletocampus confluens suggest that this species may survive exposure to 

anoxia and sulphide without lethal effects (Vopel et al. 1996).  Further, in some areas that 

experience hypoxia, such as the northern Gulf of Mexico, extensive drilling for energy 

resources may also produce areas of elevated concentrations of polycyclic aromatic 

hydrocarbons (PAHs).  Past studies found that smaller egg size in harpacticoid copepods 

corresponds to proximity to drilling platforms (Lanzotti 1995).  Effects of the 

combination of hypoxia and elevated PAHs have not been studied in harpacticoid 

copepods.  However, exposure to hypoxia and the PAH naphthalene reduced the ability 

of brown shrimp, Farfanpenaeus aztecus, to consume oxygen at low DO concentrations.  

(Zou and Steuben 2006).  In order to better estimate the effects of environmental hypoxia, 

it is beneficial to perform experiments that incorporate the chemistry of hypoxic 

environments. 

The next step to build upon the information from the experiments would be to 

conduct experiments that measure the effects of low DO on the whole life-cycle of 

harpacticoids.  Such studies are often conducted to measure the effects of pollutants, and 

similar methods could be developed to measure the effects of hypoxia.  Endpoints from 

whole-life cycle studies include measurements of naupliar and copepodite tolerance to 

low DO, hatching success and effects on egg production over multiple egg clutches.  

Further, life-cycle experiments allow one to follow the effects of low DO in subsequent 

generations (Kusk and Wollenberger 2007).  Whole-life cycle experiments, such as 
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described in Chandler et al. (2004) are conducted by exposing copepods to known 

concentrations of pollutants in a well plate and monitoring their development over time.  

This protocol was not practical to monitoring developing copepods in low DO 

concentrations, so life-cycle experiments were not conducted in the present study.   

Exposure to low DO has been demonstrated to have both lethal and sub-lethal 

effects on harpacticoid copepods (Vernberg and Coull 1975; McAllen and Brennan 

2009).  However, other chemical changes occur in hypoxic environments that may create 

additional stress on organisms.  Production of an egg mass in S. knabeni and N. affinis 

was reduced at near anoxic conditions, but egg production stopped completely when the 

near anoxia treatment was combined with increased ammonium concentrations. 

Additionally, survival of both species was most reduced in the treatment with near anoxia 

and 10 M ammonium.  The lack of a significant interaction terms indicate that the 

effects of low DO and ammonium are additive.  The results of these experiments indicate 

the need for studies on hypoxia to incorporate the chemical changes of hypoxic 

environments in order to better estimate the effects of hypoxia. 
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Dissolved oxygen   Temperature 

Treatment 
Duration 

(hrs) n 
mean 

(mg/L) 

mean 
standard 
devitation  

mean    
( C ) 

mean 
standard 
deviation

12 4 8.71 0.11  21.88 0.24 

24 8 9.26 0.20  27.50 0.32 
Air 

Saturation 
48 5 10.06 0.17  27.69 0.23 

12 4 0.73 1.32  21.52 0.04 

24 8 0.30 0.40  23.88 0.58 
Nitrogen 

Saturation 
48 5 0.13 0.03  22.76 0.72 

Table 2.1:  Average dissolved oxygen and temperature values for the tests of the 
respiration system using Artemia sp.  The average temperatures and DO 
concentrations are the averages of the average DO concentration for each 
replicate (n). 
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Dissolved oxygen  

Species Treatment
Duration 

(hrs) n 
mean 

(mg/L) 

mean 
standard 
devitation 

24 5 8.04 0.25 

48 3 8.86 0.07 

72 4 8.49 0.04 

96 3 8.30 0.11 

Air 
Saturation 

120 4 8.04 0.06 

24 5 0.07 0.03 

48 3 0.17 0.01 

72 4 0.14 0.02 

96 3 0.12 0.02 

Amphiascoides 
atopus 

Nitrogen 
saturation 

120 4 0.13 0.01 

Air 
Saturation 96 3 7.34 0.16 Schizopera 

knabeni Nitrogen 
saturation 96 3 0.08 0.31 

 

Table 2.2:  Average dissolved oxygen values for lethal ranges experiments on A. atopus 
and S. knabeni.  Average DO concentrations are the averages of the average 
DO concentration for each replicate (n).
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Species 
Gas 

Treatment

Target 
Ammonium 

concentration 
(micromolar) N 

Average 
DO 

(mg/L) 

Standard 
deviation 

of DO 
averages 

Air 
Saturation 0 

19 8.79 0.08 

2 mg/L 0 9 2.35 0.25 

Nitrogen 
saturation 0 

10 0.25 0.12 

Air 
Saturation 10 

16 8.39 0.23 

2 mg/L 10 9 2.29 0.93 

Schizopera 
knabeni 

Nitrogen 
saturation 10 

6 0.12 0.02 

Air 
Saturation 0 

19 8.38 0.07 

2 mg/L 0 13 2.33 0.26 

Nitrogen 
saturation 0 

12 0.27 0.40 

Air 
Saturation 10 

19 8.33 0.11 

2 mg/L 10 13 1.58 0.11 

Nitokra 
affinis 

Nitrogen 
saturation 10 8 0.03 0.01 

Table 2.3:  Average dissolved oxygen values for egg production experiments.  Average 
DO concentrations are the averages of the average DO concentration for 
each replicate (N).



 

 

Figure 2.1:  Diagram of the dissolved oxygen exposure system used in laboratory 
experiments.  Copepods were kept in the chamber sunk in a water bath.  The 
solid line arrows symbolize tubing and the direction of the water flow or the 
gas inputs into the system.  Dashed arrows symbolize measurements 
collected from the dissolved oxygen and temperature sensors.  These data 
were recorded every 15 minutes to a computer running Oxyview 4.16 
software.  
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Figure 2.2:  Survival of Artemia sp. nauplii exposed to nitrogen saturation (black bars) 
and air saturation (stippled bars).  No Artemia in the nitrogen saturation 
treatment survived to 48 hours.  Average survival decreased at each time 
point, such that survival rates at the 12 and 48 hour time points were 
different from each other, but not from the 24 hour time point (p = 0.0035).  
Survival percentages differed between the treatments (p < 0.0001), but the 
interaction between survival and duration was not significant (p = 0.2321). 
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Figure 2.3:  Survival of ovigerous female harpacticoid copepods by species:  Schizopera 
knabeni (A) and Amphiascoides atopus (B).  Each replicate had 20 
ovigerous females at the start of the experiment.  Copepods were exposed to 
either air saturation (stippled bars) or nitrogen saturation (black bars).  A 1-
way ANOVA was run for S. knabeni and a 2-way ANOVA was run for A. 
atopus to determine differences by dissolved oxygen level and duration of 
exposure.  No differences by DO concentration were found for S. knabeni (p 
= 0.37).  No differences in survival were found by DO concentration (p = 
0.60), by duration of exposure (p =0.15) or the interaction of the two (p = 
0.12) for A. atopus. 



  

Figure 2.4:  Survival of mate guarding pairs after 96 hours at varying dissolved oxygen 
and ammonium treatments.  Gray bars represent samples with 10 M NH4, 
black bars are treatments without NH4 added.  The effects of NH4 and DO 
were significant (p = 0.0034 and p = 0.0053 for N. affinis, and p = 0.0006 
and p = 0.151 for S. knabeni).  The interaction between DO and NH4 was 
not significant for S. knabeni or for N. affinis. 
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Figure 2.5:  Egg production of mate guarding pairs after 96 hours at varying dissolved 
oxygen and ammonium treatments. Gray bars represent samples with 10 M 
NH4, black bars are treatments without NH4 added.  The effect of DO was 
significant for both N. affinis (p = 0.0023) and S. knabeni (p = 0.0825).  The 
effect of NH4 and the interaction between NH4 and DO was not significant 
for either species. 
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Figure 2.6:  The average number of eggs per egg mass after 96 hours at varying dissolved 
oxygen and ammonium treatments. Gray bars represent samples with 10 M 
NH4, black bars are treatments without NH4 added.  There were no 
significant differences of the NH4 addition for N. affinis (p = 0.65) and S. 
knabeni (p. = 0.70), the DO (N. affinis p = 0.25 and S. knabeni p = 0.07), or 
the interaction of variables. 
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Figure 2.7:  Average biomass of an individual egg from mate guarding pairs exposed to 
96 hours of dissolved oxygen and ammonium treatments. Gray bars 
represent samples with 10 M NH4, black bars are treatments without NH4 
added. There were no significant differences between treatments and the 
interaction of variables for N. affinis and S. knabeni by NH4 (p = 0.45 and p 
= 0.79) and DO (p = 0.52 and p = 0.23, respectively). 
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Chapter 3:  Effects of Seasonal Hypoxia on Harpacticoid Copepod 
Community Reproductive Traits in the Northern Gulf of Mexico 

ABSTRACT 

Areas of hypoxia are found worldwide in coastal and estuarine environments 

including the northern Gulf of Mexico.  Seasonal hypoxia occurs in the northwestern 

Gulf of Mexico from late spring to fall, and may cover an area of more than 15,000 

square kilometers.  While the lethal effects of low dissolved oxygen on benthic marine 

organisms are well studied, few studies have focused on the sub-lethal effects of hypoxia.  

Unlike motile organisms, which may move to escape hypoxia, sessile benthic organisms 

must adapt or accommodate to survive in a low dissolved oxygen environment.  Sub-

lethal effects, seen as changes in reproduction, were observed for the harpacticoid 

copepod community.  A decline in the both total abundance and the abundance of 

ovigerous female copepods coincided with summertime hypoxic conditions.  The 

abundance of harpacticoids increased during the fall after dissolved oxygen conditions 

returned to normal, except at the sites where the dissolved oxygen depletion was most 

severe.  The abundance of ovigerous female harpacticoids corresponded with both low 

dissolved oxygen concentrations and the duration of hypoxia.  Within the harpacticoid 

community, patterns of ovigerous female abundance between normoxic and hypoxic sites 

were similar for all harpacticoid families found in this study.  Reduced rates of 

reproduction across all harpacticoid families during periods of hypoxia suggest that in 

areas of severe seasonal hypoxia, sub-lethal effects may reduce the abundance of 

harpacticoid copepods over time. 
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INTRODUCTION 

Areas of low dissolved oxygen (DO) occur in marine ecosystems worldwide.  

Over the past 30 years, the number of systems where low DO is observed has increased 

greatly to now include more than 400 systems that cover an estimated total area of more 

than 245,000 square kilometers (Diaz and Rosenberg 2008).  Hypoxia, DO 

concentrations less than 2 mg L-1, occur in all types of marine habitats including small, 

enclosed bodies of water and large offshore areas on the California shelf in the Pacific 

Ocean.  Among these systems, there is wide variation in the DO concentration in space 

and time, and in the mechanisms causing formation of the low DO water masses.  

During the summer, an area of low DO forms in the northern Gulf of Mexico.  

Monitoring programs over the past twenty years show that the size of the hypoxic zone 

varies annually corresponding to the amount of flow, and nitrogen inputs, from the 

Mississippi and Achafalaya Rivers (Turner et al. 2005; Justic et al. 2007; National 

Oceanic Atmospheric Administration 2010).   

Effects of hypoxia have been measured in a wide range of taxa from fish to 

benthic organisms (Vaquer-Sunyer and Duarte 2008).  Most field studies that examine 

the lethal effects of hypoxia on the benthos are based on the presence or absence of 

species along a gradient of low DO (Murrell and Fleeger 1989; Ritter and Montagna 

1999).  In general, the presence of hypoxic bottom water corresponds with decreased 

abundance, biomass and species diversity of benthic macrofauna (Diaz and Rosenberg 

1995 and references within).  Previous studies in the northern Gulf of Mexico hypoxic 

zone found reduced abundances of benthic organisms during hypoxic events (Gaston 

1985; Murrell and Fleeger 1989; Radziejeweska et al. 1996). 

Sub-lethal effects of hypoxia may include changes in the behavior, physiology, 

growth or reproduction of impacted organisms.  The majority of studies on the sub-lethal 
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effects of hypoxia focus on large motile fauna; for example, hypoxia is known to affect 

growth and reproduction in shrimp and fish negatively (Craig and Crowder 2005; 

Thomas et al. 2006).  The number of embryos produced by the snail Acanthina monodon, 

is related to DO concentration positively (Lardies and Fernandez 2002).  Unlike nekton, 

benthos cannot easily escape areas of hypoxia (McAllen et al. 2009; Zhang et al. 2009).  

Macrobenthic organisms and meiobenthos, organisms smaller than 500 m, but larger 

than 45 m, must find ways to survive in a low DO environment.   

Harpacticoid copepods have life history traits that make them good benthic 

indicator organisms.  Harpacticoids are the second most abundant of the common 

meiofauna taxa, and are found in most aquatic systems (Hicks and Coull 1983).  They are 

sensitive to low DO (Vernberg and Coull 1975; Montagna et al. 1987; McAllen and 

Brennan 2009).  Female harpacticoids carry their eggs, so the eggs are exposed to the 

same conditions as the parent copepod and cannot escape poor environmental conditions 

(Huys et al. 1996). 

Previous studies on harpacticoid copepods have used changes in their 

reproduction to study the effects of environmental stressors, such as metals and other 

chemical pollutants (Lanzotti 1995; Bejarano et al. 2006).  Most field studies of 

harpacticoid copepods focus primarily on the abundance of organisms (Murrell and 

Fleeger 1989; Carr et al. 2000).  The majority of studies on the effects of low DO on 

copepod reproduction are conducted under controlled conditions in the laboratory 

(Marcus et al. 2004; Richmond et al. 2006; McAllen and Brennan 2009).  For example, in 

a study examining the effects of DO concentrations on reproduction, the number of 

offspring produced by the harpacticoid Tigriopus brevicornis were reduced after three 

hours of exposure to low DO (McAllen and Brennan 2009).  Field studies that examine 
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the effects of longer term exposure to low DO on harpacticoid copepod reproduction are 

needed.   

In the northern Gulf of Mexico, the intensity of DO depletion and the duration of 

hypoxia vary spatially and temporally.  The spatial variation in the intensity and duration 

of hypoxia made it possible to study the effects of hypoxia on organisms along a gradient 

of exposure to low DO.   The three transects that were sampled were chosen because of 

the average duration of hypoxia at in each area.  The DO concentrations and duration of 

hypoxia at stations along these transects ranged from the one with the longest duration of 

hypoxia to an area that rarely became hypoxic in the summer (Table 3.1; Rabalais et al. 

2007).  It is hypothesized that the reproductive output of benthic harpacticoid copepods 

does not decline with DO concentration.  There may also be a threshold for negative 

effects of hypoxia on reproduction, and different responses among different families of 

harpacticoid copepods.  The goal of the present study is to enhance our understanding of 

how hypoxia can cause sub-lethal effects as indicated by changes in reproduction in 

populations of harpacticoid copepods in the northern Gulf of Mexico. 

 

METHODS 

 

Experimental Design 

This study examined the effects of low DO concentrations on the benthic 

harpacticoid copepod community in the northern central Gulf of Mexico based on three 

null hypotheses: 

            Ho1:  There are no spatial or temporal differences in the abundance or biomass of 

harpacticoid copepods with respect to averaged DO concentrations.   
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            Ho2:  There are no spatial or temporal differences in the abundance of ovigerous 

harpacticoid copepods with respect to average DO concentrations.  

Ho3:  Abundance patterns of ovigerous harpacticoid copepods, with respect to 

average DO concentrations, do not differ between copepod families.   

To test these hypotheses, samples were collected on a total of 4 cruises, over 2 

years in the northern Gulf of Mexico hypoxia zone. Samples were collected on two 

cruises per year, once in the summer (July or August) and again in the fall (September) in 

both 2007 and 2008.  While the spatial area and the DO concentrations vary from year to 

year, generally the spatial extent of hypoxia is largest and the DO concentrations the 

lowest in the summer months.  The area of low DO declines in the fall as mixing from 

cold fronts and storms breaks down the stratification of the water column.   

Samples were collected along three transects that were chosen because they had  

differing levels of low DO over time (Figure 3.1). On average, stations along transect C 

experience lower DO levels over a longer duration than stations along transect F.  

Hypoxic stations C5 and C6 have average DO concentrations in July lower than 1 mg L-1, 

but the F transect stations sampled in this study had average July DO values between 1 

and 2 mg L-1.  Average DO concentrations for stations on the C transect were usually 

between 3 and 4 mg L-1 in September, while the DO concentrations at the stations along 

the F transect increased in to an average of over 5 mg L-1 in the September (Rabalais et 

al. 2007).  Reference stations, located on transect R to the east of the Birdfoot delta, are 

less likely to experience hypoxia and have higher DO concentrations than the C and F 

transects (Table 3.1; National Oceanic Atmospheric Administration, 2010).  Three 

stations on each transect were sampled on each cruise with the exception of the July 2008 

cruise which did not sample at transect F.  Hereafter, for clarity, transect C will be 
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referred to as the Hypoxic transect, transect F as the Intermediate transect, and transect R 

as the Reference transect.   

 

Sample Collection & Processing 

At each sampling station, 7 to 12 sediment cores were collected for measurements 

of harpacticoid copepod abundance and biomass, one core was collected for sediment 

carbon and nitrogen content analysis, and at least three cores were collected for sediment 

grain size analysis.  Collections were repeated at the same transects for each cruise.  The 

water column depth range for the stations was 20 to 35 meters.  DO profiles were 

obtained for each station using a DO sensor (Seabird SBE43) attached to a CTD.  

Sediment cores were collected using either a Tom-Tom corer (Chandler et al. 1988) or 

HYPOX corer (Gardner et al. 2009). The cores collected by the Tom-Tom corer are 4.5 

cm in diameter. When the HYPOX corer was used to collect samples, a subcore was 

taken from each of the larger 7.6 cm diameter cores, using a 4.5 cm diameter core tube. 

The overlying 2 centimeters of water were also collected using a large plastic pipette to 

remove the top layer of water and were preserved with the sample cores. Cores were 

extruded from the core tubes and sectioned to collect the upper 2 cm of sediment. 

Abundance measurements showed no difference in the number of organisms collected by 

these two types of core collectors. Sediments containing meiofauna samples were 

preserved in 5% buffered formalin.  

Samples were brought back to the laboratory where meiofauna and similarly sized 

particles were sorted from the sediment using a 41 μm mesh sieve. The meiofauna were 

further separated from the sieved sample using a density gradient created by colloidal 

silica (de Jonge and Bouwman 1977; Burgess 2001).   Samples were stained overnight 

with Rose Bengal to aid in distinguishing the organisms from non-biological in particles 
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the sediment.  Harpacticoid copepods were examined in a well slide under a dissection 

microscope at 25x magnification and picked from the sample using forceps.  Copepods 

were stored in glycerol on covered ring slides.  

Biomass and abundance of copepods were measured using a semi-automated 

microscopy technique described in Baguley et al. (2004).  This technique uses image 

analysis to estimate an individual organism’s biomass based on a measurement of the 

organism’s two-dimensional area.  This technique retains the copepods in good condition 

for taxonomic identification, compared to drying and directly weighing the copepods.  

Copepods were photographed for biomass measurements using a Photometrics Coolsnap 

digital camera attached to an Olympus BX60 microscope set at 40x magnification.  

Images were captured using MetaVUE version 5.0 image analysis software.  Sigmascan 

5.0 image analysis software was used to measure the area and length of each copepod.  

Individual egg size was measured in the same way as the whole copepod.  Individual egg 

volume was estimated by using additional overlay layers on the image to measure an area 

and length of the egg. 

Ovigerous female copepods were identified to family level to relate taxonomic 

affinity with reproductive activity.  Previous studies have determined that identification 

to the family, rather than the genus or species level, is cost effective and provides 

sufficient detail in determining effects of an environmental gradient on harpacticoid 

reproduction (Herman and Heip 1988; Warwick 1988; Montagna and Harper 1996).   

Grain size analysis was conducted using pipette analysis, a technique which 

measures the relative proportion of silt, clay, sand and rubble in the sediment (Folk 

1964).  Sediment samples were dried at 50°C overnight and then homogenized in 

preparation for analysis of total organic carbon (TOC) and total organic nitrogen (TON) 

content.  Total inorganic carbon (TIC) was removed from the prepared samples by 
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allowing them to react with a concentrated hydrogen chloride (HCl) vapor (Hedges and 

Stern 1984).  To do this a thin layer of the powdered sample was put on the bottom of a 

glass petri dish and placed in a desiccator with a petri dish containing HCl for four days.  

Shell fragments in the samples were dissolved by the acid.  Samples were transferred to 

clean vials and diluted with distilled water.  The supernatant was drawn off after 24 

hours.  The samples were then dried and stored.  Although Froelich (1980) demonstrated 

losses of organic carbon of 5-45% by aqueous acid treatment, distilled water addition was 

deemed necessary to avoid damage to the CHN analyzer.  Sample sizes of about 120 mg 

of sediment were necessary for adequate detection of TOC.  Both HCl treated (TOC) and 

untreated (TOC+TIC) portions of each sediment sample were analyzed, the difference 

between the fractions represents TIC content. 

 
Statistical Analysis 

A nested two-way analysis of variance (ANOVA) was performed using SAS 

software version 9.1.3 to determine differences in abundance and biomass of harpacticoid 

copepods with respect to transect and date of collection.  The p values used in the results 

section are from the type III sum of squares.  Post-hoc Tukey tests were performed (= 

0.05) to group the data.   

Principle component analysis (PCA) was conducted to determine the 

environmental factors that most differentiated the stations from each other.  The position 

of the stations along the axes of the PCA loading factors (bottom DO, surface DO bottom 

temperature, surface temperature, bottom salinity, surface salinity, percentages of rubble, 

sand silt, and clay, percent carbon, percent nitrogen) was used to examine which stations 

were most environmentally alike spatially, by transect, and temporally, by cruise.   
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Multi-dimensional scaling (MDS), a nonparametric multivariate test, was 

conducted to examine differences in the relative abundance of harpacticoid families with 

ovigerous females by station and cruise. Data on the abundance of ovigerous females by 

harpacticoid family were log transformed.  The transformed data were used to calculate a 

Bray-Curtis similarity matrix.  From this matrix, cluster analysis and a MDS plot were 

used to visually show the similarity relationships between the cruises and stations (Clarke 

and Warwick 2001).  The closer the points are to each other, the more similar the 

community composition of the given samples. 

 

RESULTS 

Principle component analysis (PCA) of environmental variables revealed that 

stratification of the water column most differentiated the stations from each other (Figure 

3.2A). The dominant environmental variables on the first axis of the PCA were surface 

temperature and bottom DO.  The first PCA axis accounted for 72.67% of the variation 

between stations and represents temporal differences between stations.  Since 

stratification of the water column was not observed on either of the September cruises, 

the Y-axis also serves to differentiate stations based by DO concentration, since low DO 

values occur in a stratified water column (Figure 3.2.A).  The second PCA factor is 

mostly due to differences in bottom temperature and sand or bottom salinity, and 

accounted for 15.01% of the variation.  Sediment characteristics, such as grain size and 

the carbon and nitrogen content were less important than water column variables in 

distinguishing between stations.  None of the sediment variables ranked as high as the 

water column variables along either the factor 1 or factor 2 axes.  On the bottom plot, the 

samples from the September cruises line up on the bottom, which corresponds to higher 
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levels of bottom DO.  The Reference stations in July 2008 were all negative along the 

factor 2 axis because they had low bottom temperatures (Figure 3.2B).  

  With the exception of bottom dissolved oxygen, water column variables are 

similar between the stations along the three transects (Table 3.1 and Table 3.2).  The DO 

concentration at the Reference transects is always higher in the summer than the DO 

concentration at either the Hypoxic or Intermediate transects.  Hypoxic conditions were 

found at all sites on the Hypoxic transect in May 2007, though only the F3 station on the 

Intermediate transect was hypoxic in May 2007 (Table 3.1).  This corroborates the 

descriptions of average DO values in Rabalais et al. (2007), which indicate that the 

stations along the Intermediate transects on average experience hypoxic conditions for a 

shorter duration than the stations on the Hypoxic transect.  Other water column variables 

have similar ranges between stations and transects.  The stations along the Reference 

transect are usually deeper (24 – 37.6 m) than the stations on the Hypoxic (13.4 – 34.2 m) 

and Intermediate transects (18-28 m), but the depth ranges overlap.  The ranges of 

salinity, temperature and surface DO overlap between transects (Table 3.2).   

Generally, abundances of harpacticoid copepods were lower at the Hypoxic and 

Intermediate transects compared to the Reference transect during the summer cruises (p < 

0001).  In the September 2007 data, there were differences between all three transects, 

such that the Hypoxic transect had the lowest average number of copepods per core (7.1 

ln no. m-2), which was statically higher than the Intermediate transect (7.9 ln no. m-2), and 

the Reference transect had the most harpacticoids (9.5 ln no. m-2) (p < 0.0001)(Figure 

3.3).  The total abundance of harpacticoid copepods was highest at the Reference transect 

except for during the September 2008 cruise (Figure 3.3).  In all cases the total 

abundance was lowest along the Hypoxic transect which had a range of 76 to 6,748 

harpacticoids m-2 over the all the cruises (Figure 3.3).  In several cases no harpacticoid 
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copepods were present in individual cores from the summer Hypoxic and Intermediate 

transects.  Copepods were also absent in many of the cores from the September 2008 

cruise.  At all sites there was high variation between replicate samples and between 

stations within each transect.  The abundance of copepods from samples on different 

transects were significantly different from each other (2-way nested ANOVA, p < 0.05).  

Tukey post-hoc test comparisons by cruise grouped the copepod abundances from the 

first three cruises together and placed the September 2008 cruise apart from the other 

three (p < 0.05).  Of those three, the August 2007 and the July 2008 cruises were different 

from each other, but neither was statistically different from the September 2007 cruise (p 

< 0.0001) (Figure 3.3).  The general pattern of total abundance, ranged from lowest to 

highest on the Reference, Intermediate, and Hypoxic transects, respectively.  The 

exception to this pattern was the September 2008 cruise where the number of copepods 

per core was low across both the Hypoxic and Reference transects.  However, the 

abundance of copepods was significantly higher at sites on the Intermediate transect (p < 

0.0001).  The reduced population densities were found after two hurricanes had passed 

through the study sites. 

Biomass of harpacticoid copepods in cores collected on the Hypoxic and 

Intermediate transects in the summer was much lower than those collected on the 

Reference transect (Figure 3.4).  In September 2007, average biomass at the Hypoxic 

transect increased to (0.2 mg m-2), though it still was less than the biomass found on the 

Reference transect (3.5 mg m-2).  The standard deviation in biomass measured from cores 

collected at the Hypoxic (0.2) and Intermediate (0.4) transects was more than for the 

Reference transect (2.7) (Figure 3.4).  The biomass of harpacticoids collected at each of 

the transects were significantly different from each other (two-way nested ANOVA, p < 

0.05).  Temporal groupings by sampling dates revealed that biomass measurements were 
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similar between cruises within the same year, but differed between years (two-way nested 

ANOVA, p < 0.0001). 

The general pattern of the abundance of ovigerous female harpacticoid copepods 

follows those of total abundance and total biomass (Figures 3.3, 3.4 and 3.5).  Reference 

transects have the highest number of ovigerous females, on all dates except for the 

September 2008 cruise samples (Figure 3.5).  Abundance of ovigerous females is lowest 

over all dates for the Hypoxic transect which averaged 0 to 285 ovigerous harpacticoids 

per square meter.  Tukey tests group the each of the transects as a separate group (p < 

0.0001).  Statistical similarities exist between the August 2007 cruise and the September 

2007 cruise and the July 2008 cruise, though the July 2008 cruise and September 2007 

cruise are significantly different from each other.  None of the other cruises were 

statistically similar (two-way ANOVA, p < 0.0001) to the September 2008 cruise.   

The percentage of ovigerous females at each site was intended to be an indicator 

of the reproductive capacity of a harpacticoid copepod community, which may be 

compared to the severity of hypoxia at that site.  In August 2007, 7% of the total 

harpacticoids collected on the Reference transect were female copepods bearing eggs; 

this percentage was higher than the other transects (p < 0.0001).  The percentage of 

gravid females in the population increased in the Hypoxic and Intermediate transects 

from the proportions found in the August 2007 samples which were 1% at the Hypoxic 

transect and 3% on the Intermediate transect (Figure 3.6).  In September 2007, after 

hypoxia had dissipated, the average proportion of the community that was ovigerous 

increased at the Hypoxic and Intermediate transect stations to 14% and 16%, 

respectively.  In September 2007, the percentage of ovigerous females was not different 

between transects (p = 0.81).  Percentages of ovigerous females from the September 2007 

samples, when there was no hypoxia, were similar between all transects.  July 2008 had 
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similar summer numbers, where 1% and 8% of the Hypoxic and Reference transect 

copepods were ovigerous, but the results from the September 2008 cruise had a different 

pattern than those from 2007.   Since the Intermediate transect was not sampled in July 

2008, it is not possible to determine if the proportion of ovigerous animals was higher in 

the fall than the summer on that transect.  

A multi-dimensional scaling (MDS) plot of the ovigerous female harpacticoid 

copepod community composition revealed that the composition of harpacticoid families 

with ovigerous females had a similar pattern to total and ovigerous harpacticoid 

abundance (Figure 3.7).  Gravid female assemblages at fall transect Intermediate sites 

were more similar to Reference sites than they were to summer Intermediate transect 

sites.  Summer Intermediate transect stations and Hypoxic transect stations did not group 

together, instead these stations, and some July 2008 Reference stations, were split into 

three separate groups, at a 30% similarity level.  Station C5 had only 1 ovigerous 

copepod, and did not group with any of the other stations (Figure 3.7).  Stations without 

ovigerous copepods were omitted from this plot because they did not group together, but 

instead were spaced around the stations with ovigerous harpacticoids (data not shown).  

Omitting stations with no ovigerous females made it easier to observe similarities and 

differences between the composition of families with gravid copepods in these stations.  

The distribution of ovigerous female harpacticoid families was more even in the 

Reference transect than the other transects (Figure 3.8).   The composition of ovigerous 

females in the Reference transect samples was not dominated by any one family on any 

of the sampling dates.  Similarities in the abundances and percentages of ovigerous 

females between the Reference and Intermediate transects in September 2007 were 

mostly driven by a large numbers of females from family Cletodidae in the Intermediate 

transect samples.  Data from the July 2008 cruise are not shown because of low 
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abundances of ovigerous females.  Unidentified harpacticoids made up 3.46% of the 

ovigerous females.  The rest of the ovigerous harpacticoids were identified as belonging 

to one of the following families:  Normanellidae, Ameiridae, Longipedidae, or Tisbidae.  

With the exception of the Longipedidae and Tisbidae, all families were found both in 

samples collected during cruises in 2007 and 2008.  The single ovigerous female from 

family Longipedidae was found in 2008.  Ovigerous females from Tisbidae, genus 

Zosime, were only observed in samples from 2007.   

The presence or absence of ovigerous female copepods in specific harpacticoid 

families relative to measurements of DO made at the time of sample collection was 

plotted to determine if there was a relationship between DO at the time of sampling and 

the abundance of harpacticoid families with ovigerous females. The abundance of all the 

ovigerous harpacticoid copepod families present in the samples begins to increase at DO 

concentrations greater than 2.5 mg L-1 (Figure 3.9).  The pattern is similar between all 

seven families of ovigerous harpacticoid copepods observed.  Nearly 80% of the 

ovigerous harpacticoid copepods identified belonged to three families:  Miraciidae, 

Cletotidae and Ectinosomatidae.  In two of the most abundant families, Miraciidae and 

Cletodidae, the abundance of individual species was highly variable (Figure 3.10).  No 

single species was consistently dominant over any one place or time period.  High 

abundances of individual species were only observed at DO concentrations greater than 

2.5 mg L-1.   

 

DISCUSSION 

Harpacticoid copepods have been used in many studies as indicator organisms of 

environmental condition (Raffaelli and Mason 1981; Chandler and Coull 1992; Lanzotti 

1995).   Among the common meiofaunal groups, harpacticoid copepods are thought to be 
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less tolerant of environmental disturbances and pollutants than nematodes, and past 

studies have used the ratio of the two taxa as an indicator of environmental quality 

(Raffaelli and Mason 1981).  Meiofaunal abundance is the result of a combination of 

environmental factors including organic matter content (food) and grain size (Giere 

2009). The alteration of environmental conditions, such as exposure to hypoxic 

conditions, may alter those relationships (Metcalfe 2005).   

The results on total harpacticoid abundance reported here are similar to those 

reported by Murrell and Fleeger (1989), who showed that low DO corresponds with 

reduced abundances of harpacticoid copepods.  While that study focused on changes in 

the density of harpacticoids over a year, the present study found that within the study area 

there were spatial differences in harpacticoid copepod abundance in addition to seasonal 

differences.  Abundance and biomass of harpacticoids differed between transects based 

on the average amount of time each transect experienced hypoxia (Table 3.1). With the 

exception of the September 2008 cruise, stations on the Reference transect had higher 

abundances and biomass of harpacticoids than stations on either the Intermediate or 

Hypoxic transects (Figures 3.3 and 3.4).  Generally, the greater the average amount of 

time a station was hypoxic, and the lower the DO concentration, the lower the total 

abundance, biomass and diversity of harpacticoid families with egg-bearing females. 

A previous study on the effects of hypoxia on meiofauna reported the density of 

harpacticoid copepods peaks in the spring, and that no large differences in abundance 

between the summer and fall were observed (Murrell and Fleeger 1989).  In the present 

study differences between the summer and fall cruises in the proportion of ovigerous 

copepods in the samples corresponded to the average amount of low DO exposure at each 

transect.  Contours of average DO measurements over multiple years found that 

generally, DO concentrations less than 2 mg L-1 for a longer duration, and average DO 
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concentration is lower at the Hypoxic transect than the Intermediate transect (Rabalais et 

al. 2007).  Though the present student sampled at only two time points were used 

annually, differences were observed between transects between the summer and fall 

cruises.  The Intermediate transect sites had a low proportion (3.4%) of ovigerous 

females in the population during the summer, similar to Hypoxic transect sites (1 to 1.4).  

In the September 2007 samples, the percentage of ovigerous females in the population at 

sites on the Intermediate (15.9%) and Hypoxic (14.0%) transects were similar to the 

percentage of ovigerous females at the mostly normoxic Reference (12.6%) transect sites 

(Figure 3.6).  This indicates that a higher proportion of ovigerous females were produced 

in the fall, though it is unknown if hatching rates from the egg masses were similar 

between dates.  Harpacticoid copepod abundance at station 4 (C4 on the Hypoxic 

transect) in Murrell and Fleeger’s (1989) study showed high copepod abundance in June, 

though the observed DO was near 2 mg L-1, but abundances decreased severely in their 

July samples.  The life span of harpacticoid copepods varies by species from 22 days to a 

year, though low temperatures and food availability positively affect the longevity of 

individuals (Hicks and Coull 1983 and references within; Lofuto 1997).  The duration 

from hatching to an adult ranges from 3 to 84 days depending on species and 

environmental conditions (Hicks and Coull 1983 and references within).  Therefore, the 

combination of impairment in reproduction observed in this study paired with lack of 

recruitment could result in reduced total abundances during the summer in hypoxic 

regions. 

The higher proportion of ovigerous female copepods in samples from the 

September 2007 cruise may result from a delay in reproduction because of exposure to 

low DO conditions.  Alternately, the higher proportion of ovigerous females in the fall 

could be the normal rate of reproduction, compared to depressed reproduction rates in 
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summer.  Reduced total abundance of copepods in the summer may be the result of 

mortality, but they could also represent the result of reduced or no reproduction when DO 

concentrations are low.   

The physiological condition of the copoepods may vary between sites, and was 

not measured in this study.  It has been suggested that energy reserves may vary between 

the sites.  Pigments such as Nile red, have been used to quantify fat stores in starved 

copepods (Carman et al. 1991).  It is even unknown if all the harpacticoids collected were 

live at the time of collection.  In studies of planktonic copepods, up to 29% of the 

copepods recovered from tows in the Chesapeake Bay were dead (Tang et al. 2006).  

Alterations in the staining methods of copepods prior to fixation in formalin could 

enhance the information collected on the condition copepods in field samples. 

Higher numbers of ovigerous female copepods in a population may not always 

indicate a higher level of successful reproduction.  If the eggs on the ovigerous females 

do not hatch or do not develop properly, this may lead to declines in the populations of 

copepods.  For example, field studies in the Gulf of Mexico on hydrocarbon pollution 

indicate that hydrocarbons affect harpacticoid reproduction within 100 meters of 

hydrocarbon platforms.  A positive correlation between the number of ovigerous female 

harpacticoids and proximity to hydrocarbon platforms was observed (Lanzotti 1995).  

While ovigerous females were more numerous closer to the hydrocarbon platforms, the 

size of the eggs within their egg clutches were smaller, a sign of poor egg quality.  It was 

inferred that increases in the number of eggs observed were negated by the decreased 

survival of copepodids.  It was assumed that the smaller eggs resulted in lower hatching 

and survival rates.  This conclusion was due to the lack of differences observed in the 

reproductive success between stations that were different distances from the hydrocarbon 

platforms (Lanzotti 1995). 
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Hypoxia has been associated with reduced rates of successful reproduction of 

harpacticoid copepods in laboratory studies. Unlike calanoid copepods, harpacticoids do 

not produce diapause eggs that may delay hatching until conditions improve (Hicks and 

Coull 1983).  Harpacticoid copepods brood their eggs, therefore, harpacticoid eggs are 

exposed to the same conditions as the female carrying the eggs (Huys et al. 1996).  

Exposure to hypoxic conditions for 4 hours corresponds with a delay in the formation of 

an egg mass and lengthening of the naupliar stage in the intertidal harpacticoid Tigriopus 

brevicornis during laboratory experiments (McAllen and Brennan 2009).  Those 

laboratory experiments also demonstrated reduced rates of hatching and higher naupliar 

mortality in T. brevicornis exposed to DO concentrations of 0.7 ml/L compared to 

copepods kept in air saturated conditions (McAllen and Brennan 2009).  If hatching rates 

are affected at field study sites as they were in laboratory experiments, then it is possible 

that populations could be reduced in hypoxic regions (Chapter 2 of this dissertation).  The 

present field study did not measure the rates of hatching, therefore it is unknown whether 

the higher percentages of ovigerous females in the fall will result in increased numbers of 

adults.   

Benthic copepod abundances may also be reduced by physical processes that re-

suspend the upper centimeters of the sediment (Palmer 1984; Palmer et al. 1988).  Prior 

to the September 2008, cruise two category 2 hurricanes, Gustav and Ike, passed through 

the study area in the northern Gulf of Mexico on September 1, 2008 and September 12, 

2008, respectively.  The large waves and water movement generated by these storms 

scoured the bottom sediments leaving large pieces of debris and no flocculent layer on 

the surface of the cores (personal observation).  Bottom water currents and wave-driven 

sediment re-suspension during hurricane Ivan, a strong category 3 hurricane, had 

sufficient force to cause bottom scour to remove up to 32 cm of surface sediment in the 
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northern Gulf of Mexico (Teague et al. 2006).   Though hurricanes Gustav and Ike were 

less intense than Ivan, it is likely that they were still strong enough to re-suspend the top 

layers of sediment where harpacticoid copepods are found.  More than 90% of 

harpacticoid copepods live in the top 2 centimeters of the muddy sediments in the 

northern Gulf of Mexico continental shelf (Fleeger et al. 1995; Radziejeweska et al. 

1996).  It is likely that the harpacticoids were simply washed away from the study areas 

because of the storms, and that new recruits had not yet colonized the area when it was 

sampled in September 2008.  Since such a large area was affected, it is unknown how 

long re-colonization may take.  Re-colonization may occur in less than 48 hours in 

estuarine systems with good tidal transport and close source populations. Harpacticoids 

do not disperse over large distances relative to the size of the hypoxic zone in the Gulf of 

Mexico (Hicks and Coull 1983).  Hypoxia in the Gulf of Mexico affects an area of 

thousands of kilometers in area (Turner et al. 2005).  Therefore, it is possible that 

harpacticoids do not disperse over enough distance to quickly colonize defaunated areas 

after hypoxic conditions have dissipated.  Unfortunately, because the September 2008 

cruise was the final cruise of the project, we were unable to follow-up on the effects of 

these storm events on the copepod community.   

There was large variation between replicate samples in measures of the total and 

relative abundance of harpacticoid copepod families with ovigerous females.  

Harpacticoid copepod abundance varies greatly due to mesoscale processes that include 

changes the sediment topography (Sun et al. 1993).  High variation between replicate 

samples may usually be dampened by collecting a large number of cores with a greater 

surface area.  Though 10 to 12 cores were collected at each station, data in this study 

have large error bars, which indicate consistently high levels of variation (Figure 3.5).  

High variability extends to the species and family level.  No one species was consistently 
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dominant in either of the two families with the highest abundances:  Miraciidae and 

Cletodidae (Figure 3.9).  The high numbers were often driven by large numbers of 

ovigerous female copepods of one species in a single core sample.  The relationship 

between the abundance of ovigerous females with DO concentration at the time of 

sample collection indicates that these high abundance cores are found only when DO 

concentrations are more than 2.5 mg L-1 (Figure 3.8).  The trend holds for all harpacticoid 

families event though lifestyles of the copepod families found differed.  Depending on a 

whether a species is burrowing or epibenthic the threshold where it responds to 

environmental conditions may vary (Raffaeli 1987).  That the trend is the same for all 

families may suggest that measuring the presence of ovigerous female harpacticoid 

copepods may be a measureable indicator of a sub-lethal effect of hypoxia that does may 

not require higher taxonomic resolution.   

The findings presented here demonstrate that a correspondence between low 

abundance of harpacticoid copepods and low DO concentrations in the northern Gulf of 

Mexico, as has been shown previously (Murrell and Fleeger 1989).  The results of this 

study indicate that there are spatial and temporal differences in the abundance and 

biomass of harpacticoid copepods between the stations, and that there were also 

differences in the abundance and proportion of ovigerous females within the harpacticoid 

community.  These differences in abundance and biomass corresponded to the long-term 

averages of DO concentrations.  The third null hypothesis cannot be rejected because the 

patterns of abundance of ovigerous females with respect to average DO concentration 

were similar between harpacticoid families.  This study is the first to report sub-lethal 

effects of low DO on epibenthic harpacticoid copepod reproduction in this area.  

Impairment of reproduction begins at 2.5 mg L-1, a level of DO concentration slightly 

higher than the 2 mg L-1 defined criteria of hypoxia.  The patterns of abundance were 
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similar between all harpacticoid copepod families observed.  Decreased rates of 

successful reproduction are a sub-lethal effect that will eventually result in smaller 

harpacticoid populations.  Results of this work indicate that in areas of hypoxia, sub-

lethal effects may reduce harpacticoid copepod communities over time. 
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2007 2008 

Transect Type Station 

May EPA 
July 

LUMCON 
Aug 
UT 

August 
EPA Sept UT 

July 
LUMCON 

July 
UT 

Sept 
UT 

R1     3.46   4.13   4.41 5.44 

R2     3.83   4.69   4.65 3.60 Normoxic 

R5     3.2   4.80   4.33 5.60 

F3 1.67 <2 1.00 0.09 6.09 <2   6.30 

F4 3.14 <2 2.44   5.97 <2   5.91 Intermediate 

F5 4.84 <2 3.20 0.13 6.22 <2   6.10 

C5 0.38 <2   0.11 5.50 <2 0.19 6.09 

C6 1.83 <2 0.38 0.15 4.30 <2 0.27 5.80 

C7 2.09 <2   0.14 4.52 <2 0.24 6.18 

C8 3.51 <2 0.97 0.49   <2 0.49   

C9 3.50 <2 1.82   5.35 <2     

Hypoxic 

C10 2.99 <2 2.90 2.72   <2     
 

Table 3.1:  Bottom dissolved oxygen values at the stations sampled in the northern Gulf of Mexico.  All dissolved oxygen units 
are in mg L-1 and were collected with a DO sensor attached to a CTD on either the R/V Pelican (University of 
Texas (UT), LUMCON) or the R/V Bold (US Environmental Protection Agency Gulf Ecology Division). When 
multiple casts were taken, as in the UT station data, the DO value from the cast that took place closest to where 
the meiofauna sediment cores were taken was used.   
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Station Date 
Depth 

(m) 

Bottom 
DO 

(mg/L) 

Bottom 
Salinity 

(psu) 

Bottom 
Temperature 

(C ) 

Surface 
DO 

(mg/L) 

Surface 
Salinity 

(psu) 

C10 8/10/2007 34.2 2.95 36.49 22.78 5.95 31.56 

C6 8/10/2007 18.4 0.38 35.84 27.80 6.11 29.90 

C8 8/10/2007 21.6 1.21 36.13 27.14 6.40 30.29 

C9 8/10/2007 28.2 1.86 36.42 24.62 6.12 31.02 

R1 8/13/2007 28.2 3.46 36.47 23.12 5.88 31.00 

R2 8/13/2007 37.6 2.76 36.50 22.27 9.11 23.09 

R5 8/13/2007 29.0 3.23 36.49 22.78 4.54 27.98 

F3 8/11/2007 20.2 1.28 36.26 26.32 6.46 24.12 

F4 8/11/2007 22.6 2.54 36.29 26.24 6.74 26.69 

F5 8/11/2007 26.4 2.83 36.32 25.30 6.81 27.85 

C5 9/29/2007 13.4 4.52 33.53 28.61 7.63 32.46 

C6 9/27/2007 17.6 4.26 33.77 28.69 6.94 31.90 

C7 9/29/2007 18.8 3.19 33.62 28.66 9.28 31.14 

C9 9/29/2007 25.0 4.75 35.82 29.05 7.14 33.94 

R2 9/30/2007 26.0 4.49 35.77 28.26 6.44 35.42 

R5 9/30/2007 29.6 4.84 35.93 28.15 6.24 34.91 

F3 10/2/2007 18.0 6.09 34.16 28.41 6.08 34.15 

F4 10/1/2007 22.8 5.97 34.55 28.74 5.99 34.26 

F5 10/1/2007 27.0 6.26 34.85 28.79 6.65 34.60 

C5 7/12/2008 15.2 0.19 35.55 25.62 6.63 21.78 

C6 7/12/2008 17.2 0.27 35.60 25.70 7.43 21.53 

C7 7/12/2008 18.4 0.24 35.60 25.95 7.25 22.57 

R1 7/14/2008 26.2 4.41 36.51 20.25 7.33 23.67 

R2 7/14/2008 24.2 4.65 36.50 20.87 8.08 25.54 

R5 7/14/2008 24.8 4.33 36.48 19.54 7.28 27.06 

C5 9/22/2008 14.6 6.06 32.51 26.93 6.20 32.12 

C6 9/21/2008 17.8 5.80 33.43 26.96 6.10 32.98 

C7 9/21/2008 19.0 6.18 33.73 27.00 5.78 33.31 

R1 9/20/2008 31.8 3.60 35.24 26.63 6.10 33.72 

R2 9/20/2008 26.2 5.69 34.91 27.59 6.31 33.64 

R5 9/20/2008 29.6 5.25 35.05 27.26 6.51 33.47 

F3 9/18/2008 17.4 6.30 34.63 26.62 6.30 34.61 

F4 9/18/2008 22.6 5.91 34.85 26.75 6.37 34.65 

F5 9/18/2008 28.0 6.10 34.76 26.74 6.43 34.66 

Table 3.2:  Values for water column variables, (DO, salinity and temperature) measured 
by the CTD and oxygen sensor on each cruise on the R/V Pelican. When 
multiple casts were conducted values from the cast that took place closest to 
where the meiofauna sediment cores were taken were recorded. 



 

Figure 3.1:  Sampling stations located off the coast of Louisiana, USA.  The Reference 
transect R, was mostly normoxic.  The Hypoxic transect © was the most 
severely hypoxic.  The Intermediate transect (F) was on average, hypoxic 
for a shorter duration and DO concentrations were less severely depleted 
than those along the Hypoxic transect.  The Hypoxic and Intermediate 
transects, C and F, are the same as the long-term monitoring transects used 
by the Louisiana Marine Consortium (LUMCON), and were chosen based 
on the average length of time the sites experience summertime hypoxia (For 
a description of the C and F transects, see Rabalais et al. 2007).   
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Figure 3.2:  Principle component analysis of environmental variables at sampling stations 

in the northern Gulf of Mexico.  A) The relationship between the environmental 
variables and the first two principal component factors.  Factors 1 and 2 represent 
72.67% and 15.01% of the variation, respectively.  B) The stations relative to 
those same factors. The first number is the cruise number, from 3 to 6.  Odd 
numbers are the summer cruises, and even numbers are the fall cruises.  The 
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Figure 3.3:  Total abundance of harpacticoid copepods from the northern Gulf of Mexico 
by transect and cruise date.  Reference transect data is represented by 
stippled bars.  The Intermediate transect is denoted by gray, and Hypoxic 
transect is black.  The Intermediate transect was not sampled in July 2008.  
Tukey grouping (p < 0.001) results found that the Hypoxic and Intermedaite 
were not different from each other, but where different from the Reference 
transect.  The highest total abundance was seen in August 2007, which was 
not different from that of September 2007.  September 2007 also grouped 
with July 2008, but July 2008 was similar to August 2007.  The September 
2008 cruise had the lowest average abundance and did not group with any of 
the other cruises.   
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Figure 3.4:  Total biomass of harpacticoid copepods from the northern Gulf of Mexico by 
transect and cruise date.  Stippled bars represent the Reference transect, gray 
bars are the Intermediate transect and black bars represent the Hypoxic 
transect. The Intermediate transect was not sampled in July 2008.  Tukey 
tests found that all three transects were significantly different from each 
other (p < 0.001). Sampling dates were similar within years, but not between 
years.   
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Figure 3.5:  Abundance of ovigerous harpacticoid copepods by transect and cruise date in 
the northern Gulf of Mexico.  Black, grey bars and stippled bars represent 
the Hypoxic, Intermediate, and Reference transects, respectively. The 
Intermediate transect was not sampled in July 2008.  Temporal differences 
grouped the September 2008 cruise apart from the other cruises (Tukey 
grouping, p < 0.001).  The September 2007 and July 2008 cruises were 
different from each other, neither was significantly different from the 
August 2007 cruise.  
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Figure 3.6:  The percentage of ovigerous female harpacticoids in a sample by transect and 
cruise date in the northern Gulf of Mexico.  Black bars symbolize the 
Hypoxic transect, grey bars represent the Intermediate transect, and stippled 
bars denote the reference, Reference transect. The Intermediate transect was 
not sampled in July 2008.  The Hypoxic transect is significantly different 
from the Intermediate and Reference transects (Tukey grouping, p = 
0.0109).  The percentage of ovigerous females from the September 2007 
cruise was higher than the other three cruises (Tukey, p < 0.001).   
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Figure 3.7:  Multi-dimensional scaling plot of the composition of harpacticoid families 
with ovigerous females in the northern Gulf of Mexico.  The closeness of 
the points indicates their similarity to each other.  Stations with no ovigerous 
copepods are not plotted.  Letter S represents summer cruises and F 
represents fall cruises.  Triangles, circles and squares represent Hypoxic, 
Intermediate and Reference transects, respectively.  The dashed line denotes 
30% similarity between stations.  
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Figure 3.8:  Modified family dominance curves of ovigerous female harpacticoid 
copepods by transect and sampling date.  The vertical axis is the average 
number of ovigerous females per core, and the horizontal axis if the number 
of families.  There were 8 families present in the samples.  Closed circles 
represent the Hypoxic transect, open circles are for the Intermediate 
transect, and triangles are for the Reference transect. 
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Figure 3.9:  Abundance of ovigerous harpacticoid copepods in the northern Gulf of 
Mexico by harpacticoid family.  The dissolved oxygen values are the bottom 
dissolved oxygen measurements at the time of sample collection. 
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Figure 3.10:  Abundance by species of ovigerous harpacticoid copepods within the family 
Cletodidae for the September 2007 cruise.  The notation of aff. after a 
species name denotes a species similar, but not identical to the one listed.  
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Chapter 4:  Effects of Diurnal Summer Hypoxia on Harpacticoid 
Copepod Reproduction in Corpus Christi Bay, Texas 

 

ABSTRACT 

Hypoxic (dissolved oxygen less than 2 mg L-1) events occur in the early morning 

hours during the summertime in Corpus Christi Bay, Texas.  Declines in the population 

density and diversity of benthic organisms correspond to exposure to hypoxia.  The 

presence or absence of benthic fauna and the community composition have been used as 

indicators of environmental condition.  Benthic organisms are good indicators because 

they integrate the effects of environmental conditions over their lifetime. The sub-lethal 

effects of adverse environmental conditions, such as hypoxia, may be measured by 

changes in reproduction in indicator organisms.  Meiobenthic harpacticoid copepods 

carry their eggs, and so egg development is influenced by the environmental conditions 

the parent experiences.  The purpose of the current study is to examine the effect of 

hypoxia on the reproduction of harpacticoid copepods in a diurnally hypoxic bay.  

Harpacticoid copepod abundance was highly variable between replicate samples for all 

stations and dates.  The total harpacticoid abundance, biomass and abundance of 

ovigerous female harpacticoids were related to the spatial and temporal patterns of 

probabilities of hypoxia.  Decreased abundances and biomass were observed at the 

stations more likely to be hypoxic in June and July 2008.  However, the percentage of 

ovigerous females in the harpacticoid community did not differ between sampling sites or 

months.  Effects of hypoxia on harpacticoid copepods in this system were reduced 

compared to areas that experienced constant exposure to hypoxia, such as the northern 

Gulf of Mexico seasonal hypoxic zone.  The duration and the level of dissolved oxygen 
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depletion are important determinants to the effects of hypoxia on harpacticoid copepod 

abundance, community composition and reproduction. 

 

INTRODUCTION 

Areas of hypoxia, dissolved oxygen (DO) concentrations less than 2 mg O2 L-1, 

are increasingly common in coastal areas (Diaz and Rosenberg 2008).  Hypoxia often 

occurs in stratified coastal waters with high nutrient inputs, such as the northern Gulf of 

Mexico and Chesapeake Bay (Officer et al. 1984; Rabalais et al. 2007).  In the spring, 

high freshwater flows into these systems stratify the water column.  The freshwater flows 

carry nutrients, which in turn stimulate phytoplankton blooms.  Biomass produced from 

high levels of phytoplankton production in the upper water column sinks and decomposes 

in the bottom water where respiration from bacteria depletes the DO present in the 

isolated bottom water (Rowe et al. 2002).     

Shallow windy bays, such as those found on the Texas coast are not systems 

where hypoxia would typically be expected because water column stratification does not 

normally develop due to wind mixing.  However, hypoxia has been observed most 

summers in Corpus Christi Bay, Texas, since 1988 (Montagna and Kalke 1992; 

Applebaum et al. 2005).  Unlike other systems, such as the northern Gulf of Mexico, 

hypoxia in Corpus Christi Bay is the result of stratification caused by hypersaline water 

entering the bay along the bottom from the Laguna Madre (To 2009).  The hypersaline 

water, with a salinity of greater than 40 psu, sinks to create a layer of bottom water less 

than 1 meter deep.  The hypersaline layer creates a stratified water column, as it does not 

easily mix with the overlying water column (Hodges et al. submitted).  Depletion of DO 

may occur due to biological oxygen demand from sediment fauna and microbes (Sell and 

Morse 2006). 
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Exposure to hypoxia has negative effects on the abundance and diversity of 

marine organisms.  Exposure to hypoxia is associated with decreased diversity of both 

nekton and benthic macrofauna species in Corpus Christi Bay (Montagna and Froescke 

2009). Sessile benthic organisms are often used as indicator species in studies on the 

effects of hypoxia because they are not mobile, so they cannot easily move from an area 

of low DO concentration.  Previous studies have found that hypoxia corresponds with 

declines in total abundance, biomass and species diversity of benthic macrofauna (Diaz 

and Rosenberg 1995; Ritter and Montagna 1999).  Most studies on the effects of hypoxia 

on the benthos used the presence or absence of organisms to determine a lethal effect 

(Murrell and Fleeger 1989; Ritter and Montagna 1999; Burgess et al. 2005).  Generally, 

the threshold for hypoxic effects is less than 2 mg L-1, however in Corpus Christi Bay, 

reduced benthic macrofaunal abundance was observed at DO concentrations less than 3 

mg O2 L-1 (Ritter and Montagna 1999).  During a hypoxic event in Corpus Christi Bay, 

benthic polychaetes were observed to leave their burrows and swim in the overlying 

water (Sell and Morse 2006).  Reductions in abundance have been found with benthic 

marine meiofauna and harpacticoid copepod abundances were generally reduced after 

exposure to hypoxia (Murrell and Fleeger 1989). The duration of exposure to hypoxia 

may affect the severity and type of effect.  Hypoxia may be classified as an 

environmental disturbance, and as the duration of the disturbance lengthens, reductions in 

abundance, biomass and diversity may be observed (Nilsson and Rosenberg 2000).   

The sub-lethal effects on reproduction in meiofauna communities exposed to 

hypoxia have not been studied in the field.  Measurements of sub-lethal reproductive 

effects include changes in the presence of an egg mass and the quality of eggs produced.  

Harpacticoid copepods are a good group within meiofauna to study the effects of hypoxia 

on reproduction because of their life history traits and their reported sensitivity to low DO 
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(Vernberg and Coull 1975; Huys et al. 1996; but see chapter 2 of this dissertation).  

Harpacticoid copepods have relatively short life cycles, on the order of weeks, and brood 

their eggs (Hicks and Coull 1983).  These short generation times mean that reduced 

reproduction may rapidly have an effect on abundance of harpacticoids.  

Reduced harpacticoid abundance corresponds with exposure to hypoxia in the 

severely hypoxia northern Gulf of Mexico (Murrell and Fleeger 1989; chapter 3 of this 

dissertation).  However, the effects of diurnal hypoxia in on the abundance of 

harpacticoids have not been reported in previous studies.  This study examines the 

differences in the abundance of harpacticoid copepods with respect to DO concentrations 

in a bay with diurnal hypoxia using three null hypothesis: 

Ho1:  There are no spatial or temporal differences in the abundance or biomass of 

harpacticoid copepods with respect to averaged DO concentrations.   

            Ho2:  There are no spatial or temporal differences in the abundance of ovigerous 

harpacticoid copepods with respect to average DO concentrations.  

Ho3:  The abundance patterns of ovigerous harpacticoid copepods, with respect to 

average DO concentrations, do not differ between copepod families.   

To examine the effects of low DO regimes in systems with different patterns of hypoxia, 

the results from this study on a diurnally hypoxic bay will be compared to the results 

from the seasonally hypoxic northern Gulf of Mexico.   
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METHODS 

Sampling Sites and Study Design 

Corpus Christi Bay is a shallow semi-enclosed bay located in South Texas, USA.  

The bay has an average depth of 3.2 meters with southwest winds predominating (Ward 

1997).  The bay is in a semi-arid climatic zone with high rates of evaporation in summer 

months.  Freshwater inflows to the bay are mostly in the form of large periodic events 

(Orlando et al. 1991; Montagna and Kalke 1995).  Corpus Christi Bay is connected to the 

Gulf of Mexico at two points: Packery Channel and the ship channel at Port Aransas, 

Texas.   

Hypoxia is concentrated in the southeastern corner of Corpus Christi Bay 

(Applebaum et al. 2005).  This area was first observed to be hypoxic in 1988 (Montagna 

and Kalke 1992).  Continuous field measurements have found that most hypoxic events 

are an hour or less in duration and occur in the early morning hours (Applebaum et al. 

2005).  Unlike most hypoxic systems where freshwater flows create stratification, 

hypoxic conditions in Corpus Christi Bay result from the combination of southeast winds 

that cause hypersaline water to be pushed into the bay from either Laguna Madre or Oso 

Bay.  High rates of evaporation in the summer cause the water in the adjacent southern 

bays to have salinities greater than 40 psu.  Once the hypersaline water enters Corpus 

Christi Bay, it sinks and creates a stratified water column (Hodges et al. submitted).  At 

night the hypersaline bottom water DO is depleted through benthic respiration, and 

during the day the water column is re-oxygenated through benthic and phytoplanktonic 

photosynthesis 

To compare the effects of differential exposure time of harpacticoid copepods to 

hypoxia, we selected three groups of sampling stations (Figure 4.1).  These stations were 

chosen based on a forecast of probability that the area where a station was located would 
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be hypoxic within the area hypoxia was previously observed in Corpus Christi Bay 

(Nelson and Montagna 2009).  The probability estimates were based on data from 

monitoring by Texas Parks and Wildlife Department and Texas A&M University Corpus 

Christi monitoring programs from 1976 through summer 2007.  In the summer when 

winds come from the southeast and winds speeds are low the probability of hypoxia at 

Hypoxic stations, station numbers 24, 17793 and 18247, were greater than 0.65.  

Probabilities for Intermediate stations, numbers 11, 35 and 39, were between 0.3 and 0.6.  

Normoxic stations, numbers 17781, 15 and 16, the probability of hypoxia was less than 

0.25 (Coopersmith 2008; Coopersmith et al. submitted).  The 5-digit station numbers 

correspond to stations used by the Texas Commission on Environmental Quality.  The 2-

digit station numbers correspond to stations monitored by Texas A&M Corpus Christi.  

The stations sampled in this study are a subset of the ones monitored by Nelson and 

Montagna (2009).   

 

Sample Collection 

Samples were collected monthly during 2008 from May to August, and on 

October 1st. Oxygen measurements at these stations were taken with a YSI 6920 v2 

sonde attached to a YSI 650MD multiparameter meter.  The DO sensor was calibrated 

with air saturated water the day before sampling.  Sampling was done on a small boat, 

and trips began by 7:00 am and were completed no later than 12:30 pm.  DO 

measurements at the surface and bottom of the water column were taken at each station 

(Table 4.1).  

Triplicate sediment samples for collecting benthic harpacticoid copepods were 

taken with a pole corer, similar to the HYPOX corer without the frame, using 6.3 cm 

diameter core tubes (Gardner et al. 2009).   During the October sampling trip one core for 
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sediment elemental analysis and 2 cores for grain size analysis were collected at each 

station in addition to the cores for organisms.  All cores were sectioned to retain the 

upper 2 centimeters because nearly all harpacticoid copepods were located the top 2 

centimeters in muddy sediments, such as those in the northern Gulf of Mexico (Fleeger et 

al. 1995; Radziejewska et al. 1996).  Samples for meiofauna collection were stained with 

rose Bengal and fixed in 5 percent buffered formalin.  Sediment samples for elemental 

and grain size analysis were placed on ice, and frozen in the laboratory. 

 

Sample Processing 

Sediment core samples for the determination of harpacticoid copepod biomass 

were sieved using a 45 µm mesh sieve.  The sieved fractions were then placed into 50 ml 

centrifuge tubes, with no more than 5 ml of sediment added per tube.  Approximately 45 

ml of colloidal silica was added to the centrifuge tubes to perform a density separation of 

organisms from sediment (deJonge and Bouwman, 1977).  Each centrifuge tube was 

agitated for 90 seconds and then allowed to sit for 10 minutes prior to placing it into a 

centrifuge.  The tubes were spun at 4000 RPM for 15 minutes and then allowed to stand 

for 10 minutes.  The supernatant liquid was sieved on a 45 µm mesh screen and saved for 

sorting harpacticoid copepods.  The remaining sediment was stored in the centrifuge 

tubes with 70% ethanol added as a preservative.  A subset of these sediment samples was 

examined for the presence of harpacticoid copepods to determine the efficiency rate of 

the density separation method; separation rates were greater than 95%.  Harpacticoid 

copepods were sorted from other meiofauna by placing the sample in a well slide and 

examining it under a dissection microscope at 25x magnification.  Harpacticoid copepods 

were stored in glycerin on ring slides.   
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The harpacticoid copepods were photographed at 40x magnification using a 

Coolpix cf digital camera on an Olympus BX60 microscope.  Images were captured using 

MetaVue software and image analysis was performed in Sigmascan 5.0 to estimate 

harpacticoid copepod biomass (Baguley et al. 2004).  Estimates the biomass of individual 

organisms were obtained by converting the organism’s area and width, estimated through 

image analysis, to a volume.  The volume of each animal was converted to both wet and 

dry biomass using the conversion factors from Baguley et al. (2004).  This technique was 

used because it allowed the retention of whole copepods to be used for taxonomic 

identification.  Ovigerous female harpacticoid copepods were removed from the ring 

slides and individually stored for identification in 70% ethanol in microcentrifuge tubes.  

Ovigerous females were identified to the family level using the taxonomic key in Huys et 

al. (1996).  Identification of harpacticoid copepods to the family level has shown to be a 

sufficient level of detail to elucidate effects of environmental gradients on harpacticoid 

copepod reproduction (Montagna and Harper 1996). 

Sediment grain size measurements were performed on a homogenized sample of 2 

cores.  Grain size analysis was performed using pipette analysis, a technique that gives 

the relative proportion of four size classes of sediment:  silt, clay, sand and rubble (Folk 

1964).  Sediment samples were prepared for analysis of Total Carbon (TC) and Total 

Organic Nitrogen (TON) by drying at 50°C for 24 hours, after which they were ground 

into a fine powder with a mortar and pestle.  In sediments, TC may be further 

characterized as total organic Carbon (TOC) and total inorganic Carbon (TIC).  Inorganic 

carbon was removed from subsamples of the powdered sediments by allowing them to 

react with concentrated HCl vapor (Hedges and Stern, 1984).  A thin layer of powder 

from each sample was spread on the bottom of a glass dish and placed in a desiccator.  A 

petri dish containing HCl was placed in the bottom of the desiccator for 4 days.  Any 
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shell fragments present in the sediment samples reacted completely with the acid during 

this treatment. Samples were placed in clean vials and diluted with distilled water.  The 

supernatant was drawn off after 24 hours, and the samples were again dried and stored.  

Although Froelich (1980) demonstrated losses of organic carbon of 5-45% by aqueous 

acid treatment, the distilled water was deemed necessary to avoid damage to the CHN 

analyzer.  Sample sizes of about 120 mg of sediments were necessary for adequate 

detection of TOC.  Both HCL treated (TOC) and untreated (TOC+TIC) portions of each 

sediment sample were analyzed, the difference between the fractions represents total 

inorganic carbon content. 

 

Statistical Analysis 

A two-way analysis of variance was performed using SAS software version 9.1.3 

to determine differences in total harpacticoid abundance, and the abundance of ovigerous 

females between stations and month.  All abundance and biomass data were log (n+1) 

transformed.  Principle component analysis (PCA) was conducted to reduce 

autocorrelation and determine the environmental factors that most differentiated the 

stations from each other (Baguley et al. 2006).   

Hydrological data used in the water column PCA included bottom DO, surface 

DO, bottom temperature, surface temperature, bottom salinity, surface salinity, pH, and 

depth.  Sediment loading factors to the PCA were percentages of nitrogen and carbon, 

and the relative percentages of grain size classes:  rubble, sand, silt and clay.  PCAs of the 

environmental data, hydrological and geological variables, were conducted separately 

because the sediment data was only collected during the October sampling trip.  The 

position of the station-date combinations along the axes of the PCA loading factors was 

used to examine which stations were most alike.  Pearson correlation coefficients were 
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calculated for the hydrological variables with total harpacticoid abundance, biomass and 

ovigerous female abundance.  The correlation coefficients are a measure of the linear 

relationship between the two variables tested.     

Differences in the composition of the families of ovigerous harpacticoids were 

analyzed using multi-dimensional scaling tests in PRIMER software (Clarke and 

Warwick 2001).  Abundance data were log transformed, and a Bray-Curtis similarity 

matrix was calculated for all harpacticoid families.  Multi-dimensional scaling (MDS) 

plots and cluster analysis were created to determine which station-date combinations 

were most similar to each other.   

 

RESULTS 

Water column values differed among stations with respect to date.  Both 

temperature and salinity observations were lower at all stations in May (Table 4.1).  

Temperatures and salinities were higher in all subsequent months.   

Hypoxia was recorded only once when meiofauna were sampled, at station 11 on 

July 18.  Additionally, a DO value of 2.74 mg L-1 was recorded at station 24 on June 18, 

one week before meiofauna sampling at that station.  DO values at the Normoxic stations, 

15, 16 and 17781, were never observed to be lower than 5 mg L-1 (Table 4.1; Table 4.2).  

However, data from continuous monitoring studies recorded low DO concentrations at 

stations 17793 and 18247.  The cumulative number of hours where DO concentrations 

were less than 2 mg L-1, were 37.5 and 75.5 hours for stations 17793 and 18247.  Station 

17781 was also monitored, and DO concentrations at that station were never observed to 

be lower than 3 mg L-1 (Nelson and Montagna 2009).  

PCA results indicate that differences in the water column variables by station 

were associated with differences in parameters over time and column stratification. 
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(Figure 4.2a).  The factor 1 axis represents 77.7% of the variation between stations, 

which are mostly differentiated by the temperature of the water, which is negatively 

related to the surface DO concentration.  The factor 2 axis made up 6.1% of the variation, 

mostly due to differences in bottom DO and bottom salinity.  The factor 2 axis represents 

water column stratification; positive values associated with increased stratification.  

Water column depth was not an important variable in distinguishing between stations 

because it was at the 0 point for both PCA axes. 

The averages of DO, salinity and temperature were similar between the three 

types of stations:  Hypoxic, Intermediate and Normoxic (Table 4.3).  Average surface 

values for DO, salinity and temperature were similar between the stations, as were 

average bottom temperatures.  The average bottom DO concentration 5.18 mg L-1 was 

lowest for the Hypoxic transect and highest at the Normoxic transect (5.95 mg L-1).  The 

lowest standard deviation of bottom DO was for 0.53 at the Normoxic stations, while the 

Intermediate and Hypoxic stations had standard deviations of bottom DO of 1.60 and 

1.32, respectively.  Those bottom DO standard deviations were higher than the standard 

deviations for the surface DO values (0.38 to 0.63).  A similar pattern to bottom DO 

values and standard deviations occurs in for the bottom salinity data (Table 4.3).  

Differences in the variation of bottom DO and bottom salinity values separate the 

Normoxic sites from the Hypoxic and Intermediate stations.  The high variation in bottom 

salinity values is indicative of periods of stratification, which relates to hypoxic 

conditions, at the Intermediate and Hypoxic sites.   

DO values from sampling trips were weakly correlated with total harpacticoid 

abundance (r = 0.48, p < 0.0001), biomass (r = 0.48, p < 0.0001) and the abundance of 

ovigerous females (r = 0.30, p = 0.0007), but did not correlate with the percentage of 

ovigerous females (r = -0.05, p = 0.54).  During hypoxic events in 2008, salinities 
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ranging from 37.44 to 42.4 psu, and the average bottom water salinity during hypoxic 

events was 40.08 psu.  Bottom water salinities during hypoxic events were significantly 

higher (p < 0.008) than the 35.71 psu average salinity when stations were not hypoxic.   

PCA analysis of sediment characteristics differed between stations mainly based 

on differences in grain size (Figure 4.3).  Factors 1 and 2 accounted for 99.68 % of the 

variation, with 97.45% and 2.23% from each factor respectively.  The Normoxic stations 

grouped away from the other stations along the factor 1 axis.  Generally, Normoxic 

stations had relatively higher amounts of clay and silt and lower amounts of sand.  

Intermediate and Hypoxic stations overlapped in their sediment grain size characteristics.   

Analysis of variance indicated the mean density of copepod found at the 

Normoxic reference stations was 32,512 m-2, which is higher than that of 17,422 

harpacticoids m-2 at the Hypoxic stations, but that the Intermediate stations were not 

different from the other two station types (p = 0.002)(Figure 4.4).  Generally, the average 

total harpacticoid abundance was lowest, 2,222 copepods m-2 at station 24, a hypoxic 

station, but there was a high amount of variation between stations.  The lowest total 

abundance recorded at station 11 was found during the July sampling period, during 

hypoxia, but that low abundance was not significantly different from the other dates ( = 

0.05).   

Analysis of variance revealed that total harpacticoid biomass was lowest in the 

June which, with July was significantly lower than the other months (p <0.001) (Figure 

4.5).  June was the months where the lowest DO values at the hypoxic and intermediate 

transects were recorded. Hypoxic stations had the lowest average biomass (1.03 ln mg m-

2), significantly lower than that at either the Intermediate (1.25 ln mg m-2) or Normoxic 

stations (1.31 ln mg m-2) (p = 0.007) (Figure 4.5).   
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The abundance of ovigerous harpacticoids was more highly variable than that of 

total harpacticoids. Though differences were not significant, Hypoxic stations had the 

lowest average abundance (1,657 no. m-2), lower than the Normoxic stations (2940 m-2), 

though again the average abundance of ovigerous females at the Intermediate stations 

was between the two at 2408 no. m-2.  Abundance of ovigerous harpacticoids at the 

Intermediate stations was not different from the other two site types (p = 0.09) (Figure 

4.6).  Differences in month revealed that June had the lowest number of ovigerous 

females which was lower than the other months (p < 0.001) (Figure 4.6).  There were 

declines in the average number of ovigerous females during the June sampling date 

(Figure 4.6).  Near hypoxia, DO = 2.74 mg L-1, was observed at site 24 at this time.  

However, abundance of ovigerous females in July within the intermediate group was 

high, at site 11 during hypoxic conditions.  The abundance of ovigerous animals was 

lower at some hypoxic and Intermediate sites in June while counts at the normoxic sites 

remained high (Figure 4.6).   

The percentage of ovigerous females in the population did not differ by station 

type or by month (p = 0.3725) (Figure 4.7).  As stated above, this indicator was not 

correlated with DO, and was only weakly negatively correlated with depth (r = -0.224, p 

= 0.0117).  Hypoxic and intermediate stations followed similar trends in the percentage 

of ovigerous females, where the highest percentages were in July (Figure 4.7).  The trend 

was opposite for normoxic stations.   

No trends in the taxonomic composition of the ovigerous harpacticoid families at 

each station were observed (Figures 4.8 and 4.9).  Ovigerous females belonging to 6 

families of harpacticoid copepods were observed.  Families observed in these samples 

include Ameiridae, Canuellidae, Cletodidae, Ectinosomatidae, Laphondidae and 

Miraciidae.  The most common family in the samples was Ectinosomatidae.  Counts of 



 92

both total and ovigerous harpacticoids were highly variable within stations during every 

sampling period.  A multidimentional scaling plot revealed that there was a lot of overlap 

in the composition of families between stations and station types (Figure 4.8).  No clear 

patterns of station similarity by station type or sampling date were observed. 

Similarly, the patterns of numerical dominance by family differed between the 

Normoxic, Intermediate and Hypoxic stations (Figure 4.10).  No one family was 

responsible for In May, June and August, 3 out of the 5 months sampled.  The highest 

average numbers of ovigerous females per samplees recorded in October 2008 at the 

Intermediate stations.  The low average number of ovigerous females was in July, and at 

that date patterns were similar between Hypoxic, Intermediate and Normoxic stations. 

 

DISCUSSION 

Estuaries are highly variable environments that vary on small spatial scales.  In 

Corpus Christi Bay, the potentially hypoxic area covers up to a third of the bay bottom.  

In past years, hypoxia typically persists for no more than one hour in the early morning 

hours (Applebaum et al. 2005).  Tropical storm Dolly passed near the study area on July 

23, 2008, complicating the differences between stations.  The strong winds were 

associated with this storm, and stratification was not found during the July 25 sampling 

trip (Table 4.1).      

Harpacticoid abundance may be affected by sediment characteristics (Sun and 

Fleeger 1993).  Grain size differences were responsible for most of the variation in 

sediment characteristics between stations (Figure 4.3).  Different harpacticoid taxa are 

associated with sediment types based on their life history characteristics (Giere 2009).  

Taxa typical of muddy sediments, including families Ectinosomatidae, Cletodidae and 

Miraciidae, were commonly observed in samples.  However, assemblages of ovigerous 
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female harpacticoids were not similar based only on station type or date (Figures 4.8 and 

4.9). 

Exposure to hypoxia corresponded with reduced rates of reproduction in lab 

studies on both calanoid and harpacticoid copepods (Marcus et al. 2004; Richmond et al. 

2006; McAllen and Brennan 2009; Chapter 2 of this dissertation).  The calanoid copepod, 

Acartia tonsa, produced significantly more eggs in air-saturated seawater than copepods 

in 1.5 mg L-1 DO treatments (Marcus et al. 2004).  Exposure of A. tonsa to DO 

concentrations of 1.5 and 0.7 mg L-1 resulted in smaller ovigerous females, which 

produce fewer eggs (Richmond et al. 2006).  The length of time needed to reproduce has 

also been demonstrated to be longer under hypoxic conditions. Mate guarding pairs of the 

harpacticoid copepod, Tigriopus brevicornis, in anoxia took on average 2 hours longer to 

produce an egg mass under anoxic conditions than those in 1.0 mg L-1 treatments, and 67 

hours longer than in control treatments.  Further, fewer egg masses reached maturation, 

and no nauplii matured to copepodid 1 stage after mate-guarding pairs were exposed to 

three hours of either hypoxic or the anoxic conditions (McAllen and Brennan 2009).  

Egg production of copepods is affected by many environmental conditions in 

addition to DO.  Temperature, salinity and food availability are among the many 

changeable environmental variables demonstrated to affect egg production in copepods 

(Webb and Montagna 1993; Sedlacek and Marcus 2005; McAllen and Brennan 2009).  

There are numerous permutations of combinations of environmental conditions that may 

create scenarios that result in changes to egg production.  For example, the quantity and 

size of eggs in Cletodes tuberculatus corresponds with high concentrations of organic 

carbon in the sediment (Webb and Montagna 1993).  Some effects inhibit egg production 

more than others; for example, increased food concentrations did not offset the effects of 

exposure to hypoxia in the copepod Acartia tonsa (Sedlacek and Marcus 2005).  
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The optimal temperature for egg production is species dependant.  For example,  

the amount of time to egg hatching was shorter at higher temperatures for the 

harpacticoid T. brevicornis.  Egg hatching and development of the nauplii was possibly 

inhibited at low temperatures, 5°C, but not at the high, 23°C, end of the temperature 

range tested (McAllen and Brennan 2009).  However, summertime temperatures (about 

25°C) intensified the declines in egg production associated with hypoxia.  A. tonsa in 

hypoxic treatments had reduced egg production compared to treatments of hypoxia at 

15°C, even when accounting for reduced body size due to hypoxia (Richmond et al. 

2006).  While other environmental factors may influence reproduction, the results of the 

PCA indicate that the stations sampled in this study were most differentiated from each 

other based on factors indicating stratification of the water column (Figure 4.2).   

The effects of hypoxia in Corpus Christi Bay on harpacticoid abundance may also 

be related to the salinity stress from the hypersaline water that creates water column 

stratification.  Summertime conditions in Laguna Madre, adjacent to Corpus Christi Bay, 

have salinities of 40 to 60 psu (Buskey et al. 1998).  Previous studies found increased 

salinities during hypoxic events (Ritter and Montagna 1999; Applebaum et al. 2005; 

Montagna and Ritter 2006).  During the sampling period, salinities ranging from 37.44 to 

42.4 psu were recorded during hypoxic events.  Laboratory studies demonstrated that the 

range of temperature and salinity tolerated by the cillate Tracheloraphis sp. is smaller 

under anoxic conditions than under aerobic conditions (Vernberg and Coull 1975).  

Reduced rates of egg formation and hatching at high salinities were observed at 70 psu in 

the harpacticoid T. brevicornis.  T. brevicornis nauplii did not develop to copepodids at 

the high and low ends of the salinity range, 5 and 70 psu, but nauplii did develop at 

intermediate salinities of 23 psu (McAllen and Brennan 2009).  Further, ovigerous 

females of the copepod Pseudodiaptomus annandalei were more likely to drop their egg 
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mass at higher salinities over 20 parts per thousand (Chen et al. 2006).  It was also 

hypothesized that high salinities combined with low DO conditions were the reason 

effects of hypoxia were observed at DO concentrations above 2 mg L-1 in macrofauna 

(Montagna and Ritter 2006).  However, the current study did not find an effect of 

hypoxia on either the total harpacticoid abundance or the abundance of ovigerous 

females.   

The differences in abundance and biomass of harpacticoid copepods in this study 

were related to the spatial and temporal differences in hypoxia in Corpus Christi Bay.  

The average lowest total abundances, biomass and ovigerous female abundances were at 

the stations most likely to be hypoxic (Figures 4.4, 4.5, 4.6).  However, the percentage of 

ovigerous females in the harpacticoid community did not differ between station types 

though the temporal trend was different between normoxic stations and the hypoxic and 

intermediate sites (Figure 4.7).  While the relative trends of the station types indicate that 

there may be a pattern based on the probability of hypoxic exposure, the high variation 

between stations means that the trend is not significant (p = 0.37).  High variation 

between samples and stations is common in field studies on meiofauna (Sun and Fleeger 

1993; Burgess et al. 2005; Chapter 3 of this dissertation).  Previous studies have failed to 

observe statistically significant changes in harpacticoid abundance in Corpus Christi Bay 

across a gradient of chemical exposure.  Similar densities of harpacticoid copepods, and 

high variability in the abundance of harpacticoids between stations were observed in a 

study on contaminant effects (Burgess et al. 2005).    

Differences between stations may be dampened for three reasons.  First, it is 

likely that harpacticoid copepods at these stations were not exposed to low DO conditions 

for a long enough period of time severely deplete the population.  Sixty percent of the 

hypoxic events observed were less than 1 hour in duration (Applebaum et al. 2005).  
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However, hypoxia was not often observed during the period of the present study; hypoxia 

was only measured at station 11 on July 18 (Table 4.2).  The short duration of hypoxic 

events in Corpus Christi Bay may be sufficient to cause effects in some species, but not 

others.  Harpacticoid tolerance to low DO conditions varies by species and this tolerance 

can be measured by the time to inactivity in low DO treatments.  For example, exposure 

to nitrogen saturated near-anaerobic conditions resulted in inactivity in less than 2 hours 

for Heteropsyllus nunni, but greater than 18 hours was needed to reach inactivity for 

Scottolana canadensis.(Vernberg and Coull 1975).  In laboratory tests, harpacticoid 

copepods were able to survive DO concentrations as low as 0.5 mg L-1 for 6 days 

(Chapter 2 this dissertation).   

Further, patterns of reproduction vary by species.  Generally, harpacticoid 

copepod reproduction peaks in the spring or summer (Coull and Vernberg 1975; Fleeger 

1985; Webb and Montagna 1993).  However, patterns of reproduction are species specific 

and may vary over space and time.  All the estuarine species in Fleeger’s (1985) study of 

a Louisiana marsh reproduced in the early spring and late summer to early fall, but of  the 

6 species studied, only 2 (Pseudostenhelia welsi and Cletocamptus deitersi) had similar 

patterns of reproduction.  Webb and Montagna (1993) found no spatial and temporal 

differences in the reproductive parameters of clutch size and egg volume in Cletodes 

macrura.  As described above, reproduction also depends on environmental conditions.   

Another possible explanation for the lack of a strong patterns of total abundance 

corresponding to hypoxia is that affected sites were quickly re-colonized when normoxic 

conditions returned.  Harpacticoids were able to colonize defaunated substrates within 48 

hours in field studies from Louisiana (Chandler and Fleeger 1983).  Similar results were 

found in sediment disturbance studies in a South Carolina estuary.  Re-colonization of the 

disturbed substrate occurred over one tidal cycle, likely through transport of organisms in 
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the flocculent layer of sediment (Sherman and Coull 1980).  Hypoxia in Corpus Christi 

Bay is concentrated in the Southeast corner of the bay of the bay (Applebaum et al. 

2005).  The rest of the non-hypoxic bay may function as a source for new recruits to 

hypoxic areas once the low DO conditions have dissipated. 

Hypoxia in Corpus Christi Bay occurs periodically during the summer months.  

Hypoxic events are brief, but have been associated with changes in fluxes of nitrogen 

compounds from the sediment which may affect benthic populations (McCarthy et al. 

2008).  Larger and more persistent areas of hypoxia have been shown to impact the 

abundance of harpacticoid copepods (Murrell and Fleeger 1989).  However, the results 

from this study suggest that periodic nighttime intermittent hypoxia does not appear to 

permanently impact the abundance and reproduction of benthic harpacticoid copepod 

populations in Corpus Christi Bay. 



 

Figure 4.1:  Map of sampling stations in Corpus Christi Bay, Texas.  Stations 24, 17793 
and 18247, the most likely to be Hypoxic, are marked by circles.  Stations 
11, 35, and 39 are Intermediate stations denoted by triangles.  Normoxic 
stations, 15, 16, and 17781 are marked by squares.  Stations were sampled 
monthly from May to August and again in October 2008. 
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      DO (mg / L) Salinity (psu) Temperature ( C ) 

Station 
Type Date Station 

Depth 
(m) Surface Bottom Surface Bottom Surface Bottom 

5/19/2008 24 3.0 6.67 6.67 30.54 30.52 25.43 25.45 

6/18/2008 24 2.9 5.42 2.76 38.00 41.34 28.60 29.10 

7/18/2008 24 3.0 5.65 3.34 37.72 41.46 28.97 29.27 

8/6/2008 24 3.0 5.43 5.15 36.74 36.79 29.68 29.68 

10/1/2008 24 2.9 6.71 6.29 37.98 38.06 26.59 26.55 

5/19/2008 17793 3.7 6.69 6.41 30.37 30.34 26.09 25.46 

6/18/2008 17793 3.6 6.56 3.78 34.15 43.04 29.75 29.19 

7/18/2008 17793 3.7 6.22 4.60 38.28 41.27 30.02 29.73 

8/6/2008 17793 3.4 5.96 5.22 36.97 39.20 26.96 29.95 

10/1/2008 17793 3.6 6.94 6.71 37.35 37.31 26.69 26.53 

5/19/2008 18247 4.2 6.92 6.37 30.38 32.28 26.14 25.72 

6/18/2008 18247 4.1 6.76 4.54 34.87 43.86 30.10 29.24 

7/18/2008 18247 4.2 6.53 4.84 38.16 42.87 30.20 30.05 

8/6/2008 18247 4.0 5.84 4.21 36.76 37.11 30.11 30.10 

Hypoxic 

10/1/2008 18247 4.24 6.85 6.76 37.71 37.73 26.78 26.71 

5/19/2008 11 3.9 6.62 6.59 30.37 30.35 24.99 24.99 

6/18/2008 11 3.8 5.78 4.88 36.43 37.20 29.30 29.15 

7/18/2008 11 3.8 5.50 0.81 36.90 41.39 29.37 29.48 

8/6/2008 11 3.7 5.70 5.56 36.63 36.63 30.05 30.09 

10/1/2008 11 3.5 6.43 6.12 36.50 36.60 25.95 25.58 

5/19/2008 35 4.2 6.62 6.58 30.38 30.34 25.29 25.26 

6/18/2008 35 4.2 6.16 3.46 35.46 39.39 29.11 28.99 

7/18/2008 35 4.2 5.71 5.59 38.59 38.60 26.66 29.68 

8/6/2008 35 4.1 5.27 5.17 35.98 35.97 29.96 29.98 

10/1/2008 35 4.1 7.11 7.33 37.21 37.70 26.86 26.91 

5/19/2008 39 4.4 6.64 6.36 30.32 30.28 25.34 25.19 

6/18/2008 39 4.4 6.35 4.74 34.44 41.57 29.32 29.39 

7/18/2008 39 4.4 6.07 4.88 37.01 39.74 29.26 29.74 

8/6/2008 39 4.3 5.06 5.01 35.82 35.83 29.92 29.91 

Intermediate 

10/1/2008 39 4.27 7.07 6.70 37.14 37.26 26.88 26.64 

5/19/2008 15 3.6 6.73 6.63 29.99 29.96 25.19 25.01 

6/18/2008 15 3.5 5.73 5.53 37.04 37.70 29.10 29.42 

7/18/2008 15 3.6 5.89 5.84 37.64 37.93 29.98 30.15 

8/6/2008 15 3.5 5.94 5.73 36.28 36.28 29.76 29.76 

10/1/2008 15 3.8 6.58 5.93 34.55 35.40 27.75 25.60 

5/19/2008 16 3.4 6.68 6.65 30.14 30.12 24.97 24.95 

6/18/2008 16 3.4 5.63 5.21 35.97 36.33 29.23 29.29 

7/18/2008 16 3.4 5.89 5.06 37.49 37.48 30.01 29.91 

8/6/2008 16 3.3 5.66 5.40 36.22 36.43 29.78 29.84 

10/1/2008 16 3.4 6.35 6.24 35.62 35.62 25.83 25.86 

5/19/2008 17781 4.3 6.19 6.58 30.70 31.04 26.10 25.45 

6/18/2008 17781 4.2 6.23 6.73 33.48 33.72 29.10 29.47 

7/18/2008 17781 4.2 6.17 5.80 35.78 35.91 29.84 29.61 

8/6/2008 17781 4.1 6.25 6.00 35.20 35.21 29.94 29.87 

Normoxic 

10/1/2008 17781 4.15 6.75 5.94 37.05 37.01 26.39 26.04 

Table 4.1:  Water quality parameters for each date and station.
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Dates 

Station Type Station 5/19/2008 5/27/2008 6/18/2008 6/25/2008 7/18/2008 7/25/2008 8/1/2008 8/6/2008 10/1/2008

15 6.63 5.99 5.53 5.25 5.84 5.92 5.33 5.73 5.93 

16 6.65 6.03 5.21 5.39 5.06 6.11 5.42 5.40 6.24 
Normoxic 17781 6.58 5.87 6.73 5.70 5.80 5.73 5.50 6.00 5.94 

11 6.59 6.01 4.88 4.07 0.81 6.08 5.37 5.56 6.12 

35 6.58 6.01 3.46 4.84 5.59 5.77 5.09 5.17 7.33 

Intermediate 39 6.36 5.58 4.74 4.41 4.88 6.05 5.19 5.01 6.70 

24 6.67 6.00 2.76 4.80 3.34 5.88 5.26 5.15 6.29 

17793 6.41 5.71 3.78 3.84 4.60 6.30 5.40 5.22 6.71 

Hypoxic 18247 6.37 5.84 4.54 4.35 4.84 5.93 4.76 4.21 6.76 

 

Table 4.1:  Bottom dissolved oxygen concentrations in milligrams per liter.  Core samples to collect harpacticoid copepods 
were taken on May 19, June 18, July 18, August 1 and October 1, 2008.  Data are from Harte Research Institute’s 
ecosystem research group at Texas A&M Corpus Christi.  
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Dissolved Oxygen (mg/L) Salinity (psu) Temperature ( C ) 

Location n Surface  Bottom Surface  Bottom Surface  Bottom 

Hypoxic 15 6.34 ±0.54 5.18 ±1.32 35.73 ±2.98 38.21 ±4.38 28.14 ±1.79 28.18 ±1.84 
Intermediate 15 6.14 ±0.63 5.32 ±1.60 35.28 ±2.71 38.21 ±3.69 27.88 ±1.92 28.07 ±2.03 
Normoxic 15 6.18 ±0.38 5.95 ±0.53 34.88 ±2.62 35.08 ±2.66 28.20 ±1.94 28.02 ±2.16 

Table 4.3:  Average DO, salinity and temperature from Corpus Christi Bay stations in summer 2008 ± standard deviation.  
Water column variable data are from the following dates:  May 19, June 18, July 18, August 1 and October 1, 
2008.  



   

Figure 4.2:  Water column PCA plots of similarities between stations.  Plot A indicates 
how the water column variables vary.  Factors 1 and 2 make up 77.7% and 
6.1% of the variation between stations, respectively.  Plot B is the spatial 
relationship of stations based on factors 1 and 2.  H = Hypoxic stations, I = 
Intermediate stations and N = Normoxic stations. 
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Figure 4.3:  PCA plot of sediment characteristics between stations.  Plot A gives the 
relationship between sediment grain size classes, and carbon and nitrogen 
content.  Factors 1 and 2 accounted for 97.45 and 2.23 percent of the 
variation, respectively.  Plot B illustrates the separation of the stations along 
the same axes.  Numbers are the station numbers.  All sediment data were 
collected on the October sampling trip.   
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Figure 4.4:  Abundance of total harpacticoids by station type and date.  Black is for the 
most Hypoxic stations, Grey is for the Intermediate stations, and stippled 
bars are for the Normoxic stations.  Abundances at Normoxic stations were 
higher than those at Hypoxic stations, and Intermediate stations had 
abundances that were between the two, but not significantly different from 
either (p = 0.005). 
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Figure 4.5: Harpacticoid biomass in grams per square meter by station type and date.  
Black bars are the Hypoxic stations, Grey is for the Intermediate stations, 
and stippled bars are for the Normoxic stations.  June biomass was 
significantly lower than other months, and the biomass of the Hypoxic 
stations was lower than the other station types (p < 0.001).   
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Figure 4.6:  Abundance of ovigerous harpacticoids by station type and date.  Black is for 
the most Hypoxic stations, Grey is for the Intermediate stations, and stippled 
bars are for the Normoxic stations. 
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Figure 4.7: Ovigerous harpacticoids as a percentage of the total abundance of 
harpacticoids by station type and date.  Black circles are the Hypoxic 
stations, triangles are for the Intermediate stations, and squares represent the 
Normoxic stations.  There were no differences in the percent ovigerous 
between month and station type.   

 

 107



 

 
 

Figure 4.8:  Multi-dimensional scaling plot of the taxonomic composition of ovigerous 
harpacticoid copepod communities by station and date.  Normoxic (15, 16 
and 17781) are squares.  Intermediate stations (35, 39 and 11) are circles, 
and  Hypoxic stations (24, 17793 and 18247) are triangles.  Points within the 
dashed lines are 75 percent similar to each other.  
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Figure 4.9:  Cluster plot of ovigerous harpacticoid family composition by station type, which is presented as the circles in 
Figure 4.8.  Normoxic (15, 16 and 17781) are squares.  Intermediate stations (35, 39 and 11) are circles, and 
Hypoxic stations (24, 17793 and 18247) are triangles.  The numbers on the bottom correspond to the month the 
sample was taken.  This plot does not include station 24 in June, which had no ovigerous copepods, and was 0% 
similar to all other station date combinations. 



 

Figure 4.10:  M
H
an

odified dominance plots of ovigerous harpacticoid families by month.  
ypoxic stations are filled circles, Intermediate stations are open circles, 
d Normoxic stations are filled triangles.
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Chapter 5:  A Summary of the Sub-lethal Effects of Hypoxia on 
Harpacticoid Copepod Reproduction:  Implications for Harpacticoid 

Populations 

ABSTRACT 

Hypoxic events are disturbances that alter the structure and function of biological 

communities.  Areas of hypoxia, where dissolved oxygen concentrations less than 2 mg 

L-1 are present, may cover up to 245,000 square kilometers worldwide.  The lethal effects 

of low dissolved oxygen are well documented, but the effects of exposure to hypoxia may 

also be observed as sub-lethal effects on marine organisms through the alteration of 

reproductive traits.  Meiobenthic harpacticoid copepods are often used as indicators of 

pollution, because they have been found to have both lethal and sub-lethal responses to 

hypoxia.  In laboratory experiments harpacticoid copepods had reduced survival and 

reproductive rates when exposed to low dissolved oxygen.  Effects of hypoxia on 

reproduction and survival were found in 96 hour laboratory experiments.  The number of 

females with egg clutches was reduced in the near anoxia treatment, but ovigerous 

females were not observed in the treatment that combined near anoxia and an ammonium 

concentration of 10 M (0.18 mg L-1).  The results of the laboratory experiments were 

used as inputs into a model that estimated potential population growth in harpacticoid 

copepods.  Estimates of population size were dramatically reduced due to increased 

he 

consequence vary depending on of the duration 

of exposure, the concentration of dissolved oxygen and associated chemical fluxes 

present such as ammonium released from anoxic sediment.  Reductions in harpacticoid 

copepod population size related to hypoxic exposure greatly decrease the potential 

mortality and decreased proportions egg bearing females in the population.  T

s of hypoxia on harpacticoid reproduction 
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population of the group, and may affect the copepod population’s ability to recover from 

hy

 

  

-1

poxic events. 

INTRODUCTION

Zones of low dissolved oxygen (DO) in marine environments may be described as 

disturbances, which are defined as “forces that change a biological community” 

(Campbell and Reece 2002).  Low DO environments affect hundreds of coastal systems 

worldwide, and are associated with reduced benthic marine species abundance and 

diversity (Diaz and Rosenberg 1995; Diaz and Rosenberg 2008).  Effects of hypoxia, 

defined as DO concentrations less than 2 mg L , on marine organisms are dependent on 

the duration of exposure and the level of DO depletion.  These characteristics of the 

hypoxic zone will determine whether the effect of low DO is lethal or sub-lethal for a 

particular organism.  Measureable sub-lethal effects include, but are not limited to: 

reduced growth, disrupted reproduction, changes to physical condition or a combination 

of these responses.  The purpose of the current study was to describe the effects of low 

DO on reproduction.   

The biological and ecological characteristics of a species affect how it responds to 

hypoxia.  In aquatic systems, mobile species may avoid areas of low DO (Wannamaker 

and Rice 2000; Zhang et al. 2009).  The habitat and life history of a species are related to 

its ability to avoid hypoxia.  Adults of many sessile benthic organisms cannot move to 

avoid large areas of hypoxia.  Thus, decreased benthic macrofaunal abundance is often 

found in areas that are hypoxic (Diaz and Rosenberg 1995; Radziejeweska et al. 1996; 

Ritter and Montagna 1999).  The dispersal ability of an organism also influences the 

ability that either the adult or its offspring may escape hypoxic zones. 
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ironmental disturbances because these “indicator species” are thought to 

be sens ive to changes in their environment and have responses to these changes that are 

icoid copepods (Crustacea, Copepoda, Harpacticoida) are 

meiobe

Coull 1975; Metcalfe 2005).  Field studies found a positive 

relation

eristics.  Female 

harpacticoids brood their eggs, so the eggs are exposed to the same condition as the 

Certain species are commonly used to measure lethal and sub-lethal effects of 

pollutants or env

it

easy to measure.  Harpact

nthic crustaceans used in many studies as indicators of environmental condition 

(Coull and Chandler 1992 and references within; Lanzotti 1995; Burgess et al. 2005).  

Laboratory studies measure mortality or sub-lethal responses of harpacticoids to different 

levels of exposure to chemicals or other treatments (Vernberg and Coull 1975; Lofuto 

1997; Berjarano et al. 2006; McAllen and Brennan 2009).  Field studies document the 

presence or absence of harpacticoids in impacted or control environments (Murrell and 

Fleeger 1989; Burgess et al. 2005).  Additionally, the ratio of harpacticoid copepods 

compared to more environmentally tolerant taxa, such as nematodes, may be used to 

assess the relative extent of environmental degradation (Raffaeli and Mason 1981).   

In addition to pollutants, harpacticoid exhibit behavioral changes or have reduced 

abundances when exposed to low DO concentrations (Lasserre and Renaud-Monant 

1973; Vernberg and 

ship between total harpacticoid abundance and bottom DO concentrations 

(Murrell and Fleeger 1989; Metcalfe 2005).  Harpacticoid copepods are generally found 

in the top two centimeters of sediment, above the redox potential discontinuity layer 

(Fleeger et al. 1995; Raziejeweska et al. 1996).  Observations during laboratory exposure 

experiments noted that copepods were inactive in nitrogen saturated, near anoxic 

seawater (Vernberg and Coull 1975). 

Changes in reproductive traits are an convenient way to describe sub-lethal effects 

in harapcticoid copepods because of their life history charact
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parent 

ger, 

(211.5 

reases in the concentration of microphytobenthos 

were fo

copepod (Huys et al. 1996).  Previous studies have measured changes in the 

number of eggs per female, the size of eggs and hatching success to demonstrate the sub-

effects of heavy metals and hydrocarbon pollutants (Lanzotti 1995; Berjarano et al. 

2006).  Sub-lethal effects of low DO have also been observed in one harpacticoid species, 

Tigriopus brevicornis.  Egg mass development and hatching times were 1.4 to 1.6 times 

longer for T. brevicornis exposed to hypoxia and near anoxia than for copepods in 

normoxia.  Fewer copepods (n=3 or 7) in the anoxic and hypoxic treatments survived to 

reproduce, versus those (n=12) in the normoxic treatment (McAllen and Brennan 2009). 

Harpacticoid reproduction may also be influenced by other environmental 

variables such as temperature, salinity and food availability (Figure 5.1).  Rates of 

reproduction increase at higher temperatures in the harpacticoid T. brevicornis. The 

appearance of an egg mass took more than twice as long (212.0 versus 112.0 hours) on 

female T. brevicornis at 5C than at 23C.   The amount of time to hatch was also lon

hours at 5C and 84.3 hours at 23C) at lower temperatures (McAllen and 

Brennan 2009).  

Reproductive success was inhibited at both high and low ends of the salinity 

range (Chen et al. 2006; McAllen and Brennan 2009).  Females of the copepod, 

Pseudodiaptomus annandaeli, were more likely to drop their un-hatched egg masses at 

higher salinities.  At salinities of 15 to 20 psu no egg masses were dropped, but at 

salinities of 25, 30 and 35 psu, 0.8, 0.7 and 1.8 egg masses per female were dropped 

(Chen et al. 2006).  Food concentration had a positive relationship with harpacticoid 

reproduction rates (Figure 5.1).  Inc

llowed by increased harpacticoid abundance (Montagna et al. 1995).  The effects 

of one environmental variable, DO in the current study, are difficult to isolate in the field 

due to the variation in other environmental factors.  
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conduc

HYPOX

mean numbers of ovigerous female 

Effects of ammonium concentrations on reproduction indicate that ammonium 

toxicity may have both lethal and sub-lethal effects.  Hatching rates were reduced in 

Acartia clausi copepods exposed to 0.12 mg L-1 ammonia concentrations for 9 days 

(Buttino 1994).  Increasing the concentration of ammonium from 0 to 120 mg L-1 

depressed the population densities of both the cladocerans Ceriodaphnia dubia and  

Moina macrocopa (Mangas-Ramirez et al. 2002).   

Because environmental factors may vary across study sites, it is difficult to 

separate the effects of one environmental variable.  Both laboratory and field studies were

ted to determine the effects of hypoxia on reproduction in harpacticoid copepods.  

Laboratory experiments in this study sought to determine the effects of both low DO and 

increased ammonium concentrations on harpacticoid copepod reproduction.  Field 

experiments at two study sites with different patterns of hypoxia were also studied to 

determine the effect of different patterns of low DO concentrations on harpacticoid 

copepod communities.   

 

IA EFFECTS ON HARPACTICOID COPEPODS 

The results of the present study indicate that reproduction was reduced when 

harpacticoid copepods are exposed to hypoxia. Nitokra affinis, had a slightly reduced rate 

of survival of 82% when exposed to nitrogen-saturated conditions for 96 hours than 

control treatments, which averaged near 100% survival.  Reduced numbers of ovigerous 

female harpacticoids were observed in the nitrogen-saturation treatment in laboratory 

studies, and also at the stations with the lowest DO in the field.  Eighty one percent of 

females in a mate guarding pair of N. affinis in the air saturation treatment were likely to 

be ovigerous after 96 hours versus 27% of females in the near anoxic nitrogen saturated 

treatment.  In samples from the Gulf of Mexico, 
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harpact

cts follow a logarithmic relationship 

becaus

er S. knabeni or N. affinis. 

ow DO conditions similar to the laboratory treatments may be found during the 

e northern Gulf of Mexico.  For 

exampl -1

icoids per station in August 2007 were 97.8, 454.1, and 2689.7 copepods per 

square meter at the Hypoxic, Intermediate and Reference transects, respectively.  

The severity of reproductive impairment corresponded to amount of time the 

copepod was exposed to low DO conditions, the DO concentration, as well as chemical 

changes in the environment that occurred under hypoxic conditions (ex:  elevated 

ammonium) (Figure 5.2).  Hypothetically, the effe

e at a higher DO concentrations the effects of DO either level off or are not 

observed.  But at low DO concentrations, effects are increasingly pronounced as the 

concentration of DO declines and the duration of exposure increases.  Results from 

laboratory experiments demonstrate the effect of low DO on survival.  Survival rates for 

N. affinis were lower (42%) in the nitrogen saturated treatment with 10 M ammonium 

versus 82% in the nitrogen saturated treatment without ammonium after 96 hours.  

Further, no eggs were produced in the treatment with both increased ammonium and 

nitrogen saturation in eith

L

summertime at the most severely hypoxic sites in th

e, a DO concentration of 0.38 mg L  was observed at station C6 in August 2007.  

However, the duration of hypoxic events varies widely between systems.  Most hypoxic 

events in Corpus Christi Bay last for an hour or less (Applebaum et al. 2005).  In contrast, 

hypoxia persists for months in the northern Gulf of Mexico, and may be continual in 

permanently stratified fjord systems or coastal oxygen minimum zones (Tyson and 

Pearson 1991; Turner et al. 2005).   

The size of hypoxic zones also affects the response of benthic organisms to low 

DO conditions because extensive hypoxic zones may inhibit colonization to areas once 

hypoxia has dissipated.  Hypoxic zones vary in size from tens of square meters in area, 
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 of the 

affected

pods in nature. 

Christi Bay, ammonium fluxes from the sediments 

were 53

such as in Corpus Christi Bay, Texas, to thousands of square kilometers in the northern 

Gulf of Mexico (Rabalais and Turner 2001; Applebaum et al. 2005).  The size

 area and the duration of hypoxia are important factors in determining the 

response of organisms exposed to hypoxic. 

Harpacticoid copepods may have different life history traits and may live either in 

or on the sediment (Hicks and Coull 1983; Huys et al. 1996).  Therefore, it was not 

expected that all harpacticoid copepod families in the northern Gulf of Mexico with 

ovigerous females would have similar trends in the abundance of ovigerous females. 

Harpacticoid copepod families have differing body shapes, which correspond to where 

they live in the sediment (Hicks and Coull 1983).  The results from the laboratory 

experiments indicate that additional environmental changes, such as changes in fluxes of 

ammonium from the sediment, may decrease reproduction more than just low DO alone. 

Laboratory experiments that test the effects of two or more variables may better describe 

the effect of hypoxic conditions on harpacticoid cope

Low DO concentrations in benthic marine environments may also bring about 

other chemical changes such as increases in the concentration of ammonium in the 

hypoxic bottom water. During hypoxic events in both the northern Gulf of Mexico and 

Corpus Christi Bay previous studies have measured ammonium concentrations in the 

bottom water were greater than those at the control stations.  While the bottom water 

ammonium concentrations varied by station, the value of 10 M used in the lab 

experiments was within the range recorded at both field sites (Toon and Dagg 1992; 

McCarthy et al. 2008).  In Corpus 

 to 133 mol N m-3 hr-1 during hypoxic events compared to -2.1 to 12.5 mol N 

m-3 hr-1 during normoxic conditions (Gardner et al. 2006; McCarthy et al. 2008).  Other 

chemical changes to the bottom water include elevated concentrations of hydrogen 
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orresponded with no egg mass formation on 

both h

of ovig

sulfide and nitrous oxide.  Both hydrogen sulfide and nitous oxide are discussed in the 

future work section of this chapter. 

Laboratory experiments in the present study found that the combination of 

ammonium and the lowest DO treatment c

arpacticoid species tested.  Further, the effects were more pronounced in the 

reproductive indicator, the presence of an egg mass, than in survival rates.  This indicates 

that the effects found in treatments of only low DO exposure may be only a baseline for 

the effects of hypoxia in the field. 

The consequences of reduced reproductive rates during times of hypoxia include 

reduced harpacticoid populations.  Reduced rates of reproduction also contribute to a 

population's ability to recover from hypoxic events.  For example, in the northern Gulf of 

Mexico the abundance of ovigerous female harpacticoid copepods was severely reduced 

at hypoxic stations during the summertime hypoxic event.  The abundance of ovigerous 

females was higher in the fall at the less hypoxic intermediate transect, but the abundance 

erous females remained low at stations along the most hypoxic transect (Figure 

3.5).   

 

POPULATION ESTIMATES  

Exposure to hypoxia may have a direct effect on populations of harpacticoid 

copepods because it may affect both survival and reproduction rates.  Population 

potential estimates are based on laboratory data on the percentages of harpacticoid 

copepods that survived and the proportion of mate-guarding pairs which produced an egg 

mass after 96 hours of exposure to low DO conditions, elevated ammonium levels or a 

combination of both treatments.  The population growth curves were calculated from 

these laboratory data to estimate the effect of low DO conditions on a population of 
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to each generation of copepods produced, and the 

populat

epods, Nt is the number of copepods at time t.  This 

value w

ded to the population estimate.  They became reproductively mature at 12 days, 

and began producing their own eggs.  The initial 100 copepods were 12 days old on day 

s to females are rarely 1:1, and the ratios of males to females 

vary w

harpacticoid copepods that initially had 50 mate-guarding pairs (Table 5.1).  The 

following equations were applied 

ion estimates are the result of the summed number of copepods at each time step.  

The number of copepods in the population was calculated every 4 days using the 

following equations: 

Equation 1:  Nt = (Nt-1)*(M) 

Equation 2: Ct = (Nt/2)*(G)*(E)*(0.95) 

For each generation of cop

as calculated based on the number of copepods at the previous time step (Nt-1) 

multiplied by the mortality rate (M) specific to the treatment (Table 5.1).  The number of 

copepods at each time step was calculated separately for each generation.  The population 

numbers for each generation were summed at each 4 day time step.  The effects were 

calculated over several generations to simulate the effects of a 36 day continuous hypoxic 

event.  The lifespan of harpacticoid copepods vary by species, and range from 3 weeks to 

1 year (Hicks and Coull 1983; Lofuto 1997).  The copepods “hatched” after 4 days, and 

were ad

0.  In the field, ratios of male

idely by species and environment.  However, it is possible that genetic sex ratios 

are 1:1, and that deviations from that ratio are the result of field conditions (Wenner 

1972).  Studies have suggested that the skewed sex ratios observed in the field are the 

result of differences after hatching (Gusmao and McKinnon 2009; Shimanaga et al. 

2009).    

The initial number of copepods in a generation depends on the number of eggs 

produced by a previous generation.  Estimates of the number of eggs produced were 
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icks and Coull 1983; Matias-Peralta et al. 2005).  The number of 

females in the x ratio is Nt /2.  This was multiplied by the 

probability tha n the given treatment (Table 5.1).  

It was 

om the sediments and swim up to 50 cm above the sediment (Armonies 1988).  

But in 

made using equation 2.  The number of copepodites (Ct) produced is equal to the number 

of ovigerous females in the population multiplied by the average number of eggs per egg 

mass (E) and a 95% hatching success rate.  Based on previous studies of Nitokra affinis, a 

lifetime of 24 days, a male female ratio of 1:1, and an egg hatching rate of 95% were 

used in equation 2 (H

population, assuming a 1:1 se

t a female would become ovigerous (G) i

assumed that the copepods reproduce every 4 days, and since they began 

reproducing on day 12, this meant that in a 24 day lifetime a female would produce 4 

broods.   

As mentioned previously, reproduction may be affected by many environmental 

variables (Figure 5.1).  To minimize the effects of temperature and salinity on 

reproduction and mortality, the egg hatching values from the studies conducted under 

conditions that most closely approximated the laboratory conditions of 25ºC and 30 psu 

were used in the equations (Table 5.1). 

It was assumed for the population estimates that food was not limited and there 

was no predation on copepods or competition for food or mates.  The addition of terms to 

cover these conditions in the model would likely decrease the potential population 

(Figure 5.3).  Predation rates on benthic macrofauna may increase during hypoxia from 

predators taking advantage of macrofauna moving toward the surface (Phil et al. 1992).  

However, harpacticoid copepods live near or on the surface above the redox potential 

discontinuity layer (Fleeger et al. 1995; Radziejeweska et al. 1996).  Harpacticoids may 

emerge fr

the northern Gulf of Mexico, the hypoxic layer is meters in depth, so harpacticoids 

would be unlikely escape hypoxia by emergence.  Adding terms for predation or food 
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 in the nitrogen saturation treatment.   

ntrations at the time of sample collection (Figure 

3.8).  It

abundance may be minimally important because it has been suggested that neither 

predation nor food quality factors limiting meiofaunal abundance (Coull 1999). 

The population estimate curves depict exponential population growth in all 

treatments except for the treatment of nitrogen saturation and 10 M ammonium (Figure 

5.3).  Laboratory experiments found no broods were produced under those conditions, so 

the population terminates after 12 days in that treatment.  In all the other treatments, the 

rate of population increase is positively related to DO concentration.  The population was 

highest at each time step in the air saturation treatment.  Both the 2 mg L-1 treatments 

with and without the ammonium addition had similar growth rates.  Growth was most 

depressed

While the population potential estimates were calculated for N. affinis, the shape 

of the curve and relative trends may apply to other harpacticoid species.  This assumption 

is based on the data from the northern Gulf of Mexico field study, in which all the 

harpacticoid families with ovigerous females had similar trends in the abundance of 

ovigerous females relative to DO conce

 is likely that the scale of population growth and the shape of the curves will vary 

by species.  This simulation is a simplistic representation of the effects of hypoxia on 

harpacticoid populations. 

 

FUTURE WORK 

Additional laboratory and field experiments are needed in order to better 

understand how hypoxic conditions affect reproduction in harpacticoid copepods because 

the effects of low DO environments cannot be completely described by experiments that 

solely examine the effects of low DO on adult copepods of a few species.  Laboratory 

experiments to determine the effects of low DO on naupliar and copepodite life stages as 
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 include 

additio

erve the effects of disturbances, such as 

hypoxi

i Bay, culturing a wider variety of species would help to better 

understand the range of species' responses in nature.  Reproductive patterns may differ 

pecies.  For example, two species of the genus Cletodes reproduced at 

differen

well as effects of DO over multiple generations would be the next logical step after the 

basic experiments conducted in this dissertation.  Laboratory studies that

nal chemical stressors, such as nitrogen oxides and hydrogen sulfide, would 

simulate the chemistry of hypoxic bottom waters more accurately than just low DO alone 

on in combination with elevated ammonium.  Testing multiple stressors over a larger 

number of species would better reflect the range of responses of the harpacticoid 

community to low DO environments.  Continuous and more detailed monitoring of low 

DO in field studies would give a more detailed description of the amount of time an area 

is exposed to hypoxia and the range of DO concentrations. Long-term monitoring studies 

are also beneficial for creating a baseline to obs

a, and succession of the meiobenthic community after these disturbances.  

The laboratory and field experiments in this study build upon the scientific 

literature related to the effects of hypoxia on the meiobenthos.  In order to understand the 

effects of hypoxia on harpacticoids in general, more experiments are needed on a wide 

range of harpacticoid species.  The species used in this study (Amphiascoides atopus, S. 

knabeni and N. affinis) were hardy, commonly cultured species.  While species belonging 

to the same families as these cultured copepods were found in both the northern Gulf of 

Mexico and Corpus Christ

widely between s

t times of the year (Webb and Montagna 1993).  It would be beneficial to conduct 

laboratory experiments similar to those in this study with harpacticoid species that have a 

wider variety of life history traits.  For example, more studies on families of harpacticoids 

that live by burrowing in the sediment, such as Cletodidae and Ectinosomatidae, would 
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mber of 

offsprin

sediment column in Corpus Christi Bay (Sell and Morse 2006; McCarthy et al. 2008).  

be useful because few laboratory experiments have been done with species from these 

families.  

The laboratory experiments conducted in this dissertation took a “black box” 

approach to examining the effects of low DO.  Additional laboratory experiments are 

needed to examine effects of hypoxia past the production of an egg clutch.  Whole-life 

cycle experiments are often used in toxicology studies to measure the effects of 

pollutants.  The advantage to whole-life cycle studies is that such experiments quantify 

the effects of a treatment on multiple life stages and over multiple generations.  Short-

term studies, such as the 96-hour exposures used in this dissertation may not reflect the 

true effects of exposure to an adverse environmental condition over the long-term.  

Endpoints measured from whole-life cycle studies include naupliar survival, nu

g, population growth, sex ratios and time between egg clutches.  The application 

of experiments designed to measure effects of hypoxia over a copepod’s whole-life cycle, 

would be advantageous to more clearly define the effects of low DO on harpacticoid 

copepods (Kusk and Wollenberger 2007).   

In addition to using a larger variety of life stages and species studied in laboratory 

experiments, it would be beneficial to conduct additional experiments with other 

chemicals that are present during hypoxia.  Concentrations of ammonium, nitrous oxide, 

hydrogen sulphide and other chemicals are higher near the sediment water interface of 

hypoxic waters than normoxic waters (Toon and Dagg 1992; Gardner et al. 1994; 

McCarthy et al. 2008; Walker et al. 2010).  Experiments in this project were done to 

concentrate on the effects of ammonium and hypoxia on the benthos because it is less 

studied than the effects of other chemicals such as sulphide.  Sulphide concentrations are 

elevated under hypoxic conditions compared to normoxia in the top 60 mm of the 
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e near the sediment surface with large increases at greater than 6 cm in depth, 

which w

poxic exposure on development would help 

future p

Models of sulphide in the Gulf of Mexico hypoxia zone indicate near zero concentrations 

of sulphid

as deeper than the 2 cm core sections collected in this study (Morse and Eldridge 

2007).  Future experiments that have treatments with combinations of sulphide and other 

chemicals with low DO treatments may better reflect the effects of hypoxic environments 

than experiments that only use low DO treatments.  Incubations of whole sediment cores 

with harpacticoids in hypoxic and normoxic conditions would better simulate the effects 

of low DO on reproduction.  Sediment core incubations would be could use natural 

harpacticoid communities which may more accurately reflect the effects of hypoxia 

across a more diverse group of copepod species.   

The effects of hypoxia on reproduction could be extended to the effects of these 

conditions on hatching success and development. Development was not examined in the 

present study, but in another study the number of T. brevicornis that successfully 

developed to copepodid stage 1 were severely reduced in low DO treatments (McAllen 

and Brennan 2009).  Measurements of hy

opulation models better describe the effects of hypoxia on harpacticoid copepods. 

Long-term field studies would better describe the effects of hypoxia on 

harpacticoid copepods.  There appears to be variation in the rates of recovery of the 

harpacticoid copepod community that are related to DO exposure.  Ideally, more 

intensive monitoring of the sites would help describe the DO concentrations in more 

detail rather than the limited point measurements made on cruises.  For example, in 

Corpus Christi Bay, the point sampling measurements during sampling cruises recorded 

hypoxic conditions only once.  But continuous measurements of DO by sondes at the 

bottom of the water column record short-term hypoxic events that are often missed by 

monthly sampling, but these continuously monitored stations are located in only a few 
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In the northern Gulf of Mexico, the 

Septem

prohibi

places in the bay.  Point samples taken from ships may cover large areas, but are not 

taken all at once, so there is slight temporal separation in when the communities are 

sampled.  Sampling at slightly different times of the day be a factor contributing to the 

variation in the DO data from both field sites.   

Harpacticoid community succession and recovery of a habitat after a disturbance 

other than hypoxia was a complicating factor in this study, when hurricanes passed near 

or through both study sites.  It would be interesting to study how succession after hypoxia 

compares to that after a large disturbance such as a hurricane.  During the sampling 

programs, both field sites had at least one major storm pass through the study area that 

was strong enough to mix the water column.  

ber 2008 sampling trip was right after the passage of two hurricanes near the 

study area.  Unfortunately, that cruise was the last cruise of the sampling program, so no 

further cruises were taken to gather data to describe the effects of these disturbances on 

the harpacticoid community. 

The labor-intensive process needed to identify harpacticoid copepods and the 

large number of un-described species make the use of species level effects in the field 

tive.  However, taxonomy is constantly improving as in the past several years 

more detailed literature reviews and keys to the species have been updated (Boxshall and 

Hasley 2004; Wells 2007).  Past studies have demonstrated that identification of 

organisms to the family level is sufficient to identify pollution effects on meiobenthic 

communities (Montagna and Harper 1996).  The combination of better taxonomy and 

using higher taxa levels means that harpacticoids will be useful in future impact detection 

studies.  

 



 126

e generations, reductions in reproduction 

may al

he potential to reduce harpacticoid copepod populations 

through

SIGNIFICANCE OF FINDINGS 

The results of population estimates of harpacticoid copepods demonstrate the 

possible harmful effects of hypoxia on coastal environments.  Reduced survival has an 

immediate effect, but over the span of multipl

so reduce populations (Figure 5.3).  Further, these curves illustrate the effects of 

multiple stressors on a population.  Since low DO concentrations are not always the only 

factor affecting benthic organisms in hypoxic environments, the effects of chemical 

fluxes should also be considered in laboratory studies designed to examine the effects of 

hypoxia.  However, it should also be noted that the effects of hypoxia may not be 

obviously detrimental to populations when the hypoxic event occurs over a short time 

span (e.g.: a few hours), the level of DO is only slightly below 2 mg L-1 and there are 

sufficiently close source populations nearby that may serve as sources of new 

recruitment.  Prolonged exposure to low DO concentrations along with chemical fluxes 

during hypoxic events has t

 both increased mortality and decreased rates of reproduction. 
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of mate females Hatching 

 

Treatment 

Number 

guarding 
pairs on 
day 0 

Percent 
Survival 

Percent of 

that will 
become 
ovigerous 

Average 
number 
of eggs 
per clutch

success 
rate 

Males : 
Females 

Air 
saturation 50 100.00% 81% 21 0.95 1:1 
DO = 2 mg 
L  50 93.75% 75% 21 0.95 1:1 -1

DO = 2 mg 
L-1 + 10 
M NH4 50 90.00% 80% 22.5 0.95 1:1 
N2 
saturation 50 81.81% 27% 16 0.95 1:1 
N2

4 50 41.67% 0 0 0.95 1:1 

 

+ 10 M 
NH

saturation 

 

table are for the copepod Nitokra affinis and based on the results of the 
current study, Matias-Peralta et al. (2005) or Wenner (1972). 

Table 5.1:  Values for the population estimate equation by treatment.   All values in this 



 
 
Figure 5.1:  A conceptual diagram of the environmental and interactive factors that 

influence harpacticoid copepod reproduction.  Negative, or inverse, relationships 
between factors are represented -, positive relationships between factors are 
represented by a +, and (+/-) represents relationships that may be positive or 
negative depending on the situation.  
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Figure 5.2:  A hypothetical representation of effects of dissolved oxygen concentration 
and exposure time on an organism.  Lethal and sub-lethal effects are a 
function of the level of dissolved oxygen and the time of exposure.  The
are no units on the axes because these curves are species dependant, and
range of values and the steepnes

re 
 the 

s of the curve may change dependant on the 
species.   
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Figure 5.3:  Estimates of potential population for Nitokra affinis populations exposed to 
varying levels of low dissolved oxygen:  normoxic or oxygen saturated 
conditions, hypoxic, 2 mg L-1, nitrogen saturated near anoxic conditions.  
Additionally, there are curves plotting treatments of 10 M ammonium 
concentration plus either nitrogen saturation or 2 mg L-1 DO.  The 
calculations were based on copepod lifespans of 24 days in summertime 
conditions of at approximately 25ºC and 30 psu.  
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